s
J
H
e
H

LH and PAG stimuiation are medi

that ultimateiy converge.

{

S

i

t

Fe 3

ii

ated by different pathways

Tt e it

-

.‘\.;‘(g}*a:j*};:t-»je;,,{', T T e

"
253,

et

’

.
.
-
S
~
A
.
.

t ¥




" + Acknowledgements™ :

-
]

. '

A deb?\of gratitude is extended to a number of

people. Firét; my supervisor Peter Shjzgal has
o

in my research for the rest of my career. BesideS\

| ’ providing me with: the necessary skills-required towx

| .
j ‘ S acquainted me with an approach that will be ingrained "
‘ ,

>

condust £hese‘experiments, he has always been a kiid,
gegerous, and sensitive teacher, and has conéributedi
_gréatly to all aspécﬁs Sf my‘educatiqp..
Geofge éouriezos, both my husband and closest

. . L Y .
Ol ~ to listen, always providing encouragement, and has been—"

instrumental in.the development of many research ideas. -

N ' ! \\ .

! ) , e ' My fellow graduate student ¥san Schenk; Ivan Kiss,
- ' LT~ . e

" \\/gnd Dwayne Schindler have always been-supportive and have

N ;f provided the lab with a pleasant ambiance. Their

patience and willingness to di§cﬁés thi§ thesis are
T ¢ d

o \ appreciated. I wish to'thank indy Jordan gnd
. Joanne Ferme-Enri eir contributions to the

N A ‘ B s ' '

.collectiomof data towards this thesis. - \\\\;\\\\\\\.‘
[ -‘~ - ‘. ' —

<y ' finally, the pursuié of my education would have been
- - I unqueétionably very dif?icult without the understanding
aﬁd'3ﬁpport’o£-my?pafents. Th;s“thesi§~ié dedicated to

] a ?
. f ‘ . A v
. o . .
v : ' ¢

-

friend has' been'a willing sounding board, never failing L
. ;’ bl e/




N

iv

. . - " TABLE OF CONTENTS

& . Co ' , Page

v

" ABSTRACT +euveeneensnnecannnneeennncssnsonsanaionas i 1 ' .
. % S

’ ACKNOWLEDGEMENTS +.covvtvternennnaranssmeosnccrezes iii
. * "
LIST OF FIGURES ‘vevvvvueencencnnenesnsnnerennnnenss Vil
. L;ST OF TABLES ‘...’. viii
INTRODUCTION +euivtvncnenngacnoanssocnoasssoeasanss 1
Excitability Cycles of Single NEUIONS .....g....: 7 N
A
J - z . '
) / ~Behavioral Derivation of Ex itability Cycles ... 12
o K 4 Behavioral Inference of Anatomical Linkage ..... ‘.18

Yo ' -
¢ EXPERIMTI’--n.--oaonc...-ooonoc-oonol-o‘c-...,-oo- 21

| ,
% . MethOd LI I R A L N L L \4\21 i '

-

SUDFECE weereveaneeseeaasanssosnnoreoneonnnns 21
Electrode Implantatidn .............,..L..... 21
. - Apparatus ...;,{.....................r.E..... 24
- Lo " Procedure DR -
o, . Lo | ‘ Stabilization ......c.eveeeerieinrnnencan. 25 .
Refractory Period Test .........c.c.cotenn 26 ,

Data FOXMAt c.ceeceereccsscsssccosssnscnsns 29

Data AHBIYSiS ..lo‘tc.-..on’l'll.."o..ao)l' 30

HiStOlOgy l..l‘.l‘...él.“..........’.I'..l 31

EPa

R e T
-
S
&
-
-
SRR



ot e

- N

/fwmABLE OF CONTENTS

(CONT'D)

N !

Results and Discussion .......

H

Refractory Period Data

EXPERIMEN$/2 ceesssee s ereanan

“Q‘ MethOd nnt.cnnccl‘oolooc-o-

o

Subjects .iciiiacniasnan
' Procedure .......co000n
Date Analysis ......

Results and Discussion ...

-5

Refractory Period Data ......

I. Statistical Analysis ..

~ , Histology cceeeeocerncencen

.

.

.

Histology ...ececeecccaans

.

e e s 0 s v
.

s 50 00800

* a0 s o0 re

* v o6 00 s

LI N BN S NN

s s v e ew

s s us s

a) Transformed data ......cccco0e

b) Across-placement comparison of

i asymptote values ....cccc0n0

) - ¢) ConcluSionsS .iecvecacsaccscoss

/’ .
J
j
/
/

EXPEJI‘MENT3 ¢ 9 92 00 0600 8 200000 e e B e b etV

II. Further Observations on the
Untransformed Data

e o s s 08w
N

/ III. An Incidental Observation .....

MthOd ' EEREEEE XN AR I A NA N A N B RN B A I B L

o

-

» s caoe

e @ s 20w

e o o 00

¢ o0 e o
v

LI B
L N
» o860 00
. o 00

. o0 90

a9 800

om0 e

- 32

32
32

=
43
43 -
43
44
50

50

.50

55
55

62
65
66

67

71

72




.
TABLE OF CONTENTS (CONT'D)

b,

~

SUDFECES titiuureeeenerancnereasaosoasaascsans
) @
ProCeAUre ..cesecececeansocsssansacsnsacsccoss

1

DAta FOILMAL o v evveeennocsnnseasssocanasess

[y

Results --.00“.0.-.Ohl'lllaltlllIllt".;....,.'....

DiSCUSSiOR .o-o--n.o-.-:--l-..---l---’..pncnnnccc
GENERAL DISCUSSION cocevsscecasnsosnssccsscvsoesnscn
REFERENCE NOTES 4.iciceccronncnnnsnnsoniossancnnses
. . , -

REFERENCES‘---o--.vu-;coooooc--n-..-o..oo.;onoo-bov

APPENDIX I .-’u-oo.atoroo.;n;ll;n---l..l.-o."llnou
- . — /(

APPENDIX II .Dl‘.n..-b;;tln.lo..lt;‘n..l..ood.lotic

i

P
P

Page

72
72
73
74

a—————

77
. 82
'84.
86 . !

96

\

103




Figure

Figure

‘Figure

Figure

Figure

,Figure'

Figure

Figure 8

’

.

£ 2 b

" i

i

T | vii . §

. @ H

e LIST OF FIGURES o 4 ?
. y a |

) ‘ —
Page :

’
./
/

Sketch of subjects before surgery ..... 23

The relationship between thé o
single- and double-pulse
condi 3 et eeiart e et e st

‘ Histol from Experiment 1 ...........

< subject in

Hypothetical examples illustrating
the effects of the transformation
procedu;e ® o doe s s s e e es e et U0 RS ESE A0

Histology from Experiments 2 and 3}..:.

Within-subject comparison of 'E vs
C-T curves for each placement in
Experiment 2 ,......citieiresvnnrecnnsss

’

Within-subject comparison of E vs
C~-T curves for each collision test
in Experiment 3 .......iciiiiiinecnnnnn

/

periment 1 ..veeeiesvacean

52

'

28

© 76 a

PR

[T

34

36

48

54

< L



- Table

Table

B

'Table

Table

ne

/ - o . ? viit

LIST OF TABLES
N

[

v

Asymptote value for individual
' subject refractory perlod

curves in Experiment 1 .....ceccsvces.. 38

& ) ' . - ;\

F-test results from inﬁiviﬁual
subject regression analysis of
LH and PAG refractory- period
curves in Experiment 2 .....ceceseeeese 37

T-test results from individual
subject comparison of slopes
of IH and PAG refractory per@

curves in Experiment 2 ...s. 58

[

Across-study. comparison of ’ -

asymptote values ..3.................. . 63

[

B

Comparison of changes in IH .
”and PAG required number of
Single PULSES ...eeeceecnsascccssenans 69

2

(L B

g e e




\ Coe Y L
. ..~ Introduction L
rd l A ;

The - observatlon that electrlcal stlmulation of

, selective neural structures can relnforCe opetant .

3

behavicr_(Olds'& Milner, 1954¢ Olds & 0lds, 1963) has
led to a plethora of.studies examining the physiological

g basis- of reward and motivation. The initial demonstration
, = LR .

‘of self-stimulation in the rat has .since-beerm extended

to many other species‘including the. gold fish (Boyd &

Gardner,- 1962), cat (Roberts, 1958),idoc (stark & Boyd,

13 N o 1963), mockey (forter, Conrad & Bradu, 1959), dclphin

Z - (Lilly & Mlller, 1962), and man (Blshop, Elder & \neath,

‘”¥' . 1963). Although diverse neural structures support the

| behavior, it is most dramatlcally obtained from medLal .
\i\forebraln bundle (Mggl‘stlmulation. ThefMFB,ls‘an
extensive fibet tract that links many midbrain and

' forebrain structures and inclhdes both ascending and \J)
e, ot

il.descénding Jibers.(Nauta & Haymaker, 1969),
M Ly ' v " M

4
, For several reasons, self-stimulation has proven

to be a valuable tool in studying reward*mechanisms_

Generally, ‘the behavior is extremely persistent,

o

extinguishes rapldly, and possesses many of the propertxes\v'

7
of conventionally reinfcrced behaviors. In addition,

4
self-stimulation expefiments allow one to tap directly
into structures involved in reward. This method for

seléctively activating discrete regions of neural tissue

g}

P
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0

"in attemptlng to dellneate reward pathways is that‘braln o

. stimulation often has,several behavioral consequences.

}966), expﬂoratlon (Rompré & MlllaIESSlS, 1980) , escape

11980; Miliaressis & RomprS. 1980; Skelton & Shizgai 11980)

‘developed in sensory research 1n'wh1ohltrade— £
| fuhctiooslare,used to determine dﬁantitatiwéﬁoropertieg
| 6f sengory channels. Trade-off functions map the
'combinations of two stimulqs variables that produce the .

same effect. Eor example,, the scotopic spectral

* ! b M
; -, o . L
. . - v ., .
P .o . ~ , NS ,
4 - ~ *
:

A}

e e . ‘ . . R . M ’
.offers a "window" on brain mechanisms that underlie ¢ s

A

appetitively. motivated behavfors. -

S
1

‘GiVen this rationale, investigators have been .

lnterested in tracing and identifying the neural substrate

.for self—stimulptlon and determlnlng the erganizing

.o ¢
przncxples used by these neural networks Onedlfflculty T

For example, feeding (Hoebel & Teitelbaum, 1962), drinking

. ' . S,
(Mendélson, 1967), c0pu1atory behavior (Cagguila & Hoebel,

(Bower & Mlller, 1958) , and self<stimulation may be

elicited from MFB stimulation. Do many functions share

1

a common substrate or are dlfferent critical flbers

-
[ [

intermingled anatomically? The use of psychophysigally °
based measurement techniques has, in several cases, a
9 '
supported the latter possibility (Bielajew & Shizgal, ‘ .
, ; o

The psychophy51ca1 approach is based on the 1og1c /
/

‘
/

| PR

~ -

sensitivity curve describes the different combinations )

2



1 \ .~ . . > \ 3
N < a
of values of wavelength and intensity that produce a

constant level of brightnéss: It is remarkable that |
this trade-offy function .is nearly identical to the in

 situ absorption spectrum of rhodopsin (Cornsweet, 1970), ,

14 . . .

despite the fact that the firéé\function is based on
. L .

f

the verbal response of a human subject and the second

function is based onkdirect measurements of light'“

aﬁsorption by photopigments;. There is“good reason 'to N )
r’?}beln'.e\re\t:h_::'rt this similarity is not a mere coincidence.
' The isomerization of rhodopsin is. knéwn to be the

" first stage in scotopic vision. How is it possible for'
thq'relatiqnshiﬁ between wavelength and intensity at

this stage to be replicated at the behavioral level?

1
Assume that all intervening stages between isomerization

S of rhodbpsin (input) and behavioral response (output)

were monoﬂbnic., In a monotonic systemc a given value

. , , e
of the output of any stage is obtained as a result of Y

one and only one input. If thé final output of such a : ‘>

L4 ' .

system were, held constant, the ouéputs of all
’ preqéedihg stages hould‘necessarily be held constant as ~
well. For éxample, if'tﬁe output of the nth stage is- -
held constant, then £he output of thg;n-lst stage is.
also held const?nt because the input of the nth sfagé

is the output of the n-lst siage, and only one inbﬁt

can correspond to a given output in a monotonic system. -

v

1

\
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Sinée the output of the n-lst stage is constant, and it's

‘ input, is the output of the n-2nd stage, thenlthe~output

of the n-2nd étage must also be held constant. 1In this
manner, constancy 1is propogated all the way back’to
the output of the,initial‘stage}’ If the visual system
hehaves in this manner, then two combinations. of-

wavelength and intensity that produce the same level

5 o ot s A2

a

of brightness must also have produced the same amount

s - .
of isomerized rhodopsin..

. ] :
Gallistel and Norman (cited in Gallistel, Yg¢omans

-

*& Shizgal, in press) have shown that monotonicity can be

easily demonstrated in a system that comprises many i
stages, without any direct observation of'the' . T ///'
intervening stéges. This can be accomplished by showing
Fhat a monotonic increase in one of the input variables ' ’ !
préduces a cofresponding monotohis change in the finai %
output. If a given value of the output Qf‘any
interven;ng’stage were produced by more ﬁhan qne.valye
of the input, then the relatioﬁ%hig between initial,
input and final output would be nonmonotonic. . 7
Nonmo nicipies'cahnot be removed at later staées 5%},
becau:Z/an_ormat'ion' has been lgst; there is no way ofQ} -
knowing whzéh qnénof'several input vglues prqoduced a

given output. . Therefore, in order for the'output of

the final stage to change mortotonically iﬁ\response

» - .o St #A’ ,
\ . i . ) ' : . &ﬂ
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o

o

to a monotonically'changing input applied to the initial
stage, all intervening stages must be mono'tonic. The
monotoaicity of the'relationship‘between briéhtﬁess and
light rntensity\thus demonstrates the monotonicity of
,all stages in the scotoplc system in response to single
fspots of light. ‘
These arguments can be applled dlrectly to studles

of braln—stlmulatlon reward (Gallistel et al., in press)

As in the scotopic system, all stages betWeen the 1nput,

- the neurons directly activated by the electrode, and the

\\J\ . )
,outphtl'the behavioral response of the organism, can be

‘shown to be monotonic over a wide7range of inputs.
Curfent intensity and stimulation frequency are x

' parameters that trade-off against each{pther (Gallistel,
1980; Shizgal, Howlett & Corbett, ﬁdte l). Within a
broad range, a monotonlc 1ncrease in either parameter
W111 result in Q monotonic 'increase 1n behavxor, e.g.,

-

* running speed in an alley. This demonstratlon 1mp11es
monotonicity of all stages,. and prOV1deS the’ logical
Justlflcatlon for using behaviorally derived trade-off

functlons to characterlze the reward substrate. ghiS'

«justlficatlon is valid as long as performance RN

conditlons, e. g., task difficulty, fatique of the
subject, etcgﬁ are held constant.

The psychophysical approach has been used in




~/

" and directionality (Shizgal, Bielajew & Kiss, 1980).

E e
self-stimulation experiments to examine the .

characteristics of réwarding sites along the MFB, and -

has prbvided information regarding the connectivity of

such sites (Shizgal, Bielajew, Corbett, Skelton &

aYeomans, 1980) , excitability cycles (Miliaressis &

Rompr&, 1980; Rompré & Miliaressis, 1980; Schenk,
Shizgal & Bielajew, 1980; Shizgal, Bielajew ‘& Yeomans,
1979; Yeomans, 1975, 1979), strengthAQ?ration properties e

(Gallistel, 1978; Matthews, 1977), temﬁoral‘integrafing

~characteristics (Gallistel, 1978; Milner, 1978; Shizgal

& Matthews, '1977; SKizgal & Schindler, Note 2),

‘conduction velocity (Shizgal, Bielajew & Yeqmans,, 1979),

‘«Moreover, the results of these studies have provided a Y

i

"« basis for interpreting electrophysiological recordings ‘

& Greene, }969; Kiss, éhiZgal & Rogen, Note 3).

'from structures activated by MFB stimulation. The

psychophysically derived charactéeristics define a set

of criteria that an MFB neuron must poiiés in order to

be classified as reward related. There is growing. '
evidence of coqsiséeney between eléctroPhysiqiogic;XIy

and behaviorally derivs&,propefties (Gallistel, Rolls .

The studies reported in:this thesis usé the et
approach just described 'to ‘examine some of the

neurbphyg4ologica1 feétures of reward neurons in p

»




: - . :
" self-stimulation obtained from activating PAG reward

© 1854, flrst demonstrated the phinomenon of refactorlne s

"and the amplitude of the fesultant\muscle twitch was

.interval at which the second shock produced an increase

in the amplitude of the muscle twitch. Intervals

Ao 7

the periaqueductal gray (PAG). This midbrain strpctﬁre

was chosen befause the properties of neurons that support

self-stimulation at this site are unknown,

neurons resembles that seen in the MFB, and there are \
]

known anatomlcal connectlons between the ‘PAG and MFB

(Robertson, Lynch & Thompson, '1973) . : [ -

]
The experiments presented here are concerned with

. three specific questions. First, what are the

refractory periods of reward-relevant neurons in the CoA
Fd

QAG; second, do these characteristics differ from the
» @

N &
well-documented refractory pemgod properties of lateral

hypothalﬁﬁic (LH) ,reward neurons; and third, in what’
« \ \
manner, if any, do reward fiibers link +he LH and PAG.

E:lcitability Cycleé of Single. Neurons
T

The pulse-pair technique used in behavioral studie

has its rcots in classical neurophyeiological recording|

of peripheral nervous system act1v1ty. Helmholtz, in

\

. from a frog nerve-muscle prepar tion (cited in Gallistel,

1973). Pairs of electric‘shocks were applied to a nerve

exdhined. "It was.found that 1.6 mgec was the minim

-

-

ke ey
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less thah 1.6 msec proﬁucéd a twitch that was comparable

-

to that obtained from single shocks.

The implications of these findings were 7ot made

clear until a series of experiments (Adrian & Lucas,

1912; Boycott, 1899; Bramwell & Lucas, lgli; Gotch & /

. Burch, 1899) in which the neural refractory period was

1

demonstrated dlrectly by electrophy31olog1cal recordlnq

‘of the nerve innervating the muscle. These studies

showed that the same refractory period was obtaiged\
whether recorded directly in the nerve or indirectl‘y,-~

using the behavior of the muscle as an index of

‘excitation. - “

2

The invention of the oscilloscope and , the wvacuum

Q

tube ampllfler made p0551b1e the detalled study of the

neural refractory period. Erlanger and Gasser'é (1937)

1

classic monograph describes fully the. eXC1tab111ty cycle

in perlpheral nerve. Although our»understandlng of

" the mechanisms underlylng refractorlness has cﬁanged

substant;ally since that tlme, the accepted descrlptlon

3

of the'evcnts comprlsing the exc;tablllty cycle has

not. “In addition, the picture obtained in the .

peripher'§l neivpus system seems to generalize quite

well to central neurons (swadlow & Waxman, 1978). The
3 ' .

basic excitability cycle is outlined in the following

‘section.




" A chain-of-everts ensue during' and after
electiical stimulation of an axénu ‘'If a less than

adequate (subthreshold) stlmulus is applied, a local _ e
yd v
.perturbatlon-ln the membrane pqtentlal occurs and then

qulckly subsades.//fhe,neturn of the membrane to ;,
eriqinal coné}ﬁféus dependg€ on the time censtant of the
memb;ane. vﬁ(suprathreshofd stimulus has quite diffefent ,
cpnsequég;;s forlthe axon; an actiou potential is

progﬁéed uhich initiates the first event in-thg

e%éitasil;ty cycie;‘the absolute reffactbry peéiod.

,/During thislpesiod, a seégnd action potential can never

‘ 1]
be elicited no matter how intense the stimulus.

4

' Follow1ng the absolute refraCtbry period 1s\th5‘relat1ve
refractory perlod, S0 named because the membrane is now “*‘*—"*T‘

somewhat ex01table but requlres a hlgher than threshold
) N .
st;mulus for an action potential to occur. During the .

fairly long\supernormal period that may fo" W the c !

f

relatxve refractory period, "the nerve appears to be

' hyperex01table, the threshpld for the” actlon potential ;z

is reduced. There is eV1Jonce that the length of this
periodrdepends on the type and state of the fiber

(Graham, 1934). Some.classes of fibers do not have’ - T
a supe;normal period (ﬁyaaguirre & Fiﬁene, 1975). B

‘subnormal period lasting up to 100 msec is the final “

event in the excitability cycle. 1In some neurons,
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it seems eo be of little consequenée, reducing meﬁbrane
Citability by only .Zi(Gasser & Grundfest, 1936).
Earlier it was Stated that a subthreshold stimulus
" will not produce an action botential. However, if a
second subtgreshold stimulus clbsely follows tee first,

the local potential will not degay much, and the sum of
Ly

~ the two depolarizations may reach threshold. This ' - .

phenomenon, termed local potential summati or latent

. .

addltloﬁ“Was flrst demonstrated by Helmholtz (cited. in
Gallistel, %3) and later quantlfléd by ‘Tucas (1910) . . .
When'deallng with pairs of electrical stimulatirsig . .
pulses, the following'convepxion’is hsed:‘theéfirst'
pulse is called the C pﬁlse~(conditioping'pul‘e)
because it, estéblishes the é%afe of the membr%Le"
which is to be tested by applyxng the secqﬁﬁvpulse, '
- called the' T pulse (test pulse) Accordlngly, the
’/igperbal between the two pulses is called the C-T
interval.- Piotting‘the'inversé.of the T-pulse . !
threshold as a' function of C-T interval}produees.a
- post-stimulation excitability curve, . ' y

To ﬁhis point,. the excitability cycles of single _—

' neurons have been"discussed. .Since two of the studies

- ’ ¢

‘éfeported in this thesis are concerned with egtimating

thearefractory period of a popdlatlon of neurons, the . &

|
next-descrlptzon of double-pulse stlmulatxon wust be
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S

generallzed to 1nc1ude the case when many flbers are
stlmulaped. For the pu;EBBe:of this discussion, it is:

assumed that all relevgnf neurons have the same
| e

-

excitability characteristics and the tissue resistance °*
¢’
is homogeneous, ™ -

-

3

Since it is thought that current density decreases
aé thg square of the distancg from the elgctrode tip
iﬁgnck, 1975), there will be an area surrounding the
tip where the current density will be ahove éhe firing
threshold'fo; the population of neurons included in

that regjon. This area will be defined as the |

- -

: B 7,
suprathr@®shold region. The neurons closest to the

electrode .tip will fire once.for every c pulse and will

fire a second time when out Of their absolute refracforj‘

.

.periods. Neurons further away from the tip, but still

within thé suprathreshold region,kWLL%;be exposed to a

_lower cutrrent aénsity. These neurons will also fire to

the C pulsé but may not fire a second time until they

are out 05 thqf} relatlve refractory periods. Beyond
the suprathreshold region is the local potentlal < .

summation-region. The current reachlng this area wiill

.be below threshold; therefore neurons in thislrégion

will not fire to a C pulse.- However,°1f the C gulse

produces a degolarization that brlngs the neurons in

this region more thap halfway to‘threshold, and the

€

.




e

. A4s soon as the absolute refractory periods of the neurons

‘are exceeded. Aiternatively, if most of the relevant

potential summation will also depend on\the ratic of the .

|

3

12

T pulse is presented before much of the C-pulse ) :

depolarization has dgcayed, the summation of the two v

depolarizations\should'igsult in action potent%als. , : -
The post-stimulation excitability curve wili depend

onibofh'the spatial distribution and excitability

{ v
characteristics of the neurons under investigation.

-
- ’

If a large proéortion of the relevant neurons are
distributed close tqﬁthe elgcérode tip, the number of

firings produced by the T pulse will begin to increase

R e N

neurons are distant from the electrode tip, an increase
in the number of firings will not occur until a longer

C-T interval, i.e., when the relative refrag¢ory periods

of the neurons are exceeded. The significance oflloca}

Lo

nqmbef of rewardtreievant neurons in two regions. A

P

large effect is ﬁredicted if a relatively large number
r . .
of relevant' neurons are in the, subthreshold regionwﬁf "
o

the stimulation field. For a detailed discussion of the

the effects of double-pulse stimulation, see Yeomahs,
{ ' ' ’ ]
3(1975, 1979) and Yeomans, Matthews, Hawkins, Bellman.

\

and Doppelt (1979). ot . R

Behavioral Derivation of Esfcitability Cycles
| — ' ' .
Deutsch (1964) first adabted the pulse-pair.

-




o,

technique to derive post-stimulation excitability
characteristics of reward-related neurons. He found
that sharp increases in therate of responding occurred

as the C-T interval increased from 0.8 to 1.1 msec.

"

AR

W7 .
‘Deutsch reasoned that thegaccelerateh per formance
observed in this range of C-T intervalsreflected the
recovery from refractoriness in neurons subserving

reward.

Plotting the change in behaviqr as a function of

C-T ifégrval has been the étrategy used by other .

investigators to.determine the refractory periods of %

13

neurons involved in st;mulationiprbduced feeding»(Hawkins
% ) ,

& Chang, 197F; Rolls,.1973), driﬁking (Hu, 1973; 'Rolls,
1973), activity (Rolls & Kelley, 1972), and escape from
aversive stimulation YSchmitEJASandner & Karli, 1976) .
Yeomans (1975) demonstrat;d‘that'a serious problem
existed with these early studies. He argued that the
/ﬁse’df rate as a measure ‘of reward is based on the
hunwafranted assumption thaﬁ'tke level of ;esgonding is

-

-3 ’ -

linearly related to the total excitation in the negral

substrate. JIn most of these studies, the stimulation
. 7

parameters were arb%trarily chosen and{dic;ated the

r

AY

refractory period fdksfion obtained. Usually a
frqquency X was chosen, such that 2X produced high rates

of responding while X pf?duéed only baseline responding

\
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- B \ .
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levels. Yeomans showed that wheh rate vs C-T interval

curves were.derived at nine different stimulation

frequencies, mrine different refractory 'period estimates

\]
resulted! ~With extreme frequencies, there was
virtually no effect of C-T interval, since initial

- -
responding was near floor or ceiling .levels.

“ A new method of scaling was proposed based on'a’ (.
¢

constant behavioral output.. This notion rests on the

éssumptidns that behavioral‘output is monotonically

~ ’ o ‘
related o the total level of-excitation, and thdt the ‘ ,

behavioral weight of each pulse is invariagt over the
e T pae

’rangé<5?frequencie§ testedi ‘Recent evidence (Gallistel, -

]

1978; Hawkins, Roll & Yeomans, Note 4; Shizgal, Howlett

& Corbett, Note 1) has provided support for these " ) n
‘ ; : \

‘assumptions.

The “counter model" (Gallistel,, 1975) is the basis ’//

’

for the logic underlying Yeomans' procedure. ‘The médel

states that the magnitude of the reward pqoduqihg by a
train of fixed duration is proportional to the total
number of firingg\tﬁe train elicits in the 'directly L

s

- _stimulated reward neurons. Gallistel (19?8) déveloped”a R

- “ , K4 R

a minimal'modél that incorporates the simplest
assumptions that can link a train of stimulation pulses
to a changé in performance. The counter ﬁpdél is

{ ihcorporated inth the minimal model and defines the

Ve

¢

e dr— b 3o

3
i
!
|
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same or vary randomly over time and space. Provided

g
xR
V-

\ . 15

<+
(o}
- ﬁ'n%mﬁugﬁﬁwa

N - , - i i ! ' AN
second stage, those neurons that -are responsible for ; '

v -

integrating the inéoming impulses' over time‘and space. s ‘
{ . : ' . '
The output: of the integrator is the ;ewiﬁg<fignal. The J

first stage, terggd the cable,éoﬁprises the directly ‘//
: \ -
stimulated reward-relevant neurons; it is assumed that -

a

the number of stimulated neurons is a linear function

v /‘h-

of the intensity (Gallistel et al., 1981; Shizgal, o
Howlett & Corbett, Note 1). In the second stage, the

behavioral weights. assigned to each impulse are the

that the train duration is constant, the impact on the
' 3

integrator is identical whether twenty neurons receive

r

five impulses each or fifty neurons receive two impulses .:

each.’ Any pattern of stimulation that produces the

same number of firings within a given -duration will

regylt in the same integrator output. If perfgrmance
. : . o

. /
conditions’ are t altered, a constant behavioral output

will ensure thagﬁthe output of the integrator is fixed.

L] ',
In refractory period expéi}ments, the number of,

)

pulse éairs %s traded off against the C-T inteival.

At C-T intervals within the refractory range, T pulses

»

generate fewer action potentials than C pqlSﬁs.

Therefore extra pulse pairs T::f/if/gdde' to maintain = .

the same jntegrator output. the assumptions to 'the .
' . —~ . _

counter model are'corpeﬁzjlfﬁé; the number of pulse ,"”

: ' . , : : .

d

e ’ ' o . I&

/(/ ' ! ‘ « s T s | .
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f0 - » 'pajirs ‘added is directly proportional to the number: of

‘ : - i ‘ ) v,
‘ ' actibn potentials lost due to refractoriness.

' {4 ' .

» % 4 .
; "i\\‘\;; From-these pr1n01ples, Yeomans (1975) dev1sed a

" . sc ;bng formula to quantlfy the effectlveness of T pulses

iq,refrectory period experiments. For 'a homogeneous)

4 . * - i

PR f_-populafion~of neurons, T-pulse effectiyeness jmpreSSes
». the number of reward-related neurons fired by the T-pulse
S 1&§ a proportion of the number of such neurons fired by

e . the C,pulse. In abnon-homogenebus population, the size
T P . ¢ <
pr1nc1p1e (DaVlS, 1971; Henneman, Carpenter & Sonjeman,

!

1965) may operate and the behav1ora1 impact of neural

> e, Y -
.. flrlngs may ‘be correlated w1th fiber dmameter. Iquo,
Q Y
R T—pulse effectlveness expresses the behav1ora1 weight j
£l of the firings elicited by the T pulse as a proportlon

~; . " pf the behav1ora1 welght of éhe ﬁxrlngs relicited by the

L ; C Pulse.. ’ . B C . E
. o - ; . '«/ 'How confident can one be that the. behavioral
e . . (,' ’ ) / ’ * ,'. [N f
qfav . 3‘5 post-stimulation excitability curves truly reflect the

0 R -
- P s .

S ' * weighted contribution of the excitability characteristics

A ?of the diréctly stimulated neurons? There are several

~ LN . ' * : T ' » ¢ N

'feasons to think qhef%axonal rather ﬁhao synaptic

. : ‘ L éhanges are being expressed. sThe order of events

1’. & .. >~ L Y
followed by the behaviorally derlved cuEves sxmulates S
that found in individual neurons. Local potentia*

summation, a membrane phenomenon, is seen at

-, " ’ »

i{’f%

1S

_____
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. ehtrainment.phenomenonIKocsis, Swadlow, Waxman & Brill,

i that‘fhe behaviorally derived ‘curves refléct the

‘ properties of synapses or aﬁpns belonging to cells

o i
v 4

- Taken together,-the above arguments suggest that the Lo

£

! ) . \ ‘ 17

\

| P

«

! . . 3
pulse-pair intervals too short to be ac&ounted for b
Ly . v

L, )
synapti¢ temporal summation. In addition, the =~ .
! _l‘ Qb

’
e

1979) suggests that the membrane characteristics of the
l .

\\

axons\i}rectly beneath the electrode tip are'being

=3

measured. Entrainment occurs when the second pulse is o
presented during the r®lative refractory or

<

supernormal periods. ‘The conduction veio?ity dﬁring
these parts of the excitabilit& cycle eith;r decreases
oxr incregses as spikes afe propogated down the axon.
If the axon is of sufficient length, the interspike

interval ' is locked to a constant "entrainment“ and no . s

longer mimics the C-T delay. Thérefore it is unlikely

othér than the'Qirecﬁlyqstimuléted ones. Finally,
changes +in the order of .05 to .1 msec C-T interval i
'ﬁea5u¥ab1j affect the excit;bility curves. Chemical
éynapseé, being rather ‘labile, would be unable tb
apcﬁrately\trgnsmit such precise temporal infdrmatién.
k] - .
behaviorally de#ivedjcurves express the membraneg \

redovery characteristics of directly stimulated 2

neurons. L : P
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Behavioral Inference of Anatomica1~Linkage
The final experiment in this thesis makes use of *
a technique for drawing anatomical inferences about
neural-parhways.me&iating the behaviorai4effecr of
brain stimulation. As in the first £wo experiments,
the technique ariee; from early neurophysiological work
and is based on a well-known phenomenon, the conductlon
bl&gk catised by the collisions of orthodromlc and , \
antidromic action potentials in an axon.
Neurophysiologists roufinely use a related %ﬁooedure
to determine if a stimulating electrode directly
activates the axon of a cell that is under obsernaéion
via a recg;ding electrode in or nearathe some.
The. original appllcatlon of the method (Lucas,
1913) was to establish.the conductlon velocity of axons
in a known bundle. This was accoﬁplished‘by'fnferring‘
fron behavior the time it rook for aotion Potentials Ry

A

elicited by one electrode.to travel past the second

electrode. Working with a nerve-muscle preparation, Y

Lucas determined the stlmulatlon parameters that would
produce no servable muscle twllch from a single shock
and a detectgbla tw;tch when two shocks were delivered
in closeisueceSSionw \This procednre was nsed to
determine the. shortest inté;;al between' shocks that
produced a'rwitqh when a pair of shocks were aéplied

R : ' .

e




to’a single electrode or concurrently through two
C electrpdés~spaéed‘a19ng the nerve. Lucas found that in
thgxlétter case, the required interval was longer. He
>fréasoned that the difference between the two intervals .
was the c¢onduction time between the two electrodes.
While Lucas used this procedure t? determine the
conduction velocity of an exciseq nerve, an analogous
. \. pﬁocedure is emplqged in this study to determind if’
‘ direct anatomical linkage exists between
T self-stimulation loci.
‘\\\\\B .The inference of co}lision‘f?bm beh@vioral data
is _analogous to the procedure uéed in\?ghavioral
> ‘ refractory period experiments. The duéstion addressed
T - | *.in both cases is whether each pair of stimulation
) pulses‘produces one or two action pétentials in
behaviorally relevant axons. ?Pe excitation produced
bf one member of each pulse-pair will be reduced due to
collision and ‘the magnitude of the blockifg effect can
- be assessed by determinipg_how many additional pulses

are needed to maintain performance at the criterial

" level.

~ T

tést whether reward fibers are among the long axons

,‘thought to link the LH and ventral tegmental sites

< ", (Nauta & Haymaker, 1969). .Concurrent ipsilateral LH

e o e s A . A
.

»
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This strategy was used (shizgal et al., 1960) to -




~
\\

and ventral tegmental area stimulation produced results

-

consistent with a collision block (Shiz?al et al.,

1980) . ' o -

r

20

In the first study reported here, the paired-pulse .,

= -
aradigm was employed to obtain a refractory period
estimate' of reward neurons activated by PAG

stimulation. The second study was designed to directly

compare the refractory period profiles of the LH and

v

PAG rewagﬁ,substrates within the same subject. 1In the

last experiment, the collision technique was .used to

L4
determine if reward fibers directly link the-LH and
\,
PAG sites.

i

&

/
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Lo interprq#ing the electrophysiological responses to <\//"w "

@

- reward neurons to neurons, subserving self-stimulation

. at other .sites. . In addition, it will be useful in

" home cage. ‘ !

o B
‘\‘, o P 21 : ;

o
EXPERIMENT 1

i

. >
In this study, Yeomans' (1975) scaling mgﬁhod'was~

used to behaviorally estimafé the refractory.periods
. N pe ’
of neur%ns subserving PAG sélf-;ti@g;ation. This

. . /
information provides a basis for comparison of PAG )

, A

stimulation of PAG reward sites.

’

~ . ! 13 v v

Method ;

Subjects - . . , ‘ ) Py 5
‘ The subjectsherefive-nmle hogded rats (Figure 1)

L

of the Royal Victoria strain (Canadian Breeding Farms '

-

and Laboratories) weighing between 300 and 400 g at -time

of surgery. They were individually housed in wire-mesh

cages*and maintained on a 12 hr light/dark cycle. - Free °

13

access to Purina Rat Chow and water was available in the .,

:
e,

Electrode Implantation

Electrodes were 254 um ‘stainless steel wires
'insulated\ﬁith Formwar to within .25 mm of the rounded
tip. Standard stereotaxic’prbéedures were used to aim
,the“electrodes at the following coé;dinates:\ﬁnteiior/l

W

n ‘ N
§ . . ¥ . . . “ L] ! : -
. * : > ' N .
. . .
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’ . FIGURE 1 _— N ’
* ‘ N . , -
The- five male hooded rats in Experiment 1 before'surg/e;y. f.
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posterior = bregma -6.0 mm; lateral = 0.0 mm; and ventral

= 6. Q\mm below the dura+ ¥ With the 1n01sor bar set at

+5.0 mm, th&se coordinates correspond to the location of
the\dor;;l raphé 9uc;eus 1n the Pellegrino, Pellegrinoand
Cushman (1979) atlas. Sodium pehtobarbité& (60 mg/kg)
was used as theianaesthetict 'A flexi?}e_stainless steel'a

wire, wrapped around four stainless steel skull, screws,

served as the current return, aﬁd;éhe whole assembly was -

" secured to the skull with dental cément. o

\

Apparatus . - Y-

The‘test ehaﬁber wasla wooden box,°25 cm x 25 cm x
70 cm high'with a grid&floor and Plexi;las frqﬁi. A
~Lehigh Valley rodent lever:protruded 1nto the rlght corner
of the chamber, 6 cm above the floor. The’test chamber '
was located in a separate room from the programming
equipment, and the ahimals;.behavior was contiﬂuousiy:
menitored with video equipment; .

Stimulation parameters were ‘controlle integrated

‘cirguit pulse generators and ‘donstant-current gmplifiers

(Mundl, 1980). The outputs of each channel of the dual

.constant-current émpllflers were shorted throygh 1KQ

reslstors n the absence of a pulse on elther channel.

R
Current 1ntensity was monitored on an oscilloscope by R -
reading the potential difference across a precision IKQ‘

resistor 1n series with the rat.




. - . . >,
‘Procedure
J’Stabilizatioﬁ. Fo}lowing several days récovery from o
suzgery,'the subjects weré screened for éelf—stimulation

A

us1ng a CRF schedule and conventlonal shaping procedures.

"/)\ [

Stlmulatlon tralns were 0.5. sec long and consisted of ' ,
rectangular, monOphas1c, cathodal pulses, 0.1 msec in

duration. Only. animals yielding hidh rates of résponding

'
' -

{>30 respoﬁses/min)'wgre inciﬁaeq in the study. .’
Stimulatidn intensities weré}chosen £o produée.vigorous
respondfng without éevé;e motoric side efféété and then
-kept constant throughout the'experiment{
Sé1lf-stimulation performance was stabilized by
repeatedly determining the nﬁmber of stimulatioﬁ pulses<

requlred to malntaln bar pressing at a, half—maxlmal rate. \\ v

2fter a br1ef warm up with parameﬁers that supported

would) support a half-max:imal Yate™f responding, was \L
calculated by ihterpolgtionl Determinations 6f the'
required number were performed'é-lo times per session. ’

ﬁhe'criterion for stability was es;abliéhéd as a less

" than 0.1 1og10 change in the required number across a .

session. Stability was generally achieved after three




-~

sessions. o . ‘

]

Refractory;?eriqd Test. The refractory period test

consisted of a series of required-number determinations.
In the first and last determinations, trains of single
‘pulses were delivered. The last determinatidn was carried

out in praer to permit the detection of_&:tiqug or I : ¢ .
sénsitization effects.‘ In the remaining deteimination%,
trains of pulse pairs wereaaelivered.‘ Both the first" .
pu}se'of each pair (the C pulse) ;nd the seéo;d pulse | A . |

(thg T pulse) were applied to the same electrode. The .°
- ;
interval between the two pulses (the C-T interval) ‘was -
\ . >

< . '
varied from 0.15 msec to 25.0 msec, and presented in a

random order, so that-each double-pulsé'determiﬁatioq‘wés ) -

e

based on a different C-Tﬂinterval. The longeét Cc-T n S !
i~terval tested could never exceed half thevC-C interva#T\‘
e.g., if the C-C interval was 50 msec, then the maximum 1 |
C-T interval was‘é 25 msec. This proceaure is 2 N
‘ illdstraéed in Figure 2. 1In.the single-pulse/@ondition i
' Figﬁre 2a), only c pulses are delivered and’Ehé pulses : .
‘ are—gepardtedAfrom each other by a conatgnt‘ipﬁgrval : “' ’
* (C=C), while in the double-pulse condition (Figure 2b), - ' .
_5 T pulse follows eaéh Cc pulée. The dgterm@nationuoﬁ'thé ;
reéuired numbéf‘in the double*-pulse condition is ‘ ,!
o

pgﬁalogous to'she'procedqre used in the single-pulse casé‘ - 1

except that pulse pairs are counted insﬁead of'singié

s . ' g e

Y v . . . ' oy !
4 - ! . v 1
. - ! . N . : v '



\\ ;
. ‘ FIGURE 2
: . : g »

‘An illustration of the relation;hip between the

single- and doﬁble—pulse conditions. ', ;

o

(a) Trains of single pulses\(C pulses) are presented. ,

»

Since the train'dufation is always held copstané,
there ;5 a feciprical relationship 'between the *
number of pulses-and phe interval between pulses
(C-C interval), i.e., an {hcrease in ;hé number

of pulses in a train results in a decrease in the

C-C interval. ' S
—_ .

(b) For the double-pulse coqeifiogg each C pulse is

. followed by a T pulse of the same amplitude.

LS

o
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(a) ‘SINGLE - PULSE CONQ]TION
C PULSES - ..

&

ﬂ ﬂ
Q-;C’C—? / \
(b) D'dU/BLE- PULSE  CONDITION
C&T PULSES
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e

pulses. The refraétory period test was repeated from

4-6 times in each animal..

vy v
.Data Format. The effectiveness of the T.pulse was -

~

assessed by comparing the conditions when T pulses were.

present to the condition in which they were absent, i.e.,

©

the required number of pulse pairs forhgogiven Cc-T

“*interval was compared with the required number forxr the’

“sihgle-pulse conditiog. The contribution of theg pulses
to the rewarding effect was scaled using the followind N

e ,
formula (Yeomans, 1975):

\\ . E = - sp. c-T e
Rer
* where E = effectiveness of the' T pulse,.

RN - averagefof the single-pulse requifed‘
number/ for that session,

RN = required number of pulse-pair
Y, )

stiﬁulation. ({
An E of 1 is obtained when the total number‘of(

éulses réquired to produce criterial performance with.

pulse-pair stimulation does not differ from thé tbtgl

E_ ——

numbe; required to meet criterion in the single-pulse 7”

-

condition. This indicates that the T pulse is as . A

J A\
A

efféctive as the C pulse,'or to give a numerical example,:
, 25 pulge pairs are behaviorally gqﬁivalent'to 50 singlé “

e,
. . a4
: \ . B ? /,_\
) 8 ! . - . M
i .

¥ N .

"
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g

Ty . pulses. An E of 0 is obta‘ined\w\nhen twice as many ‘pq,];ses T

- s . ;\ . are requ1red to ’meet crlterlon in the double-pulse,

67 o condu:_/ron, indicating that the T pulse has no behav1oral

= o effect. In tlts case, 50 pulse pairs are behaviorally ' \
equivaleht to 0 'sihglbe spulses. ’ ¢ v

) % | i)é’ta AnalLrs. The E values thatiwere obtalned from . l

“ - v ’ * -

the refractory perlod tests were plotted as a function of

-

e c-T 1nterva1. Typwally, at\,short pulse pair intervals, ,,_) K : ‘
v " _ moderate E values are obtained (Yeomans et al., 1979} . ¥

o ' oy . 'As the. C-T 1nte§val increases, a rapid decl;ne in the E” ) )
S SRR - :

' . 3 values occurs. 1In the"M](B‘, the lowest E value is B .
. & . &4USually'seen at 0.4 or 0.6 ms€c. This initial decline - -~

i o
s is due to the decaylng of local potentlal summatlon and

" ) !

o *, ' is discussed m ‘detail ‘below. - As the pulse-pair ’ \
»; ; : ) 1nterval is furthér le»ngthened an J.nc”rease in theuc -T ‘ '\L
v R Iy .intérval typlcally re@.::s in dn accompanying ;mcrease in ’
£

PR Q . Event#ally the E value reaches an asymptote and no
, . | '_ R sxgnlfxc;;nt increases & this value are seen at longer . R J
3'v S '(' c-T 1ntervals. If thktr%nsu:lon from tbe ms:L;g portion - :
.\f A | of the curve to plateau is abrupt, then the /time (C-T

: PR

o Y s i\nterval) at which the plateau is reached éan be
.o 'J

. \
e " \\estimated by visual inspection.’ However, in many cases,

-, ) C the slopes ‘of the refractory per:.od curves fall off

[ . . ¢t 4 Ny t

- .. gradually as ‘C-T interval increases, maklng 1t difflcult

P b  ¥o VJ.stmlly estimate the point at wh:.ch the curve - -
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[y

{\//fpproaches asymptote. - ’ :

a

. was de51gnated

‘eccﬁrred. Thié test pérfoémed on the results from each

A rule of thumb was developed so that the po;nt at

BN -

which these curves approach asymptote could be
. I N " - .\

estimated in a consistent manner. It was %esumed that ¥ -

this point corresponded to a near complete recovery from
nefractorinefs. The initial step was to compare the

standard error of the mean E value for thé longest C-T

interval with that of the preceeding C-T interva}. If the-

.standard ‘errors overlaéped, then the E values obtained for

those. two C~T fngervals were pooled, a néw standard error

‘

anq\mean were calculated, and these new values were then
/4 - ‘
compared with the values for the next shorter C-T

interval. This prbeedﬁre was repg¢ated until a C-T

interval was found ﬁech that the standqrd error for its
\\ . .

~ssociated mean E value did not overlap with the standard

»

exror of the pooled E values. Once this interval was

e

found, the smallest C-T-interval to contribute t
pooled stane; d error (the next 1ongest C-T 1nte a
E\Es the asymptote, that is, the ‘point
beyond which no significant fecevery-from‘refraétoriness
SN
;nlmal, w111 hereafter be called the asymptote test._
Higtglogx. At the end of the experiment, all

subjects were given a ‘lethal dose of:sodium pentobfkbltal
aagh )

; anl perfused 1ntracardia11y with physiologxcal saline

« D
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Pellegrino et al. (1979) atlas. The atlas drawings

§
R R

) - . . . : . 32 !
follg%ed by 10% formalin. The brains were removed and
Y L I
stored in 10% formalin for at least 24 hours. The tissue
R ‘

was 'sliced in 40 um sections in a cryostat and stained with |

thionin. Location of electrode tips was verified using the

| . A

qofresponding to th& critical sections were traced.

a2, S A

‘ Results and Discussion.
\ L : )
Histology - . .

All electrode tips were located in or near;the

©

. . ' 1
ventral portion of the PAG (E%gure 3). Two electrode

\

tips were found in the

.,CJ-13 -and CJ—&4), two

9 Ls
below the floor of the

dorsal raphé nucleus “(animals ¢

others were located immediately o .

each subject in this experiment. Yeomang'_(1979) slgdg. \

aquedudg (cI-1 and €J-14), and the

electrode tip of the remaining subject (JFE-7) was

v

o ' . . . oy
situated in the fasciculus longitudinalis medialis, just

Venfral to the PAG.
¥

Refractory Period Data . : X

Figure 4 shows the refractory period results from
suggests that the rising portion of the E vs C-T interval
curves® reflects rgéovery from refractoriness in directly

L 4

o s . Vo
stimulated reward-relevant neurons. All subjects in the '\

»>

¢

current study sﬁqw gradual increases in E as .the C-T

interval is increased beyond the vdlues at which'logal-*"
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. ¢ "FIGURE 3 -

ﬂ -

B

Tracing of- pertinent sections from the Pellegrino et al.

- .
(1979) .atlas. The circled arrow tips indicate the

location of the electrode tips. The atlas plate numbers’

~

appearing at the top of each section refer to the.

distance (mm) of the“’section from bregma. The.

alphanumeric located below each section refers to the

‘identity of the subject. ‘ A
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FIGURE 4 , '

5 -

¢ '
The PAG refractory period results from each subject. /
Chaﬁges in T—puise effectiveness. are plotted as a function
of C-T interval. 'The letter-number combination appearing

in each box identifies the subject. 'The current intensity.

-

at which each subject was tested is' recorded below the -

~ &

animal number. ~ . ©o. '
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A Y
. potential Summatién is‘obseﬁyed[ (The iAitial*decline in E.
values at short*é—T‘intervals\which is thought to be due
primarily to the contribﬁfion of local potential summation
(Yeomans et al., 1§79) wili Se discussed later.) 1In
ﬁfgur out of five subjects (Figure 4a, b, c,ld), recovery
... from refract;riness appears to begin between 0.4 and 0.6
msec, whereas‘the cufve for the retaining subject
(Figure. 4e) starts to rise beiWeen 1.0 and 1.2 msec.
) élr The curves in Figure 4 all rise gradually and meet
the asymptote criterion at i.5 t6 5.0 msec. The rate of
Y recovery from\refractorihesskin these subjects is more
“gradyal than that reported for self—sﬁimulation sites
aloﬁg the MFB (Yeomans, 1975); the réfractéry perigd,
curves forLH stimulation approéch asymptote by
approximately 1.2 msec. 'The c-T interval at which the
asymptote cfigpriop was met fo; each subject is presented
in Table 1. . , .
' There is a large acrosstsubject vari&éion,in the
time <ourse of recoyefy7from refractofiness, de§pite'the
fact that,.exclﬁdinéfsubject JFE-7,‘£ﬁere was liﬁtle
Jacross-subjégt vgriation in the location of the“'
‘elé?trode tips. -However, tﬁe"histéldg;cal analysis<
used in this study could prbz}de only & rough
: iéproximation of the electrofle ti§ locgtioﬁ and no

information about the size or shape of the effectiﬁe';

.




Trable 1

refractoriness.

s ' .
C-T interval corresponding to maximum recovery from . .

.

AN
/s |
N (/
) C=T Intervalk
Subject - (msec) -
. »
S , .
. eg-l 2.0 ' '
S CI-¥ 5.0
¢ ' )
. y CJ-13 2.5 ’
- "ﬂ‘
cJ-14 S 1.5 .
.-1‘ ’ .‘
' JFE-7 o 2.0
. ) [ﬁ‘.ﬂ N ' ,.(\\
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-+ stimulation fieia. Thus, subtle differéncgs in electrode
ﬁiacement could adcount for the wi&e'ra?ge of estimates .
observed. If the reward substrate in the PAG consists
"of a heterogeneou; populatioﬁ of neurons with different
refractory periods, then the recruitment of any |
.o ) N particulér subpopulation will depend heavily on the
 'é§act location of the eléctrode.>
N It is interesting to note that reéovéry from
refractoriness is appareét no'later than a C-T interval
\ " of 0.6 msec’in all'subjects, witﬁ the excebﬁion of "animal
JﬂE—i (Figure'4e). lThe curve from this subject starts to
rise betweeq C-T intervals of 1.0 and.;.ZAmsec. In
;l’ . raddition, four out of five electrode tips were closely
distribu£ed in the PAG,. lAgain) the single exception was
that of JFE-7. The tip from this subject was locateS\.
\ beLow'thé PAG. .
o~ ) Three factoré may account for the delayed start of
recovery seen in this‘gubject; First, perhaps oniy

~ . | . '

neurons with long absolute réfractory periodS'sdpport

self-stimulation at this electrode placement. Second, .
recovery from refractoriness may actually begin earlier
‘but may be obscured by the large local potential

summation effect. Although local potential summation in

PP

| the MFB is generally at a minimum at C-T intervals of

. . 0.4 and 0.6 msec (Yeomans et al., 1979), this

.o

o

3
i
i
i
!
?

F

s
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phenqmenon has not been'studied;in detail inﬁthe PAG.

- Third, the displacement to the right of JFE-7's

v
-
\

.refractory pefiod curve may reflect aarelative aearth
of reward-related- neurons near the elect&ode tip ahd a
relatively higher density'ﬁh the relative refractory period
region of the effective stimulation field. Recall ‘that
N neurons distant. from the electrode t%ﬁ are exposed to a .
lower current-density than neurons surroundiné‘the tip; and®.
thus will be unllkely to fire in response to the T pulse
until their relatlve refractory periods are surpassed .
Although this third intergretation is consistent with the

large local quential summation effect observed at this :

placeﬁent, initial screening of this subject suggested

v that‘there were ;eward—relevant neurons close to the ] '. / .
eleckrode tip. Behavior wgé'obtained at a much.lower '

, : intensity than that used in this study.

| As stated earlier, the refractory period curves

represented in Flguée 4 recovér more slowly than those

. . ‘ e
$\\~ *  .reported for MFB stimulation (Yeomans, 1975) This . CoN

apparent slope%differehce suggests that the substrate

‘f ' for’self-sfimulatidn‘iﬁ the PAG and MFB-differ at the

-level of the directly stimulated neurons. The

equal—pulse technique used in this study cannot assess

g it =

Y
.

3

?he‘degree.to which such slope differences reflect‘ihe Lo

c¢ontributions of absolute or relative refractory

e

-
oo,
Sn
o
o . :
boo
A
i.
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" interval, and . d) the proportion of the behaviorally’

.. the effective stimulation field. It is likely that thefe

. . ¢ :
periods. The use of the” unequal-pulse technique

) Co /o . .
(Yeomans, 1979) could more precisely document the source ) N
2 / e -~ . N |

of the gdisparity in recovery from refractorihess between

LH”anﬁ MFB self-stimulation.peuron§;{'
111 deal with the

LI

The remainder of'this section
results obtained at sho?t'pulse;péir intervals where it o ' i
is\expected that the direétly stimulated neurons are in

e/absolute refractory state. HOQ‘then, can one account A\\X%g F#

for the fact that the lowest E value seen was .20

N

(animal CJ-1)? These non-zero E values are probably
dué to local. potential summa;ion (Yeomans et al., 1979).
This.phehomenoﬁ océdrs‘when heurons just beyond the
border of thé'effective'stimuiation field are fired as }
a result of the dddition of subthreshold depolarizations S

caused by the C and T pulses. The factors that determine <

the magnitude of the local potential summation effect
are' a) the size of each local potential, b) the
time constant of the membrane, c) the pulse-pair

]

releWahtlfibers in the subliminal region relative to C {

will be large differences across animals in the degree of
. , ~ .

local potential summation since the'anatomj of the
’ .
structure as wellf%s electrode placement will: dictate
: ' S
the size OF the effect.- In Figure 4, this effect .
- ' ] y ‘ g

B
\ . ’ ‘ £
‘
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'renges from .36 (enimal CJ-13) to .92 (animal JFE-T7).

- an estimate of ,the refractory peridds of PAG

42

i

|

' . L
To summarize, the results of this experiment provide

reward-related neurons. Furthermore, the tlme couxse JF
4 ‘
recovery 1n/the PAG appears to be longer than that \

previously observed in the MFB (Yeomans, 1975). Whilke
recovery from reffactefinees in the MFB éuite
coﬁsistently r&ached a maximum betweee 1.2 and 1l.5\msec,
the PAG sample reported here ranged, from 1.5 - 5.0 \msec.

- : ' f . .
This wide range of PAG values may reflect the recruitment

¢

.of subpopulations of relevant neurons with long absqlute

L] - \

refractory periods at some PAG placements and not oéhers,

\ : : |
and/or differences in’t?e contributions of the relafive

€

refractor& period. In the fo;lowing;expefiment} both ;.

P

PAG and MFB refractory period c es are obtained frpv‘the

‘same subjects sa that direct W1thin—subject compafiso s

' between the excxtablllty charactqglstlcs of MFB and” P‘G

reward neurons can be made.

T s S et g | ik,




* Subjects ,

EXPERIMENT 2

&

1 The procedure used in Exéeriﬁent 1 was similar But
not identical to that used by Yeomens (1975). * In order
to rule out précedural factors as the source pf the
differencge Betﬁeen my PAG results and Yeomans' MFB
results, a second exPerlment was conducted in which

within-animal comparisons'were drawn. This second

experiment allowed quantitative comparisons to be.made

between MFB and PAG results. .

4
Method

1

Five male hooded rats of the Royal Victorig strain

' weighing approxlmately 350 g each were individually:

Implanted with electrodes aimed at the PAG and the LH.,

e

The coordinates for the PAG were the same as those used

in Experiment 1. The LH coordinates were:- anterior/

i
‘

posterior = bregma ~-0.4 mm; later:% = bregma +l.7 mm;

43

and doreal/ventral = -8.0 mm below the dura. The incisor

bar was set at +5.0 mm. Surgical and histological’
procedures are described in Experiment 1. .

Procedure S

-

v

. The procedure was analpgous to éhat’employed in

Experiment 1. Within each sﬁbject, the current »

T
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_MT;_euwﬂ~range of E valves from 0 to 1. ?&e rising portion of

“;; ' sites. The. transformat/on conslsted of normaﬁlzlng the

-
V' rs

o of this’transformat;on was to reduce the n

e

A e Sk St

0 ' .

o ‘44
§ - , .
. ‘ {

1nten51t1es for each electrode were 1nd1v1dua11y adjusted . TR |

. :

¢

» with the aim of equatlnq “the required number of single ' / ;

pulses,- The refrectof%‘per;od tests for the .two

electrodes were conducth in an alternatlng fashlon and o ..
. —

@ repeated 4- 6:¥1mes. The effectlvenesepof doub1e~pulse

-a,

\ N
o stlmulatlon was computed u51ng'the scallng formu#a( ,
descrlbed in the first expeggment. L ( i - ~

N Data Analysis Ty

b ’
* LS '
[ : - .
+
-

— The LH and PAG refractory perlod curves for each

subject\were analyzed in the following manner. First,

. . the C-T interval a55001ated with asymptotic recovery = =, .
'y * - . ’} ! ’6 ! .

¢ from refractoriness was determined ueing the tﬁst
describe& in Expeiiment 1. Then each curyve wa | \J(
trqnsformed 1nlorder tghfac111tate comparlson f -the ) .
time cours?@f recovery gilowmg étlmulation £ the two -

S §
_Jxasing. portlon Of/each curve so that it sbapned the

L "_, .

L] A .

\the curve &as deﬁ&neq as that portion that lay between )
Ehe C\T\interval that,yielded the lowest Ev luE a%d the -

C-T interval designﬁted\as the asymptote. ‘T
PR 2 o Fj \ <

e purpose

~

»
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L}

beyond and including thé asymptote. In MFB results
(Yeomans et al., 1979), local potential sg:mation

effects often do not decay to zero before recovery from
h > i .
(\ S
refractoriness begins. Hence, at certain C-T intervals

the E values reflect both local potential summation and

v A

T~
.
-
>
N '
al
)
4
C" y
a
AY
\\
!
*
| "
| >
t
]
‘) L3
5
\ S
3 -
y ) .
\\ »

- neurons comtributing to the rewardiﬂg effect dt a given

recovery. In order to study the timeﬁgoutse of recové?y—:}}/
: ) . )}

from refractoriness, it would be useful to reduce the

4

contribution -of local potential summation. _This is
accomplished by the transformation outlined above but at

. e .
a small cost. Fixing the lowest E value at zero may

- f

eliminate not 6nly the effect of local potedsial

summation but also the contribution of fecovery in the”

o

neurons with the shortest refractory periods.’ It is

. 1likely however, that the amount of recovery from

o

. . \
~efractoriness at C-T intervals whereé the lowest E value

was obtained in this study (0.4 - 0;6 msec¢) is small.’

'

-

o~ ’

For example, I know of no evidence that any CNS neurons
¢ .

have refractory periods asg shbrt'as 0.3 msec.
At C-T intervals longer than the value at which
the asymptote is reached, an E value of 1.0 is éxpected.‘

-

'In theory, an E value of 1.0 indicates that all the

.

current intensity have recovered from refractoriness.

O values of 1.0 are rarely obsezved when testing MFB.

siies. This phenomenon may be peculiér.to‘the MFB .
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(Schenk, Shiﬂgél & Bielajew, 1980; Shizgal, Jordan & &;
Bielajeﬁ,.&ote 5) and is not understood. o

If the E values forlone placement level off at 1.0
and the E valdes for a second placement level .off at a
lower vaiue, then the slope of recovery will apﬁear to be

different for the two sites even if the curves begin to

rise §t the same C-T interval and level off at the same %

. C-T interval. As illustrgted in Figure.5, the

transformation removes this effect and rgduces the
‘inf;uence of local poteﬁtiafyéummation on.thel510pe of
"'recovery from refractoripess. )
. . The twé hypothetical Jntransfgrmed curves in Figure .
\\v/éa h;yé identical siopes although curve xereaches
asymptote at a C-T interval of 1.5 msec while curve ¥
continues to rise well past 1.5 msec and only le&els off
at' 2.4 msec. Had curve X begun to rise at the same.timé’
(0.4 msec) but.at an initially lower E value, -the .
'resuIting slope would have been much steeper.
Alternatively, if the maximum E valué of curve X were
ggeater'thaﬁ 0.8, thé slopngould\agaih.appear steeper.
:Theltraﬁsformatioh (Figure 5b) - forces the Eisfng portion

of each curve to lie betﬁeeh E values of 0 and 1. As <~

a result of the transformatipn, it is clear that the

7

\ S , ) . '1 “\ ”~




FIGURE 5 ‘ i

*

Hypothetical exampiéé of the effects of differences
7in local poﬁential'shmmation and maximum E values on
‘the slope of the refraétory period function. The
transformation réduéésvthe first confoiind and
eliminates the second, thus facilitating comparison

/ »
of the time courses of récovery.
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transformed fun,ct%‘or;s ‘thélt cux:‘ve X r.:eacl}\es ?sgmptotei at
; . - a shorter C—T.interval than curve Y, but tlgat-_ recovery
begins at the same time for both curves. . ) M T a
‘ » Lo . F_igﬁre 5¢c shows how -the differences in‘the slopes
of untransformed curves n\dght Iééd one to a.q%estionable" )
i ' conclusion aboutgdifferences in ‘the time course' of
% e recovery. v\fhen the curves in f‘igure 5¢ are transformeq.
g (Figqre 5d), there is cléarly ;.ittle difference .in the - . . ‘
E . ' ’proportional rate!of recovery, the C-T interval at _ . . )r
,-%., . o which récovery gegins, or the C-T interval at which -
% ‘ recovery ends. .{é‘:‘ '

The transformation was achieved using the following. v

¥

formqla: -

’ AE o _‘ Ecop = Emin ' ,
\ o ¢ransformed E _E o :

asymptote min

-

' % ‘ R Where Etransformed ™ the effectiveness of
|

. double-pulse stimulation

Py
-

o 7 : o adjusted ‘t'o a scale of E

.

E " , values between 0 and 1, S C

- Eq_p ¥ the E value in its original - - '~ —

’ fornf agsociated with a o '
§ . A . : - ‘ ‘giver'rC-T ixfterval, ' p ‘
|
|

T e Bpin ™ the lowest E)value obta,?ned,; .-
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. ©  were all localized in €he LH, generally 'just ventfal to . -

4 . v * ) !
50
Easymptote = ‘the maximum E value evaluated
' by the asymptote test.
The results of . each of the 4<6 refractory period tests

performed at each electrode site in this experiment were ' ‘ |

subjected to the above analgsls.
/ } . '

Results and Discussion-

Loy
. a

. .
Histology .

The Pelledrino et al. (19797 atlas drawings

corresponding to sections containing the é)iectrode tip

were traced ard are shown in Figure 6.

A

W < \? The anterior electrode placements (upper sections)

the zona 1ncerta. One electrode tip (CJ-11) was founq
in a more ventral pC}ftlon of the LH, at the 'level of -
the fornix. The PAG plecements (lower sectiong) were -

wide—‘ly‘distributed in the ant.erior/posterior'plahf

ranging from 5.6 to 6.6 mm behim'i\ bregma. T‘wo
electrodes were locagzed in the dorsal raphé& nucleus

(animals CI-7, and 3CJ-8) , while the remaining tips were

\ L mtuated mmediately below the' floor of the aqueduct. A

-

\\/) ‘ Refractory Period Data

N .

\ . The indlv:Ldual subject refractory per(}od results for
\each stfnulat;on site are presented in Flgure 7 with

o \c’l{anges in.E- plotted as a function of CAT mterv’al

-
.
P
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I ' | FIGURE 6 ' .
; Ny
., Tracings of Pellegrino et al. (1979) ‘atlas drawings
] - . .
{ P corresponding to pertinent ‘sections. The circled arrow - .
: ~tips denote the location of the: electrode tips. The S
; letter-number combination identifies the subject. The, X
sections abuve and below a subject number refer to the ’ |
- B . . .g
% s\ - anterior and posterior placments of that subject. : ;
* ) ' respectively. Each subject had electrodes aimed at I ;
N . ‘ ' the LH and dorsal raph& nucleus. -
. \ . ? ) “ ’
Lo / ’ (\ J . — N . o
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FIGURE 7 \
- . P

The results of the refractory period tests fo; each
subject. Changes in T-pulse effectiveness.ére plotged
as”a fupction\Bf Cc-T intérval. The LH data érg
represented by filled circles; PAG data by‘open’circles.
The boxes forming the left column contain the‘
untransformed data; the transformed data are cbntained

in the r;ght boxes. The graphs in the left column are
semilogérithmic pld*s while the coérdinates\én the right ~¢
colﬁmn are linear. Senmilogarithmic plots were used\for

thé ﬁntransformed data becauéé of the larée range and‘a 5
unéven spacing of the C-T intervals tested. The

¥

alphanumeric listed on the extreme right of each pair

" of boxes refers té the sdbject. The current intensity

is listed below that subject.
Fal . X \
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LH- 1100 xA

PAS- 710 uA
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on the time course of the .

The untransformed data for each subjectfare located in

the left panels,\whlle the rlght panels give the

transformed results. Note that the untransformed
L X

results are plotted on semllogarrthmlc coordlnates

while . the transformed results are plotted on

Iinear-linear coordlnates. ﬁ/

The changes in E seen in these behaviorally
derived cdrves (Figure 7a, ¢, e, g, i) are consistent
with axonal excitability changes. The E yalues quickly
decline at very short pulse-pair intervals (locdl
potential ‘summation), and thereafter rise steadily as
the C-T interval is increased. At long C-T intervals,
the E va;ues approach asymptote; further in&reases in
S-T interval result in little or no increase in the E
value, except rh the case of the PAG curve for JFE-6.

I. Statlstlcal Analysis.

°

a) Transformed data. The questlggyggdrgsseésemﬁ

is of /their refractory.

neurons directly activated by LH apd PAG stimulation
could be distlnguished on th baﬁzn

peraods. Therefore, the atistical analysxs focused

3

‘ising portion of the LH and

' PAg.curves within each subject.” The analysxs‘conSLSted

of - two parts. First,.the analysis of yarianoe“approach o

to regrehsion'analysis (Neter &'Wasserman, L97A) wasr}

. AR
® .

3.
L
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used to determine if more variance is explained bylfitting&‘

\

separate regression lines to the rising portion of the o

" . . ) - \ ‘
curves for each placement than by fitting one regression

line to the pooled results from both placements. If the
data are better represented by two'lines, this shows that

‘the refractory period functions for the two placements are
‘. . § . ! s
d%fferent. When' such differences were obtained, the second

g;ft of the analysis was applied. ~This consisted of

- !

éesting for significant differences between slopes. The
second test made it possible to’distinghish cases~where the

rates of recovery at the two placements were the same but
: ! -

recovery was delayed at one site from cases where the rates

of recovery were different.

. The F ratios computed in the first test were

- b

significant for each set of ¢urves in Figure 7b, 4, f,

i and are reported in Table 2. The source tables are

' presented in Appendlx I.

s

As can be seen from Table 2 the rising portlons of

'

the LH 'and PAG refractory period cu;ves,from each subject
cannot’ be collapsed end'treated as'one line. The
signlficant F ratio in each case indicates that the
1inear compbnent of recaéery at the two 51te\;differes.
The results\ of the t tests for slopes differences
are showﬁ in Table 3.' The level of significance for all

t tests was set at .05 (l—tail). ‘ ' o

A significant t scorefwas obtained in three

1
N\

N @ . ,
R ' - : ! . :

.-’ ,—/“l

g
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- (
¢ et Table 2 o
¥ ¢
. Results of tést determining equality of regression lines
s i .
[A)
' 7 L E'/
- -~ . ' S
. < )
: . "
+ Subject F ratio af Significance Level
CJ-5 . 17.065 *  2/62 p=1.2x10°% %
c3-7" 17.980 2/68 p=5.4x107 *
5) ) .
cJ-8’ " 6.612 - 2/49 . )é'-”z.g x 107 % *
, CJ—ll\——— , 3::’7%‘2 2/84 p= .028 . -~
B o © , N -“
) JFE-6 " 6.:356 2/70 p=2.9x10 ° *
N . , ] : p
u—:/ )H »\ “/ 'i)
* N - ° {
. - .
*significant (p & .05) o )
\,,\ .
. - * : ’ "
s ; i o )
, N o . :
: s
v " ] - . i
o ) . “ g ’;; " )
b " \ ’ g . IR
b l‘, - \ R ol AE R




. o / . Table 3 \” .
1 \“r ’ - /7’ I 4 .
‘ ” Results of dignificance test for LH‘and PAG slopes of
. f“ R ’ a4 A}
- a recovery functions
(‘\ - ’ sl . “
o 5 L\ . 4;(. .
1y »
> | '
. . b e ; - o r ' -
: . . ) ' \
:’ = . N - N s . ,
< ¢ —' . - -
3 ' ‘ -
N - [N

3 ) ' - LH % PAG . Tt Significance ,
& Subject Slope  Slope, df  Score Level
e ' : * o -
g, - | Sl
t F . ‘ ! " r * . : ” ’
< f ( - . . L - ¢ N . \;
L . ‘(‘ CI~5 ° 1.3061- 0.6009 62 2.9119 p = .002 *
é' ‘. e oY ; , |
! '”;\ : - l Y -
I - éJ-j_ 1.219¢ - 0.5684° <68 4.3793 . p = 2.1 x 10 °*
¥ . ’ s R .
P cJ-8 . 0.7482. 0.5786 ' ‘49 1.2003 p = .118 * S
| ‘i . . ¢ b « ) ' K , 0 a
‘\' }5 . . . ~ i
D CJ-11*  0.4207 0,4942, 84 0.7517 p = .227 ” 1
IR o, L oe ' , ..
ot ‘»“ ' . ‘ ) ” . Y. ) ‘ - P
- §' . o JFE~-6 ~0.7727 0.2031 70 2.7584 p = .004 'x
f a , . . ‘ . g, . t' ,
P AN " \ “
L. R ! : . ,
v;: R _ ‘e r p .. . / N “'x'h
;N ‘. : . : -7
M .- _*significant (p & .05, l-tail) : . S
g " ;h . . - ' - 1] ' ‘f . T
- i N N ‘ :
. P ‘\‘ . - . L ' .2 i ’ ®
o LU . v , 'ﬁ' '
‘g S . ! . e
o ¢ . ) ° : ' / ‘
: ‘ ' . " ) . ? \/ ’
* 2 - > ¢ 4 * T » & ,
A , - . . o P \
B X P < ' w 4 ' -
4\';"'}‘. ' Ly v o N\ ' v ;}
R TS . : : - : . o o
oy - . '\: . 4 .', . 1‘- . hel
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The results for tnese

subjects (Figure 7b, 4, 3j).

subjects clearly show that the LH slope is steeper than

the PAG slope, suggesting that, at least in these
\ ‘ ) Y

Subjec%s, the rate of recovery rom refrectoriness in LH

s — —

us now examine the’results of, he
. AN ’

jemalnlng subjects.

Since the t test fof’slope wag.-not significant for

subject CJ-8 (Figure 7f), the difference in the LH and PAG

curves for this subject must be due to intercept

o

differences or to a combination of small slope and

-

in&ercept differences. The LH curve rises between 0.4 and

[
1.5 mséc while the PAG curve rises between 0.6 and 2. 0 !

mseé.

short C-T intervals adﬁibegin to diverge towards the

1

.The curves appear to be roughly parallel at the

longer C-T 1ntervals. Although there is not ‘much

dlfferenqe in the rate of recovery in the LH and.PAG ; .

‘curves for subq%ct cJ-8, all points: on the PAG curve ’

fall below ﬁhe qorrespondlng points on the LH curve. The’
+ N

- recovery for the PAG curve appears to bé shifted to the

/

right, 1i. e.,hdelayed _
The in@erpretaﬁion of the regression analysxs is more’

complex when the recovery curves are h&ghly nonllnear. in'

¥

such cases, the 11near regression lineﬂls a poorer

. representation of the overali shape of “the curve and an'ﬁ*

v analys 8 Of locad portions of the curve is worEhwhile.

In animnl CJ-ll (Figure 7h), no significant slope K ~:',"

.
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diffetence was found. Nevertheless, if one
‘. ' . . IS e
looks closely -at the LH ‘curve, it can be seen that

75% of recovery occurs by a C-T interval of 1.2 msec.'

[}

The remaining 25% recovers between 2.0 and 2.5 msec,

perhaps due to the influence of a subpopulation of

'

. ' )
reward-relevant neurons with long refractory periods.

Most LH refractory period curves level off after 1.2 7

msec, (Yeomans, 1975). Given tﬁét most of the fECovery

. in CJ-1l's results occurred by this time, it seemed

worthwhile. to inquire whether the slope.oY this early

component of recovery in the LH differed from the slopé
. il 1 .
This

of the smoother, more contipuous curve For\ the PAG.
: : o B \
time, the points contributing: to the kater stages of

recovery in the LH (C-T intervals greater.than 1.2 msec)

were omitted from the analysis.: The asymptote test was

repeated to verjify that the LH curve approached a local
Y

plateau of a C—T lnterval of 1. 2 msec.

v

‘fesultsdfor all subjects

(The asymptote
data are reported in tﬁe next
sect{on f Since the asymptote had been earlier v
estimated to occur at 2.5 msec, the second asymptote
r-test_was-conducted from the next‘smallest‘C—T’interval\
(2.0 ﬁs‘c) Therefore; the second analysis of CJ-11's
data dealt with a vomparison of the. regression lines
baseaion C-T intervals of 0. 4 to 1.2 msec in th LH and

C-T intervals of 0. 8 to 2. 5 msec in the PAG.

L, \

The F
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test confirmed that the data could gtill be represented

by two lines (F = 8.719; Af = 2/66; p' = 4.4 x 107%) .

‘_Thé difference between the slopes of these 'two lines

*,'was Signlflcant (£ = 2.495; df = 66; p = .008),

b

'suggesting that 1n1t1ally the LH substrate recovers-

Lol

‘more rapidly than the PAG substrate. The refractory
perioé curves in thig suﬁject converge at 2.0 msecﬁand
the remaining 25% recovery'occprs at rodghly'tﬁe same ‘
rate in both placements. : Y
Major nonlinearities are~also evident in CJ—7'
data (Figure 78). Although a highly Signiflcant slope
gdifferénce was'found, the PAG curve for this subject is -
largely yecovered (70%) at 1.2)&sec. For thisffeasdg,
the slopes were once, &gain compﬁfed, conéi@en@pé:onli e

L4 . .
the recovery between 0.4 and 1.2 msec in the PAG.' The

~ 1
‘asynptote test confdrmed the C-T interval of 1.2\msec to
coirespond t§ an asyqptote. A sigpificani F ratio was

obtained nonetheless (F = 4.564; df = 2/56, p = .015),

‘iﬁ\plying that over this range of C-T intervals, PAG _ _\ -

‘recobery is delayed when compared to the LH. No

significantgslope difference was found (t = -1.430,

a =56, p - .079). Since the intercept values are
fairly similar, and no signiiicant difference in slope
was obtained, perhaqp the ¢ambination of small differences

.

.in both intercept and siepe contributed to. the -

-

.
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plateau was significant (t = 1. 864;,df =~ 8 p = .05).

"~with1n-subject test\gylch showed that the LH and PAG

significant F ratio. . L

. Ct
b. - _ N

Across-placement comparison of asymptote

]

values. As defined by the asymptote test, the PAG, curves

reach an asymptote between C-T interva}s of 2.0 msec
(Fiétre 7a, ¢, e) and 5.0 msec (Figure 7&). Theee PAG N
velues are comparable, to the results of Experiment 1 and
are preeented in Teble 4. For purposes of comparieon,
tge feymptote values obtained in' Exp riﬁent I and the IH . \\\ﬁ‘wﬁ
“Valuee from this experiment are included in this table.
Iherekwas no significant difference between the PAG
meaﬁ‘asymptote7values obtained in the two experiments
(t = 0.1176; Af = 8; p ='.455). Thus this finding appears
to be' robust; recovery from refractoriness at the PAG site
is relatively slow fh both experiments 1 and 2. 1In ]
‘E?Htrast, the LH curves from Experlment } rise more
~quickly-and level off between 1.2 Qsec (Figure a, ¢ B
and 2.5 msec (Figure 7g). Tﬁis difference io the C-T
interval at which the LH and PAG curves approach a p
L

The across-subject comparison is consistent with the

substrates are represented by different refractory period
fhnctlons') In addition, the LH ‘results from Experlment 2
$ - ! [ - TN

are inﬁgood aqreement with data £rom. anotlfer laboratory

(Yeomaps, 1975). ' : ' “, - RO ",'Y"\;'




C-T interval (msec) gorresponding to asymptote at each

v

stimulation site

~ / ' ‘ 1

.Subject PAG + LH

Experiment 1

CJg-1 2.0 )
~ ‘ a ' - ‘ )
CJ-4 5.0° ' o ‘\

CJ-13 2.5

[ 4 z ' * o
. CJg-14 1.5 ///4‘ -
y : o ‘ -
| \

JFE~7 ~ - 2.0 j

o

‘-210

' /f( » o : Experiment 2 . .

2.0

2.0

2 -'5

5.0 7

1.2

- 1.2

o
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‘ ) The\se findings ‘suggest. that, in ger‘i’eral,l the = -

reward-relevant neurons activated by PAG stimulation are

more'heterogehe?hs than MFB reward neurons. While only
’ " \'d

one of the MFB curves (Figure 7g) deviated from the .

pattern generaiiy OQEerved at tﬁat placement (Schenk .

[N .~

et al.; 1980; Shizgal et al., 1979, 1980; Yeamans,
1975f, there were large differences across subjects in

the PAG refractory'period profilesf

5

The prlnC1paf flndlngs can be summarlzed as ﬁellows.

‘The results of the F test for each subject 1nd cate that

-

the LH and PAG reward substrates cajg be differentiated
- B *

on the basis of refractory perlod There ,are clear °
overall slope dlfferences in the data from subjects CJ-5

and JFE~- 6 W1th the LH curve recovering more rapidly’

th;n the PAG curve; one subject (CJ-8) shows similar
_-Fates of recovery in tﬁelLH and PAG, although the a

recovery curve etbthe PAG site is delayed. For the

remaining two subjects, the LH and PAG curves ‘are Cor

similar over some C-T intervals and different over
others. The Cc-T inéervals at thch asymptotic E values .
are reached are smgnlflcantly longer for 'the PAG curVes
than for the LH curves. In no case did a PAG curVe
begin to “rise earlier, level'off-earlzer, or rlse
'aignlfxcantly more rqpidly than an LH curve. .Only‘one:

of the 34 PAG E valuei‘:::::9§ the corresponding LH

ol
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.recovery from refractoriness in the LH and PAG appears

65

value.
\

¢c. Conclusions. 'The observation that .

-

to begin at the same time suggests that some of the

nguréns at each site have similar, short refractory
periods. The possibility of a direct axpnél link is
explored in the next expé?&mé;t, in which a. procedure is“
employed to test if  there are regard-relqted fibers

common to the LH -and PAG.

The continued recovery seen in most PAG placements

after the LH curves have levelled off may be d%e to the -
activation of subpopulations of neurons, not present in\
the LH,. wiﬁh long absolute refractory periods. S1lope

« 1
diffefénces between the two sites would then be

- ‘ ) . .
interpreted as differences in the mean and range of

absolute-fefractory periods. Alternatively, PAG

. o .
stimulation may also recruit a population in which
. . t

relative refractory period céontributions ‘are more
. S - : .
pronounced than in the LH. Finally, it is conceivable

that the same *eward~re1ated neurcns course through
both stiﬁglatién‘fiélds. The longer recovery seen in

~

the PAG would thgnkreflect structural differences

‘\between 'LH and PAG axon segments. For example, a>on‘ a : -

diameter may ‘be .'smal],er in the PAG than in the 1H,
pgdvided that the £ibers a,fg.,asqending. In-

e o . e ¥
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have to pass through the PAG "bottleneck".

. At the longest C~T intervals tested (20 0 and 25.0

acrfss SUb]eCtS. o0 o R

66
. N\ '

. descending fibers such an a}rangemept should yield

identical refractory periods for both sites since the

action potentials triggered by the LH electrode would)

The remaining two sections describe observations
AY o

o

that are not directly related to the main findings of
.
this study, but nevertheless merit acknowledgement.
Since fubeligke that these observationshavelittle bearing

»
on the interpretation of the refractory period results,

i

they have been includeéd in a separate section.
. ¢

—

IXI. PFurther Observations on the Untransformed Data.

'At C-T intervals where all behaviorally relevant neurons

have recovered from.refractorlness, an E value of 1.0 is -

predlcted because double-pulse stlmulatlon should be

tW1ce as effective as sxngle—pulse stxmclatxon. E values
in the LH;did not-consistently‘reach‘a maximum value oﬁ,
1.0. The lowest maximum E value obtained was {70 in

éﬁbject CJ-8 (Figure 7e)7 " This findiog is corgruent | .

with other\LH data previously'reported‘(Yeomans, 1975).

‘msec), a Sllght increase was seen at some LH placements

Pt
(Eigure 7a, ¢), but these results were not unzform'

et

¥

N
At all PAG placements, the refractory period
B o ! -

‘curves did attain a plateau of 1.0 and in a few

- l.‘
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subjects, overshot this value (Figure 7¢, i). The
impo tance‘pf these overshoots is not clear due to the
large variability of many of the relevant points.

4

.. Local potential summation contributions are

evident at both, sites at short C-T intervals. The

magnitude of this effect ranges across subjects from .28
to .56 in the LH and .49 to 1.20 in the PAG. Earlier it

P
was argued that the spatial distr{Bution of behaviorally

At
N &

P T L

relevant neurons will affect the magnitude of the local‘i
poteq¢ial summation effeét. The meéian value found in
the'LH was .35 (animal CJ-5) ana .80 (animal JFE-6) in
the ?AG{ suggesting that relative to the” effective
stimulation fields, the proportion of distant neurons )
was gfeaterﬁat the PAG placements than %3 the LH
placements. ) o '"ﬂ ‘

III. An Incidéntal Observation. Another

X\,

distinction between perfogmance for LH and PAG ) ‘ Y
' \

‘

stimulétign cénpern; the long-term stability of the
réqui;ed number. Animald with eléctro@eg in the PAG,
but not éhe MFB o%ten shog changes across days in'thg
rgégiredandmber of pulseé in the single;éﬁlsé co?ditiqp..
-These chang?a @ay occur in either direction. Within-.
-segsion'sgifts.at the two plaéements were rarely _
.observed b&t have not.been rigordugly compared( |  5
F-tests for homogeneity of variance wefe&condhcped;‘

.
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between the four to six sets of LH and PAggsingle-pulse L

reguired-number values for each animal and are presented

in Table 5. (These data are drawn from both Experiments

2 and 3.)

-

. Results were significant in four out of five animals ~

£

o~ . W o

e e /. indicating greater variabilrt7 in the required~-number, . |
s T ¢

K 2;{ values from the. PAG than from/the LH. \
: ‘ The refractory péyiod estimateé reportell here appear ' u

to be unaffected by these shiffs. The. shape of the . |
‘T—pulse effectiveness versus C-T interval curves usually g °

remains stable despite concurrent shifts in the reqdi;edf

number. In. the.refractory period tests, a' new. ¢
A the

single-pulse required number Qa}ue is established
. - .

L

start of each testing session and genefhi&&'éemain

. . . &
“table over the entire four-hour session. It is to this

vy AR AT

required number that each aouble-pulse required number

' \
from that session 15 compared. Thus, across-session

. shifts in the sing‘e-pﬂ&sg required number ‘do not affect

»
S ad e e et g b

?

within-session scaling.

. 4

—

&~

- A possible explanation of this shift concerns the

=4

location of the PAG electrodes. The procedure used for
'c
— implanting eléptrodesrin these studies was such that
the electrode was drivern through the”a educt in order

b . . .
to reach the target placement. Damage to the ventral S

-

portion of thesiqueduct whll may have allowed ceéfbrai ‘ e

- s
- R ' ‘. <
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Table 5 v
Comparison between LH and PAG required number  of single
'\ pulses
N b \J “
-
A i / : Ik
/ F significance
. ignificarnce
Subject LH - ; PAG Ratio af Level—
¢ . 'cJ-5 ~§0.6£0.59 29.3:0.57  1.09 35/35 p = .400
: o c3-7 34.7+0.78 51.9%1.37 3.04 35/35 p = 7.2x10 ‘*
| " ‘ - . . ’
L ¢ - : o '
N “7 c3-8  56,140.38  36.6£0.96 6.78 29/27 p = L.7x1B7x
i . - " o
) " ©J<11 18.2$0.35  18.1#0.83° 6.14 .29/27 'p = 4.6x 107°* <
X , \ ¥ E . o
: JFE-6 54.2£0.97 49.9%1.62 . 2.60 32/30 p = .005 = . ¥
f- - R L .
% ’ !\ . - 4
H T
A
“ - ~ ‘& -~
- }'. ‘ . - ’ N
*significant (p é—- .05) )
t ¢ ‘ .
T . By
y ) , i .
pooo! o ‘
i V"f.}" AY .~' 4»
E = ' ’
; ’ o A .
] ‘ * 0 ‘
, N

NI 8 S e e
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spinal fluid (CSF) toleak: along the electrode’ scar.

. Lu

I%ais p0351b1e then, that some of the stimulation current

.+ was -shunted through the low resistive CSF (Ranck,. 1975) .

This would increase the number of pulseg,reqﬁi;\e to

maintain selfistimulation ‘A lower required number '

»7 ¢

. might result lf neurog11031s formed over time at the

1n3ured aquiEuct wall,.alloying less CSF seepage. \\\5\~¢

-
Bidirectional shifts in the required number may have

*

beezﬂ?ue to changes over time in tPe structure of the

aquéduct wall. fﬁe;seel'between the electrode and wall
~ ] :

i}

may have been unstablégresulting-in’more or less CSF
R J -

. seepqqe‘from day to,da§;>

e . SN L
‘If these factors do, in fact, account for the shift

| in the required .number at PAG sites, the problem could

be circumvented by implanting electrodes‘aime t .

' " -

structures1§elow the aqueduct at an- angle of at least

stimulat!on, continuous ‘monitoring of the electrode/tissue
’ e

30° off the midline, thus av01ding the aqueduct. During

(=3

interface impedence is also sug:ested, in order to detect
oo ,

,changes in’ the resistiV1ty of the surrounding tissue.

.w('ﬁﬂhﬁ !&p‘\" e 7 :

. . * ‘ ‘ 15‘.\1&:‘“"" N ’Yi_;

P “‘w& 4 - »
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© . EXPERIMENT 3- . . o .

. . - oo :
The.results' of the previous experiments suggest that. .

7

" some of the reward-relevant neurons activat:Ziiy LH and Co
“PAG stimulation begin to recover from refraftoriness at

roughly the same time. The aim oﬂ.this third study was

-»

to determlne if such neurons dlrectlz link the LH and

PAG.‘ The collision te¢hnique wasfésed to test this
hypothesxs. The technigue is based on the conductlonl .

fallure caused by the colllsloﬁs of orthodromlc and " s,

" -

antldrdmlc actlon potentlals. Collision-like effects

have been prevxously demonstrated frfm rewardlng X |
stlmulatlon of two MFB sxtes (Shlzgal et al.; 1980)

" Conchrrent stimulatlon through two electrodes mlght ,
broduce séveral effects. If the two_electrodes are

located in the same axon bundle, collision block is
o5 . \ .
* 3
- predicted at C-T intervalé:equal‘fo or less than the

sum of-the~conduotioh time and refractory period. Given = v

that axons can copduct in two dlrections,'the collision
/" .
.block should be ‘the same regardless of which. electrode .

s T

recelves the c pulse and whlch receives the T pylse. ' éij/?’/'

-The rewarding effects’ Of stimulation<a§;223$i:: gites | -
should summate when the C-T int@rval exceed is . ﬁé,1

dritical ‘value. Iﬁ the two electrodes ‘are 1ocated in

different but converqinq axon buhdlbs, no colliaio? <'; . S
L "~';‘f-" v A s

PR




T , are expected. . '

? '..“ % @ N R ’ ¢

,ﬂé - ST abruptly when the C-T intervakﬁ%kceeds some critical value (O l
. .y - . . . LA e . .

e Y A S

R “ . . ! In the first two q;pggiments,‘pulse'pairs?Were
p ‘

St the La. “The anterior—postermor test consisted ‘of 5 -
L'ﬁ;;éuﬂﬂijﬂ’f delivering the’ € gulse to ‘the LH and the T puihe qo thb
”ffvg‘ffiijgifj PAG: in the ppstef’ar-anterior test, the c pulse ﬂas

» -
:
.
[ .
>

3 : _
effects a%ould.be observed Siﬁbe‘each axon is : ; |

w

"f__“*ﬁN‘\Etlmulated by only one«electrode,.only summatlen dffects

* B Y

8 - " The presence or. absefice of collision bloc&.is \

inferféd by determining whether the number of pulse ) :
. i L ) . » oA, ’ . . . o
i . " pairs required to malrtain behavior remains constant when

. the C-T interval ;s variea (no block), or decreases e .

'f o . Yblbck).!‘The decrease in the‘required numben is presgméd:~ .

[l . o R .

-

! to reflect én increase in:the effectxven ss of the pulse s .

¢ . palrs duabto§the,;ecovery frqm collxslon block. = -

'« - . Effectiveness is scaled in. -a manner analogous to that .
E .used in Experlments 1 and 2. } , L
- ' . bWt ' . o 2
b . - . . L . : D oo L )
b : - o : Method e T o A

. : ‘A . . ' e . . ,‘0 1 3 v ,.’ . .
. . . ub !ects . .« L . o - - -

v
e L]

LY

N . o j The same subject§ and current 1ntens1t1es qsre used
e as‘ﬁn Experiment 5.0 , .

N Procedure - R ' S @

. .
7 ! . " ' .
- . . . - N . P

. - delivered to the same électfodé; in this case,ﬁpulseu 4

) \:? paxrs wére applied in. Alternatang fashlon«to the PAG and

L ¢

“~

4"\ 1
W

[
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4

A« becovm s Dap e g R 2

b

T

'wi}h‘the refractory period tests in Experiment 2,

' rightnhand term.of the. ahove equation wouid equpl lfb B 4

r
-
Idenel SR L

L2

dellvéred to the PAG, and the T pulse .to the LH. The ~ -

¥

C- T lnterval was varled from 0.15 to 25.0 msec. The

<
'

\‘ '\‘ .
order of presentaﬁlon of C-T intervals was F&ndomized.
<, ' -

Each test was run 4-6 -times per animal, and interdigitated
™ - ' ‘ '

s

Data Folmat

B
R o

,The effectxveness of palred-pulse stlmulatlon was o

3

assessedausing the following formula: ' : . /

* ' . \ s ) 0 . ‘
: RSSPL‘ g ]RNSPL .

v D: e —— - 1 -:-‘I» N -

\ RN . " RN ! i ' .
;o . c-T sy L o
r’ ) , ‘ > 4 e T r . co ' -

where E = effectiveness of paired-pulse ce
S ‘st{;ulation, c 0 ‘ 7, . '

L RNgp = lower of the two gingle#electrédeL o .

- - \ . 4 v
PR 2 required numbers, . ' Y ' ) h q
- ) ‘-& ¥ . v . ’ B X ‘ ’ -‘ N ’

Wo. - 7 RNgp = required number of pulse pairs, ..
e ) Y 2 . o
! 4w\- RNg o, =‘highe#ﬁof,the two single-electrode . ;

L - H Ly T Y o

o B requlred‘number values. .. / "

L) al . S ’ . Coe |
This formula Ais equlvalent to Yeomans' (1979), effectlveness. .
statistic for pulses of unequal aLplltude.‘ The current - ‘ .

k4 . [N . ]
1ntensxt1es for each . 1ectrode wiﬁhin . given subject werea ' )
e \
selected 80, that the 31ngle-pulse required numbexs weﬁe aé J N
similar as possible., mhus, in the,ideal case, the~ a -:'

L3
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A

tended to shift over time. K The use of the present ’ o

formula compensated for the resultant 1mbalances in the’ c L

LH and PAG Slngle—pu’lse required ‘numbers. B ' Rl { |
- Results | ‘

So ¥
. dnalyzed usind a 2-way” ANOVA with ‘r8peated measures. The
analy ¢ v ‘répeated geasar \

‘ were made. For animal CJ-ll (Flgure 8d), E values for T

c-t intervals. ¢ 0.2, 0.8 and 1.5 msec dxfﬁered e

| z.f msec comparison was . also’ significant, E values :pr SR

3 . ’ . I - ‘ ‘ B 74 3
and. the formula' would reduce to that used in the first
tbo exXperiments. However, as discussed earlier, the

single—pulse' required numbers for the PAG (see*Table 5)

v
1

Figure 8 depicts the results of the anterior- ,
. - . . . Iy
-posterior (AP) and posterior-apterior (PA) tests for ’
. { ,r< ) N
AN ' ! - . ’ 0
each subpect. e data from individual subjects,ygre

-

A

~ 0

eﬁ?ire source table for .each subject is presented in
2 ' . ‘ ’
Appendlx II. “ . / - -
,"uy \/ .
In each’ subject, the main effect of the AP/PA tests
/ L]
was 22;‘@1gn1flcant. . No 31gn1flgsnt 1ateracyion ﬁetween
s T
C-T 1nterval and AP/PA condltlons was obtalned 1n any-
v .

subject. The main effect.of C-T, 1nterval’\as~srgn1f1cant S

[ O( . !

in three out of five subge%ts (Figure 8b,- c, dY\B Tukey_ o

4 -

postJhoc tests were performed to, determine the s urce(s) '

of thls main effect.‘ AI& 90531ble pairwise compar1sons‘ .

v

~T - R

Slgnlflcantgy from _the E‘yalue for 7.5 msec. The 6 2 vs “‘ IR

)
.
~~ ke

P a— P o
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The resuits{zfo the collision tests from each .subject,

The effeptiveness of paired-pulse stimulation is

o} . .

. 'ploif.ted as a function of C-T interval.. In the AP,
! ‘ . :
condition (filled circles) the.C pulse was delivered
o A ' :
to the 1IH and the T pulse was delivered to the PAG;

in the PA condition (ppen circles) the order of N
® .

=3

presentation of pulses was reversed with the C“pu’lse

« ‘applied to the pAG and the T pulse applied to.the LH.
C . . aw . a

The alphanumeric appearing in each box identifies the

N .

subject. ' F .

T

3o
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o
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.‘collision block.

=17

\

higher than all other C-T intervals in the case of

’

"'subject CJ-8 (Figure 8c), w1th the folloW1ng exceptlons,
¢

-25 vs 0.2, 25 vs geé .20 @nd 25 vs 3. 5,. and 20 vs 23§
. g
,\For subject CJ-7 (Figurk @b), E values for 20 and 25

msec, although Kot different from each other were o //«J{

H

srgnlflcantly hlgher “than all -remaining C T 1ntervals z

J’}»\

In summary, two. of the five sets of curves are

flat. The remaining three are "bumpy" and appear to rise

at C-T intervals of 20 and 25 msec.
i \
e ' . Discussion ’ . N &
e ! \
S \ ' - .

- The major flndlngs of thls stai;,dah beﬁdescribed'

ias follows: the curves from two subjects (CJ-S and
# \

JFE~-6) are clearly flat, suggesting that no collision’
‘ ¢ ) » . . t
| block occurred. There was no effect of C-T inteﬂval, ‘
\ S .
AP/PA’tests, or'interaction of these two factors. These

results are consistent with the view that the two

electrodes stimulate different reward-related fibera.

' In the remalnlng three subjects, a srgnlflcant main
- '
effect of d&T interval wds found, wrth no main effect of

AP/PA tests or interactiodl It willbe argued below that

<

v

\A‘. s S ‘ ‘” l A

. these data as well lel to prOV1de eg\?encj}for a'
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2.5 and 7.5 msec) contributed to the significant main

" effect. The collision effects:previously deﬁonstrated\

(Shizéal et al., @980)’were reflected. in step—like B ;

vs €-T curves with flat regions at short and long'

pulse-pair .intervals separated by an abrupt rise. The

s

results from subject CJ-11l do not show this o;ttern. ‘

The erraticlfluctuatioq in the E values as C-T interval

. .. 3, 33" N ’ )

is increased 1s likely d to error variance, since no e
. "

con51stent pattern was observed from se551on to- §e6s1on

P

For subject CJ=- 8 (Fiqure 8c), the main effect of”™"
* ‘v

Cc-T interval‘was mainly dug to the increase‘in E at the

longest pulse#paf} inter%éls tesﬁea (20:and 25 msec) . oy

Wlth a few exceptlons, all shorter Cc-T 1nte§ als prodgoed

51gn1f1cantly lower E galues ¢. The

than 20 and” 25

-~ */
‘curves from supjecr ca-7 are\\ery ‘'similar to the flat

g

sets of curves from CJ-5 and JFE~6 except for the points.

at 20 and 25 msec which were not tested in the latter
s ’ _‘> ‘ -
two subjects. B ‘ e
“ , . , . % , o

If one examines the refractory peridd data -from

subjects CJ- 7 and CJ~8 (Flgure e, e), an incrgase in'(E
is“seen at C-T intervals of 20 and 25 msec. The LH )
refractory period curve from subject CJ-5 exhibits this
phenomenoniﬂoile it is seen more strongly in thg’PAG
curve from aﬁhject CJ~8. Since this effect was also N .

seen in the single-electrode data from these subjects,//

-t
-

v

.




there is no. reason to attribﬁte it to the effects of

two~electrode stimulation. Perhaps, a synaptlc event

n l

. L
" . ) beyond the point of convergence is respon31ble fér the v 4

S lncreased OU¢PUt at the long C-T intervals. If so, it %ﬂ
is not surprlSLng that this result is obtalned from ' ‘.i\\

f -
" v . vt . 4

double—pulse stlmulatlon of one site, or of both sites - . .
. .
- concurrent}y. It is not clear, however, why the same
. phenomenoh'was eot seen in subject JFE-6. Although thls
. ,A su ject s PAG refractory period curve (Flgure 7i) rises

# _ Dbetween pulse-pair 1ntervals of 5 and 10 msec, the' o

’ 17‘»
colllslon gﬁﬁbe (Figure 8e) remalned flat at the same

C-T 1ntervals. 'Nonetheless, in all cases’ where lncreases

ol
1n E values at long C-T intervals were qbserved 1n

At . ) .
a8

h

13 . . .

[ e two-electrode tests, increases in E at the same C~T ‘ v
{ . : , .

&

&

intervals were observed in single-electrode data..

3

The results*of the 00111510n tests for each subject

in Flgure 8 are cdnsxstent w;th the notlon that the

,

»
N

{ su trates for, §elf—st1mulatlon in the IH and PAG are -

0
s

a A aﬂat 1cally dlstlnct. However, it is pOSSLbie ‘that

~

i 0t i o e

el anvexamlnatlon Qf more subjects would reveal some overlap

- 1
.
i
-

I _ 1h ﬁEurons,that ‘are dlrectly stimulated by LH and PAG ‘-v R
. ST electrodes.. The-euggestion that the LH and PAG do- not:

S S S share any of. the same reward fibers must ‘be made

N

o "»;A. te tatively for the follgying reaaon.,;ty"-pqg)f1“l%fij
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stimulation through two electrodes are observed, the most

parsimonious interpretation is that there are~§{?ers

v -

common to both stimulqtion fields.

observe collision-1like effec
imply the'contrary - that th

L

poth stimﬁiation fields.

)
a

es

re

The failure to

4
not necessarily

no fibers common to

‘obtaining CO11§:1°n‘effeCtS"

"gtimulation fields.

There are twe ?gpldnations that could account for
the failure to observe collision-like effects:  either

a) the electrodes stimulate différent but converging axofi

~

bundles, or b) the electrodes stifiulate different fibers

within the same axon bundle. "If the second explanation

.1s oarrect then one would sxpect thaﬁ raising the .~

o

current 1nten$1ty would 1ncrease the<probab11;ty of .

I '

Shlzgal et al, (1980) have
used this strat gy'to{recruit'behaviorally/félevdnt
A gy . TuL

fibers common tovbotbxﬁﬁﬂand‘ventral tegmental area"l» '
Such efforts to maximize the sife

~

of the stimulation fields were made in each animal in

this study during pilot testlng, and ‘did not produce
ol

results different from those seen here.

)

Nonethelgﬁﬂﬁ:ﬁt

'is possible that tne two stimulation fields were so

misa&xgned“1n~theﬂputktive bundle that even the highest

'

 gurrents that wene used. (> 1 mA) could not stimulate the‘

’ ., ]
Saﬁe rewardrrelaﬁed neugons at both sitea.,‘ o Y

Lk

R
Although .‘é’leér cqllisipn effects were not‘obtained
X : 'a *‘{ ; W""“ ;:é?%i&g&pf ,w

e wd fer
i \". .;; {,_ I
.

A

o

\‘:g;

»;f -

%
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»

» ) . . “
from any of the subjects in this study, summation of the

rewarding effects froT concurrent LH and PAG stimulation

eébulse§stimu1ation producad £ values 1
¥ A
greater than 0 ? all subjects. Furthermore, the

did ‘6c¢ccur.

magnitude of the summation effect was similar in each

case. Thus, it appearg that while the rewarding signals

fp;oduced by,Lﬁ‘and PAG stimulation do not propogate
thrdugh the'saquaxon bundle, cqncufrent stimulation at<s
the two placements produces a behavioral effect that
is greater tban stimulation at eipher‘plaéement alone,

suggesting a functional relationship of the reward

subftrates coursing through the LH .and PAG.

SN
Lol
e
BRI

e

Fres A e irindwittyend
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General Discussion

* The simplest explanatiooqofgthe results of the three
- exberiments is taet LH and PAG stimulatioﬁ'activate
different reward-re}evant neurons with\coovergiﬁg outputs.
This interpretation takes into accouot the differences in
) the single-electrode refractory period estimates, the

g '+ failure to observe clear collision-like effects from
r N »

¢ - f two—elecﬁﬁfde stimulation;~and the consistent level of
/\§<\ , . ’summatlon across SubjeCtS.' , .
, ; 5 (:, " ’ o The refractory perlod resu}ts from Experlments l¢
| ‘ (’i' and 2'suggest that a) LH and PAG stimulation recruit .
| i L BN reWaro:relevant neurdns with overlapoinq ranges of

absolute refractory periods aﬂd/or, b) PAG stiﬁulation
. . ) )
- Ce recrults neurons ‘with longer relatlve refractory perlods.

.
@

" . The refractory period estlmates obtalned from these

w"

L studies cannot distingulsh between‘these two possrbliitiesi

“

S However, Yeomans' (1979) unequal-pulse technlque can

e e Y
&

P

dissociate‘the separate contributions of absolute .and-

’ . ' relative refractory periods and should be used for this
"'}J . o -purpose in a future study. ' 1 - . : ::2/
0 * ¢ . \i ' . . .
‘The results also lay the groundwork for future two.

% s

o | S electrode exp riments. Despite the 1arge~across—anrma1‘!‘
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refractory perio&% at these placements than at MFB

sites. The application of the collision test to ' '~““;~l,_

electrodes scattBred longitudinally along thé PAG would ‘ !

determ&ne the extent of this‘fiber;trqct.\\cdhduction ) \3

*

velocities could then be Qenerated and compared to those- .
[} . a

w 3
obtained  from MFB plagemenﬁé.

/N
The experiments™described in thig thesis used a -
psychophyéical approach in order to infer from behavior,‘ ‘ ’
i, . .

neurophysiological properties of the PAG reward substrate. ' |

The MFB has been well studied in this manner

N

this ‘approach has been extended to. the examination of . -

and recently
. AN

rewgrd'neuronsﬁih the frontal cortex (schenk et al., - .
1980); Together with)elec£r9ph§si;logical and C . ) ;
autoradiographic mapping data, the re;ults oﬁ tﬂese . : | N

beHavioral stidies may wdll epable us to fﬁentify,

. -~
describe, .and understand-:he'circuit(s) subserving

.

Lo . oA - -
brain-stimulation reward.. ‘ S,

' . - - , . ‘
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Appendix I . )
Source Tables of ANOVAs on Regression Analysés . ‘
a) Refractory periéd results from subject CJ-5 , o
3 "' ) ‘ s CC 3 . ']‘
SN ' . ' -
. LH (Transformed E values' for C-T intervals from 0.4 to
. 1.2 msec) : ’ . ‘
,. ' ' N [ s, . ’ . ! ;
\ - LN
~ Source of Variation ss_ . as ;

' - . 3 ¢ . ) 4
Regrelsion o 4.094 1 ®
Efror L R 1.245° . Ny
Total - 5.339 30
PAG (Transformed E values for C-T intervals from 0.6 to

2.0 msec) ) . .
Source of Variation - Ss . daf : .
Regression ’ 2,791 » 1
/ Error ’ 5.063 - 35
Total ' : 7.854 .36
) : ' )
- - . \
LH and PAG (Pooled transformed data)
' ) . ‘4
. - o
Source of Variation . , . S8 L df,
.Regression = 3.761 . 1,
- | ‘ T
Error - 19,779 ¢ 65 .
Total S | 13.540" 66 . .
‘ ry )
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. ‘ Appendix I (Cont'd)

e } N . ' R . > .

¢ b) Refractory period results from subject. CIJ-7 - P
LH (Transformed E values for C-T intervals from 0 4 to i

1.2 msec) o . -
Source of Variafion ' o , ss af R S .
Regression . : - 3,570 - : 1 ,
Error’ . 1.386 29 ,
] /'\

Total ' 4.956 30

>

'PAG (Transformed E values for C-T intervals.fromj?n4oto ' ' '

2.0 msec) .
Source of Variation __8s . af
Regression ‘ o 3.518 1 :
Error : n 1t§7° 3 N

S ' |
Totakmﬂ : . . 5.088 .42 .
. v &

‘'LH and PAG (Pooled transfoghed data) . .
Source ‘of Variatibn SS ' \gg“
Regreesion / 'l *‘l‘ ..5.554 J?;\\V’ 1
Error . _ - 4.5&0 R !

‘Total ., '10.054 . 72
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Appendix I (Cont'd)- . ' D
c) Refractgryoperiod results from §ubj‘ect C1-7 . ‘ o b, L\
¢ 1 ' ' ‘ ’ ' ; ;‘. > '- - ! M
. . . ‘ \
IR (Transformed E values for C '1‘ intervals from 0.4 to -
1.2 msec) > . -
b . —ﬁ’ . ) ) . .
+ Source of Variation ) af .
Regression L s 0t o
. Error, T % .. 1.386; 29
Total ‘ 4.956 . 30
> - ¢ "
. X , w ) ,r N ‘ .n‘
. PAG (Transformed-E values for c- '1‘ intervals from 0.4 to
" 1.2 msec) | P . o
, ¢ “0‘”‘ , -.* . ._ [ ) N ‘ /‘ ,u . '-:
- Source of Variation ss df 1 ‘
' , ‘ - ' - TR 1 e
Regression S * 2,237 1 ’ R
L, ' Lo ‘ s .
Error o 0.750 29 : ﬁ’h@,
. . ' .t : “
Total . 2.987 (.‘ - 30 e
- o e k" g 1\9' ' . o W oo ,»
}A \ N . . l . v a . - ¢ . ‘.[, . , ‘-\ .
LH and PAG (Pooled transformed data. based on 1IH E values :
".for* C-T intervals from 0.4%to 1.2 msec andn '
oo ’ PAG E valuwes for C-T intervals from 0.4 to ST
\ ’ 1.2 msec) . ) ‘
. s ~ P / . N
= R . ' R . » / [
- . ) "
Source of Variation. . _§88 - - af [ .
i . “ . . LR X / . N N 0\
R Regression - 5.776 'y N g
‘ A L . ‘ ) ; ‘ C LK)
Brror ) 2.484 -1 oot
v e, . g R . . . .. \"{ ) * .
. Total ’ 4 8y 260 60 .. . S
¢ e | 3 .- L co~
SRR ' rp‘. \ ) . , / - L
o : 0 . ’ R n ’ . I
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L . ’ E F\- ) .
d)\ Refractory period results from subject CJ-8
LH (Transformed E values for C-T intervals from 0.4 to
1.5 msec) ’
Source of Variatjon . .,.}’ © _S8 af
Regression - ( : ) 1.810 ' 1
Error ', . . - 0.883 23
. ' ' a .
Total o ‘ . 2.693 24
& ,‘, ~ . " y‘ 1—
/ ‘ a
PAG (Transformed E values for C-T intervals from 0.6 to
2.0 msec) . . ' : ,
.. ' ]
Source of Variation . ss_ - Caf
“Regression o ' : s 2157 B
. o : ‘\\ .
Error . " 1.223 at 28
“Total L 3.380 - .29
LH and PAG (Pooled trasnformed data)
. - r/
Source of Variation ... _88 - o af .
Regression . ' :  3.415 I T
Error SR 2.674 . - 82
Total o T e, 089 / Uk 53
- ‘ ‘I . . .
. Fy B 8 +*
- \ o - . 3 -
- ', ' ' \ ' "

-

e kR etemathy L .
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Eppendix I (Cont'd)

o+

e{thefraiﬁgsg)beriod résults from subjecf CJ-11

9 ‘ a . —

LH (T;ansformed E valges for C-T intervals from b;4 to
2.5 msec) ) , -

Source of Variation SS ) df

Regression . 3811 ' 1

Error. ~ 2.873 | 46

Total 6.684 47

PAG (Transformed E values for C-T intervals. from 0.8 to

2.5 msec)
. ' J ' *
Source of Variation ~ - E Ss ' af .

Regression, i3.493 N .' 1
|

//,Error | S - 4.043 40

Total’ . 7.536 41

N ‘ J
.

sLH and PAG (pooled transformed ﬂata) \

Source of Variation : Ss . o af
.Regression . .6.808 - -1
. , j |
Error ‘ " 7.530 87
Total - . - . 14.338 . . 88
1 VT

T e e




Wiy

- Appendix I (Cont'd)

I
|

f) Refractory period results from subject CJ-11

LH (Transformed E values for C-T imtervals from 0.4 to

.1.2 msec) S . \ _ .
Source of Variation : ss_ . . af
Regression 2.295 1-% 1
Error ° . ‘ 1.15%7 . - 28
Total ' e 3.452 . 29
‘ / N

‘ "\
PAG (Transformed E values for c-T intervals from 0.8 ftb

2.5 msec)
Source of Variation , Ss ' ag :
Ragression o 3.493 '
Error’ ’ , 4.043 .40
Total _ 7.536 41

and PAG (Pooled transformed data based on LH E values
for C~T intervals from 0.4 to 1.2 msec -and PAG
PAG E values for C-T intervals from 0. 8 to

2.5 msec) i
Source of Variation . ss " df
. . : . , . AN
Regression : e | 4.749 . 1 4
Brror C .. 6.574 : 69 Lo
Total o 11.323 R [

!} L

T )




r

i %
, ‘ §
. \ ! {

i P . %

{ a

‘ . 102 ;

. ;

& ‘ * - Appendix I (Cont'd) i

/ - [

|

g) Refractory periéd resultg from subject JFE-6

. N 1LH (Transformed E values for C-T intervals from 0.4 to

) 1.2 msec)
Source of Variation. - ' SS af
Regression ‘ 1.772 ) 1
d Error. - - .- " 5,035 29
Total . " 6.807 s - . 30

_PAG (Trasnformed E values for C-T intervals from 0.6 to

" 5.0 msec)
".' ' . - & ‘ .
Source of Variation - ss ' . af
“L Regression ',' \ R 3.435, “,- 1
Error ' | : .7 3.518 N _ . 43 ‘

Total . . 6.953 e

'LH and PAG (Pooled transformed data)

séurce of Vafiatiqnﬁ‘ \ 'S8 ‘ ag
xReg{sssion | S ' 3.612. _/ - 1
Error ‘ - 10}i06 B 3,
Total = . N - 13.768 __ - 14
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