D 2 . - - . . .
S S S SN SV —t e
v J - »
< \‘ - » “a - .
i \\ ‘ THE SUBSTRATE FOR PREFRONTAL CORTICAL o
' SEQ?;SSIMULATION : A PSYCHOPHYSICAL
v ‘ . . .
- N INVESTIGATION
] - ' -
L} 4 ‘
“ R
Susqn Lovell-S'chen'k . o
o A s
. '\! - . l ’ e ‘
' "«‘«4 » ' . \ o
s A Theslis N , ‘
o s L . ~ P . -
N Lo . 1In
* V— l " The Department
A Coel e
. N i i 8 of i
P } ‘ L. :
o o , oL Psycholwgy .
[ - ' R (/
v ! ) -
! Presented in Partial Fulfillment of the Requirements
v .for the.degree of Doctor of Philosophy at
. . . Concordia University-
» . - C . Montreal, Quebec, Canada
LY l\" \
. ;;‘" § - ) . .
| — e October, 1982 _ R
Sl " ¥ (@© Susan Lovell-Schenk, 1982 »
. \ IS N )
3 . N
'.\' } » l) .~
3 \ v ) X - @ )
s . ot . m s R l“ . . ,w,..:,,\,g,mm?.,,..-.,-h.. D . \




ABSTRACT

3
, ’
o

~THE SUBSTRATE FOR PREFRONTAL CORTICAL

&

SELF-STIMULATION: A PSYCHOPHYSICAL

[INVESTIGATION Lo
Susan Lovell-Schenk, PhD ‘ ;
Concordia Unlversxty, 1982 “‘ , 3

Several investigators.have suggested that the

»

" substrates mediating the rewagdiqg effects of stimulationwof
.the'lateral hypothalamus (LH) and prefrontal cortex (ﬁFC)
are comprised of-d;fferent neurone.'Psychophyeical methods )
were used in the present study\fo estimate post- sti@ulation
exéitability characteristics and strengthr’duration -
characterlstlcs of these substrates..Tests of tﬁe anatomice}
linkage between the PFC and LH revard substrates were
condgcted as was a etudy of spatio-temporal integration in

L
the PFC substrate. ) L {

t

In the. tests of post- stimulation excitability pairs of

| —————

» Lot

‘pulses were delivered through PFC or LH electrbdes, -and the

number of pulse pairs required to maintain a criterial level,

9f responding was determined at various within pair

] 4 . -
intervals. Recovery from refractoriness began later and 4

+

spanned a longer interval at the PFC site ‘than at the LH
L

gsite. ' n
: - Q| . .
The rewarding effects of pairs of pulses applied one to .

o

the PFC and one to the LH electrode summated poorly -
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regardless of the intra-psir interval. If the rewarding
[ . L
effects of stimula¥ing the two sites resulted from the

direct activation of the same cells, two results are :
)y
expe&tedu The 1level of summatlon should be hlgh at long

e,

intra-pair 1ntervals and should decrease abruptly as the

w1thin-pa1r 1nte;val is reduced due to the colllslon of

- N +

antidromic and orthodromic, volleys. That summation levels

i

_were both low gﬁd invariant across pulse pair interval

suggests that the rewardlng effect of stimulating the two .

4

‘ sxtes was due to the activatxou of dlfferent .cells that do

1

not effectively poolnthelr outputs. .

In an attempt t8 further characteri%e the PFC reward

2

_substrate, anodal and qpthodal strength dtiration functions

were obtained. The chfonsxiss aof the cathodal

-

. ot - '
strength-duration curves for the two sites overlapped. Th;se
’ ' %

values are long (PFC median = 2.839 msec; LK median = 1.646
msec), in éomparison so the avarlable e%ectfophysiologiocal

+

values for singlé axons. Both reward substrates must include

T g s oA

s te Ko v Y

A ST,

JUNEN
S

_some neurons with very lon ronaxijies or cells that fire

repetitively during lo duration pulses. At several LH and- -——

PFC ‘placements, thg ahodal chronaxie exceeded the cathodal ) ’
value, suggesting that)anode break excitation increased the

Ll

effedtiveness of ong duration anodal pulses.
The largest difference between the PFC and LH strength-,

duration curves was that the rheobasic intensity for PFC

LY

“self;stimulation exceeded the rheobase for LH

vy !
3

self-stimulation. This finding, coupled with the refractory

ot
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period data, ‘suggest that the substrdte for PFC self-

stimulation is comprised of smaller, less excitable neurons

'

®

than the LH substrate.

The anodal and cathodal strength—'durat‘ion curves were
! K i . ’ .
'rougnly parallel at pulse dlrations less than 10 mgec, When
averaged across pulse duration,/ the ratio of anodal/cathodal :

currents was lower (mean=1.54) than the values previ:ously L
: p

reported for LH sites. . ' : K

.'/In the final experiment, the stimulation frequency and !
intensity were traded eff in order to characterize

[y v

»  spatio-temporal integration in the PFC reward substrate.
- s hd { p]

IWith ‘high frequéncy stimulation, ‘the minimum current that
would support PFC selfust;mulatlon was consuierably hlgher
than the mlnlmum current reported for LH self-stimulation. .- .

The frequency/ intensity trade-off was falrly linear at

e tee ot e ——— v e — % =

least over a range of several /ﬁundred mlcroamperes,
suggestlng that there, was an extensnve range of reward i

relevant axons in approx1mately constant density around the

B

Wmmﬁ ~is in ‘contrast to a report in the
llterature in which current intenslty increases were

hypothesized not to enhance the reward:.ng effects of PFC .

a
-

stimulation.
Taken together, these data provide quantitative :

characteristics of the neural substrate for PFC )
- N . . » ./ - ’

self-stimulation that can be used to guide the

'electrophysic')logical identification of thesce\::\el\k&gnd

»

provide a basis for differentiating the PFC and LH revard

. 4
) 1 .
o . . 5
. ;

y

substrates,




the foundations that shall {nfluence me througﬂout ny

- career.
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INTRODUCTION

By determining the chemical and physiological

., characteristics of the neural substrate for brain

t

’stimulation reward (BSR), students of this phenomenon hope
"to shed light on central mechanisms of motivation and
éeinforcem?pt. Several lines of e&idence have suggested that
the rewandigg effects of st?ﬁulacion are due to the- S0t
activation of neural elements.that mediate qat%rally
octurring appetieivg behavior. For example, BSR; facglitates
approach tx appetitive stimui£ while suppressing withdrawal
frpm noxious ones (Sfellgr, B;ooks and Mills, 1979).
Electrical stimulation of brain sités.that support BSR c;n
induce féeding (Hoebel & Teitelbaum,1962), sexual behavior
(Herberg, 1963) and drinking (Mogenson & Stevenson, 1966).
Factors that influence tHe vigor ;f appetﬁtive behavior,such
as;satiety or deprivation, also modify self-stimulation
‘(0lds, i958; éoebel, f969). In sum, responding for BSR
fluctuates in the way one would expect if the stimulated
tissue qé}e the subsgra%e Tor'conventional,‘appgtitive
rewards. Support for this interpretation comes‘ffom.thé

K

humber of brain sites respond to the presentation and

consumption of food in food deprived énimalg (Rolls, Burton

& Mora, 1976)." . :

- -

: An alternative interpretation of the

<

electrophy5161931631 data is that the neurons recorded by
Rolls et al. dre not thoSe that are responsible for-thé

rewarding effects of stimulation but-subserve same other

.

N o

. . ' )
finding that neurons activated by rewardiﬁg stimulation of a -
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function, There may simply be anatomical overlap between tﬁe
stimulated substrates for both conventional rewards and BSR.
How can one determine whether a cell driven b& rewardiﬁg

stimulation is part of the BSR substraﬁe?
. s A

Surely not all cells activated by a stimulating

electrode are involved in BSR., Stimulation through an

electrode that supports BSR also produceg a. multitude of

effects that seem not to be directly related to reward. For
: &

example, stimulation of BSR sites can also elicit

]
exploratdon (Rompre and Miliaressis, 1980), circling
(Miliaressis, 1981), copulation (Herberg, 1963), changes 1in

nociception (Rose, 1974) and a variety of autonomic

.

responses including changes in heartvrate and blood pressure

(Malmo, 1961; Perez-Cruet, Black & Brady, 1963). The

question of how to tease out reward- related neurons from

other cells that are also fired by rewarding‘stimulation has

been a fundamental issue for students of BSR., ng way to

resolve this issue is to derive neurophysiological and

anatomical characteristics’ of neurons that subserve the

p _ .
rewarding effects of stimulation and to compare these values
to the characteristics of the cells from which Rolls ha's
recorded. In this manner, one could assess.the 11ke11h09d‘

that the ¢ells prjducing the recorded potentials are also:

part of the substrate for BSR. The relationship between the
. Y

. i [
BSR substrate ahd the subjtrate for conventional rewards

-

could then be investigated,

The suggested resolution of. this problem involves the.

e v, At et e e e it

|
!
%
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psychophysical approach to the.study of stimulation- induced

™y

beha#iors, an approach that has, to date, beéﬁ applied
principally to the study of BSRxsites that lie along the ° (
. °trajectoryhof the medial forebrain bundle (MFB). The present
thesis extends previous work by using psychophysical
N ‘
techniques to determine fl) neurophysiological . .
characteristics oé the substrate for prefréntal cartical
.(PFC) self-stimulation; (2) whether the same directly .
stimulated substrates subserve the rewarding éffectsAof PFC
and lateral hypothalamic (LH) stimulatioﬁ; and (3) whether
the spatio-temporal integration of rewarding effects of
stimulationvis similar in the substrates for LH and PFC

self-stimulation. \ -

The psychophysical approach

This approach provides mears for'eétimating .
neurophysiological characteristics of the substrates for
béhavtors eliciied by electrical brain stimulation. These
characteristics place quantitative cogstraints on the =
properties that a cell must possess if it is.jpo-be
considered ‘as part of the reward substrate. Thesg
characteristics may serve as a basis for differeAtiating the
neural substrates subserving BSR and other
stimulation-produced behaviors.

Psychéphysical experiments, of the type to which this

thesis is devoted, are trade-off or equivalent stimull

&
experiments. They determine cogbinations of two parameters %

’

A

~
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that produce the same behavforal»oprut. An example 18 the
crade—off‘betweep pulse intensity ﬁnd'ﬁdratiqn in producing
a criterfal level of selﬁ—stimu1§tion performance. Figure 1
illustrates the derivati;n of such a trade~off function. The
lo;er éapel contains ;‘hypothetiéal set of response rate/
current fqnctiéns for different pulse durations.vThé current
required to produce'a criterial level of responding is
determined from each curve by interpolation and is plotted
against pulse duration (upper panel}). As‘is implied by the
term "trade-off", long duration low, current pulses can

produce the same level of performance as high current, short

duration pulses.

\ B

The ‘trade-off between the current strength and pulse
duration yieldg the strength—duration.curve, which has been
used as a basis for inferring physiologﬁcallcharacteristics
of the necural substrate for BSR., To infer such
characteristics from constant behavioral output data, one
must be sure that a given level of behavior always reflects
the same level of activity in the directly stimulated
neurons. That is, the behaviorally derived constant output
function relating required current to pulse.duration must be
the same aé the constant output functfon that relates these
parameters in the directly stimulated substrate. This will
be the case as long as a monotonic relationship exists
betw;e; inputs-and outputs of each successive stage between

a

the directly stimulated cells and the behavioral output. If

b

every output of each stage arises as a consequence of one

T i
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<: and only one input then the input/output relationship of the

entire set of concatenated stages is monotonic. By holding
the’final output (behavior) constant, one also holds
constant the output of all pgeceding stagss. For example, Af
the output of %tage N is held constant then its input must
also be held constant. Since the inpﬁt to.stage N 1§ the
output of stage N-1, the output of stage N-l must be held
constant as well. fhis constancy propogates backwards'to'the
stage that combines the effects of the two parameters that
are traded off. Thus, 1f the system behaves monotonically
over the tesFed range, behavioral odtput 1s a valid measure
of the neurophysiological events occuring at the stage where
the input parameters are.combined. |

A monotonic relationship between the input parameter
and thé’Vigor of behavior has been observed for gSR over the
commonly tested ranges of current intensity, frequency and
pulse duration ( Gallistel, 1978). Gallistel, Shizgal and
Ygomans (1981) have shown that a monotonic relationship

between initial input xnd final output requires that all

intervening stages also be monotonic, If nonmonotonicity

existed as some stage in the substrate, then there is no way?

that the nonmonotonicity.coﬁld be corrected at some later
, - .
stage (Gallisf%l et al., 1981). It therefgre seems that-the

assumption of monotonicity is valid.

1
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SELECTIVE LPYERATURE REVIEW
\

-

Psychophysical studies of BSR have employed Both one "
and two electrode stimulatign techﬁiques. The one: electrode
studies have provided‘estim;tes oflrefracgory pe;iods
(Yeomans, 1975; Bielajew & Shizgal,1980; Rompre &
Miliaresis,1980), strength-duration characteristics

(Matthews, 1977), and temporal sum#atlon characteristics
"

(Gallistel, 1974; Edmonds, Stellar1§ Gallistel, 1974) of the

neural substrate for BSR. The t;o electrode studies have

+

estimated conduction velocity (Shizgal, Bielajew, Corbett,
Skelton & qumgns,1980; Bielajew & Shizgal, 1982)anatomical
features of the subséfate such as direct ax;nal linkage
(Shizgal et. al, 19&6) and direction of conduction (Shizgal, ’
Kiss and Bielajew, 1982), The plausability of the .

bemaviorally derived neurophysiological characteristics have

recently been tested electrophysiologically (Kiss, Lapointe .

‘and Shizgal, 1981; Shizgal et. al, 1982). The findings have

shown that neurons with the proposed characteristics are

indeed activated at stimulation parameters that support BSR.
The next section will review the results of

psychophysical experiments concentrating first on -a\

methodological {issues. This will be followed by a summary of

the major findings. .

s REFRACTORY PERIOD ESTIMATES

Deutsch (1964) developed the first technlque for
inferring recovery from refractoriness from behavioral data

obtained in the self-stimulation paradigm. His technique

1
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relies on the observation that over %‘substantial range,
response rates increase monotonically with the number of

pulses per stimulation train. If the same number of pulse

i

pairs as single pdlses are delivered through a stimulating
electrode, respoﬁse rates ate’ekpected to increase provided
that the second pulse in each-pair is delivered at an
intrapair iAterval that exceeds the refractory periog of the

BSR substrate. In.this case, both pulses in a pair will be

effective in stimulating the substrate. As a result, the

number of effective pulses per train will be doubled. At

1ntr§§air intervals shorter than the refractory period, the

L

second pulse will be ineffective in firing célls activated
by the first pulse. Response rates should thén drop as the
interval between the first (conditioning or C-) pulse and
the second (Teéﬁ or T-) pulse in a pair is reduced to values
@fthin the refractory period fangg.

Scaling

Since Deutsch’s first attempt to measure the refratbtory

period of the substrate for BSR, a number of replications
a&d extensions of ths$wotk have appeared in the literature,
Using a similar procedure, Rolls (1973) estimated refractory
pgriods for directly gtimulated neurons subserving
stimulag}on—induced feeding and drinking. These estimates
were in the range of those feported.by Deutsch for QPR (0.5
- 0.7 msec.). .

The validity and reliability of both Deutsch’s and !

Rolls’s estimates have been challenged by Yeomans (1975). He

.

»

[y

N
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" appear to begin will be dependent on the stimulation

4y

argued that because the functioh relating response rate to
the number of pulses is non—linear,‘manifesping both céiling
and floor effects, éhe C-T interval at which rec&very will

freqhency. He supported this argument with a dramatic

S
e

demonstration: refractory period estimates'&btained with e
response rate as the d%pendent measure did indeea vary d; a
functioﬂ of the stimﬁl;tion frequency. To circumvent this

problem Yeomans derived a scaliﬁg procedure that determines

<

the stimulation frequency required to produce a criterial
level of performance as a function of C-T interval. In
effect, the procedure asks the rat how many pairs of pulses

]

it requires to maintain a criterial level of behavior and
then compares the results for each C=T intervallto the
required number of single pulses, When the C-T interval
exceeds the refractory period of the stimulated neurons, the
T-pulse is effective in firing all the reward-related ‘
neurons and, as a result, the rat is willing to work for
half as many ‘pairs of pulses as single pulses. As the C-T
interval is reduced, the rat requires more pulse pairs. Th?
number of pulse pairs reaches a maximum at the C-T interva{
;qual to the absolute refractory period of the substrate.
When this frequency threshold procedure is used to estimate
refracéory periods, the across subject variance on this
measure is substantially loweé than that obtained with

response rate measures. The technique has also ytelded

consistent data across studies and laboratories (Skeltdn and
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Shizgal,'19§p; Miliaressis, 1981; Yeomans, 1979; Bielajew et

-

al., 1981; Bielajew and Shizgal, 1982; Hawkins, Roll, Puerto

and Yeomans, 1§82).

>
o

Interpretation of pulse-pair data

Figure 2 depicts the characteristic relationship of
T-pulse effectixgness to C-T interval obtained wgth LH
self-stimulation. ;;e curve has been interpreted to (
represent 3 phenomena:(1) local potential summation;(2) the
absolute refractory period; and (3) the relative refractory
period.

’ ' £

il
Local potential Sugﬁﬁtion,(LPs)
1y

When pairs of pulses are ‘applied through a stimulating
electrode, the C-pulse will fire neurons within a
circumscribed region surrounding the electrode tip; neurons
just beyond the stimulated region will undergo subthresholqd

!

depolarization. If the T-pulse is delivered before the

. e
membrane potential has returned to its resting value, the
subthreshold depolarizations caused by both C and T~ pulses

may summate and trigger an action potential. The Iinterval

over which summation occurs is determined by the rate at

Y

"which the local potentials decay to the resting level (this

{

1s taken up in detail in the section on strength duration
functions) and by the ;agnitude of the subthreshold
depolarizations.

The magnitude of the summation effect is dependent on

the current intensity as well as on the gpatial relatioanship

R e S T it <
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Figure 2

>

Sample refractory period curve. The .
effectiveness of the T-pulse is plottedragainst .
the C-T interval, Local potential 'summation,

and refractory period effects are shown. -

-

<




between the electrode and the substrate; For exampie, an

‘

[
5

*electrode situated on the fringe of 4 bundle of

!
- -

reward-related neurons’ﬁay'be expected to produce a larger
LPS effect than one located in‘the center of.phe bundle. Low
currents are;more likely to prod;ce a lgrge‘LPS effect; than
are high currents, In the former case, the population of

neﬁrons that receivg subthreshold stimulation from the é
5 C-pulse is likely ;; be larger relative to the stimulated ,;
;;i{ core than when high currents are used. Although the
physiologicai basis of the LPS effect 1s quite different
v

from the basis of, the refractory period, LPS does influence

the function relating T-pulse effectiveness to C-T interval,

Absolute refractory period (ARP) -

| During the absolute refractory period, neurons ‘that
have been stimulated by the C-pulse are unable to fire again
regérdless of stimulws.intensity. If the T-pulse is “
~delivered during this interval, it will be ineffective in
activating those neurons fired by the C-pulse. In princ;ple
.one may hope to estimate the ARP by determining the longest
C-T interval at wgich T-pulse effectiveness 1is 0. However'a
complication arises when local potentials have not decayed

to zero at the end of the ARP of the neurons stimulated by

the C-pulse. The temporal overlap of these two phenomena

e eI ™

will result {n T-pulse effectiveness values that always

LIS

exceed O.POne way to minimize this problem {s to use large

W,
1
i
£
)

currents so that LPS effects are reduced, Alternatively, C .
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and T pulses of unequal émplitude have been shown both

x4 “ .
empirically and theoretically to yield smaller LPS effects
. “u, .

than equai intensity pulses.kYeomans, 1979; Miliaressis, !
1981).

.In.Figure 2 there 1is a gradual.rather than abrupt
“change in T-pulse effectiveness following the ARP. This

gradual increase can be attributed to two factors. It 1is

Al b SR A bt

' possible that a heterogeneous population of reward-relevant ;
neurons with different ARP‘s contribute to BSR at such
sites. Alternatively, the gradual increase in T-pulse

effectiveness with C-T interval could be a consequende of

the relative refractory period.

Relative refractory period (RRP) .

"After the ARP there is a period of relative-

refractoriness during which neurons can again be fired but

have elevated thresholds. When current flows through a
stimulating elecgiéde, Ehe neurons closest to thé electrode
tip receive the highes£ current density; the effective
current decreases with distance from the eleptrode tip.
Yeomans (1979) ‘has made use of this relationship i; trying
to separate the contributions of ARP and RRP effects to the
behaviorally derived refractory period curve. He reasoned
that if the T-pulse Intensity were larger than the C-pulse
intensity, then a greater number of neurons would peceyve

supra-threshold stimulation during the RRP and the°T-pulse

effectiveness vs. C-T interval function would have a steeper
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sIopé than when equal pulse intensities weresused. In his
~initiél application of this tecﬁnique, he foundpno evidence
to support the hypothesis that the RRP effect was -
responsible for the gradual increa;e in effectiQEhess at C-T
intervals beyond the ARP.'Moré recently, Bielajew:'Laeoimﬁé,
Kisé‘gnd Shizgal (1982), testing higher T-pulse/C-pulse
intengity ratios (1.73:1),,and using more powerful
statistical methods, demonstratedyan RRP effect, alkhough
the across animal variance in the magnitude of this effect
was large. It-therefpre seems igat the RRP contributes
som;what to the behaviorally derived refractory perioad
estimate for BSR at MFé sites, although the full extent of
this contribution is unknown dﬁe to limitations on the
magnitude of the T-pulse/C-pulse intensity ratipsithat can

be tested.

Super- and Sub-noriial periods

After the RRP there fs often a period of

hyperexcitability called the supernormal period which is
followed by the subnormal period, a period of

4 . -
hypoexcitability. The super-normal effects are only

manifested when the T~pulse is less intense than the C-pulse

I
s

(Yeomans, 1979). The dub-normal effects are veryksmall
(Yeomans, 1979) and haveﬂa much longer time course thanothe

excitability phenomena exgminéd in this thesis (Raymond and

Lettvin, 1978). Therefore, these effects are not dépicted in

s

Figure 2, - ’ ‘

4,
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’ *"Applications of the’frgguqngy—spaliné technique

JUsing Yeoman’s scaling. techniquel, refraciory period

™

estimates for stimulation-produced feeding (Hawkins et al.,

]

(
1982), circling (Rompre & Miliaressis, 1980), escape
(Ské!ton & Shizgal, 1980) and self-stimulation of various

“ . ~ ;
sites including the LH (Yeemans, 19755 Miliaressis, 1981;

&
Shizgal et. al, 1980),ventral midbrain (Shizgal et. .al, ,

'1980; Bielajew & Shizgal, 1982), central gfay'(Biefajew
Jordan, Ferme-Enright and Shizgal, 1981) and dorso-medial
thalamus (Bielajew, Sh}zgal & Fouriezos, note 1) have been

determined. ' - . o th

With medial forebrain bundle electrodes, the refractory
period estimates for feeding, exploration,self-stimulation
#Md stimulation-induced escape are quite similar. Recovery

‘in the substrate(s) for‘these behaviors begins at 0.5-0.8

msec., and is roughly 80% cemplete by 1,2 msec. Subtle

.differences in LPS have been observed between
self-stimulation '‘and stimulation—escape'(Skeiton & Shizgal,
1980) and self-stimul§tion and stimulatidn-indqced

exploration (Rompre and Miliaressis, 1980) which may

indicate a difference in the spatial distribution of the

substrates for these behaviors,

A5 .
The most marked differences in refractory period
N . ‘ » ’

estimates have been observed across some stimulation sites
for self-stimulation and b&tween the substrates for BSR and

J stimulation-induced circling; Bielajew et, al (1982) have

1
&
1

reported long estimates for the substrates for central gray
. A

(1981) and dorso~-medial thalamfc (note 1) self-stimulation

§
i
v
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i1s that different substrates mediate the rewarding
consequences of stimulation at these sites. Miliaressis and

Rompre (1980) have reportéd marked differences 1in ARP for LH . i

. ' -self—stimuiation and median raphe induced circling.

How can one be sure that the estimates obtained

© actually represent the refractory period of the directly

.~ stimulated substrate? First, it is unlikely that all of the

changes in effectiveness with C-T interva'l can -be accounted

‘ 1

for by synaptic phenomena. T—-pulse effectiveness values

)

'

changé with C-T interval increments as small as 0.1-0.2

msec. It’ﬂé unlikely that such small changes in the delays

[

., between 2 inputs could effect the output at a synaptica

terminal. Second, an observer recording the synaptic output

of the directly driven cells might not be able to

differentiate the effects of'varying C-T intervals due to

the entrainment phenomenon {(Kocsis, Swadlow, Waxman and ;
Brill, 1979). since conduction Qelocity decreases during -the

RRP and increases during the super-normal period, the

propogating action potentials tend to entrain to a fixed

“interval. If structures significantly beyond the stimulated

site were responsible for the observed recovery curve, then ?
- . -

i
}

‘during the RRP and super-normal period the curve would be
flat. Since changes in E-value consistent with RRP (Bielajew .

. et. al, 1982) and super-normal pgri%d (Yeomans, 1979) have

‘been demonstréted, it is most likely that the behaviorally
. \‘\)
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derived curve reflects excitability characteristics at or

"near the stimulation site. Finally, since the refractory

period of directly stimulated cell can be determined

electrophysiologically, the plausability of the estimates

&
. s

can be checked. Electrophysiological data have confirmed
that neurons with the proposed refractory periods are
activated using stimulation parametrs that support
self-stimulation at LH sites (Kiss et al., 1981; Shizgal et

al., 1982). Taken together, these arguments support the

/
notion that the behavioral data refleft the refractory
|

period of the stimulated substrate at or near the electrode

tip. '0

The results of behavioral experiments {(reviewed by
Gallistel et al., 1981) have provided criteria that neurouns
fust possess 1in order ﬁor them to be considered as part of
the reward substrate. Neurons that do not have excitability
cycles consigtent with those derived from the behavioral
experiments must either serve some function not related to
BSR, or their role iA BSR must be at some stage beyond the
directly stimulated stage. '

Refractory period is related to fiber diameter (Hursh,
1939; Swadlow ;nd Waxman, 1978). As such, it provides
information concerning the anatomy ofldirectly stimulated
tissue and therefore provides criteria for distinéuishing
réward'related néurons frod other directl? stimulated cells,

The next section continues in the same velin, reviEwing work

on the anatomical linkage between two siltes that subserve a
L4

stimulation produced behavior.

oy
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ANATOMICAL LINKAGE'
Assume that the refractory periods of directly driven
cells in two neural areas differ. It would then be tempting
< ~
(to conclude that different substrates mediate the effects of
stimulation at these two sites, Nonetheless, it is possible
that the behavioral effects of interest arise from
stimulating different portiéns of the same neurons. The
different estimates may reflect changes in size or other
properties along the trajectory of the same axons,
Conversly, when siTilar refractory period estimates are
obtained for a given behavi;r using two different
stimulating electrodes, one cannot conclude that tﬁat the
same directly stimulated cells were resposible. Rather, the
. , .

estimates may represent the actibat}on of similar caliber
cells with diféereng trajectories. Hence, refractory period
tests cannot unambiguously determine whether the same

directly stimhlated fibers are responsible for the

behavioral effect of stimulating two different sites.

-

A behavioral version of the collision test (Shizgal et,
al, 1980) has been d;veloped to obtain such information so
.that tﬁe trajectory af fibers that subserve .
stimulation-produced behaviors can be traced. This te;hni&ue
also p;ovides estimates of the conduction veloci}y in the
directly driven fibers (Shizgal et. al, 1980; Bielajew &
Shizgal, 1982), adding yet another property to the

characterlization of the substrate.

Collision occurs when an antidromic and orthodromic

TR 4 -
Haeg v, i e -
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i
action potential approach each other along an axon. The
cancellation of the two equal but opposite longitudina;
currents results in the failure of either action potential
to propogate fu'rther kTasaki,l949). Figure 3 1llust‘rates
this phenon.lenon.

Assume that twvo segments of the same fiber are
s timulated. Whe;n a cathodal pulse of sufficient amplitude is
applied at'the electrode proximal to the cell body
(electrode "A"), both an antidromic and an orthodromic
action potential are elicited. Although the antidromic
potential has no'post—synaptic effect, the orthodromic
potential will continue propogating to the terminals of cell
X, causing transmitter substance to be released onto cell Y.
A similar effect will be produced by paésing a stimulating
pulse through electrode B (the electode distal to the cell
body). When pulses are concurrently d;li'vered through the
two electrodes, the antidromic action"potential triggered by
stimulation through electrode B will collide with the
orthodromic potential triggered by stimulation through
electrode A. Although two stimulating pulses were passed
t hrough the stimulating elgct.rodes, only one action
potential will .reach t.he synaptic terminals. However, if
prior t;'J stimulating through electrode B, a delay is
(introduced to allow the orthodromic action potential
‘e licite;d via stimulation through electrode A to clear

e lectrode B and the tissue under B to recover from

refractoriness left by the propogaiing action potentlal,

e A A S RSb s =
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Figure 3 Illustration of the collis&on phenomenon (From
Shizgal et. al, 1980). Two electrodes are
gituated fn a fiber bundle, When stimulating
pulses are concurrently delivered through the
electrodes, each pulse will elicit an :
orthodromic and antidromic action potential. The
orthodromic potential elicited via stimulation -
through electrode A will collide with the o
antidromic potential elicited via stimulation
through electrode B; only one action potential
will reach the synaptic terminals. '

S ity ‘,:‘?«
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then two orthodromic action potentials (one from each s
electrode) will reach the synaptic terminals.
The collision experiment is procedurally similar to the
réfractory period experiment described in the previous

section. In collision tests, the effectiveness of paired

pulse stimulation 18 assessed by comparing the number of

'pulse pairs required to produce criterial performanceg to the

required number of single pulses when either stimylating

-electrode is used alone. By varying the spacing between the

pulses in a'gair, the minimum delay necessary to elicit
maximum paired pulse effecgiveness (the collision intferval)
can be obtained. By subtracting the behaviorally derived
refractdry period estimate, one arrives at a measure of
éonduc;ion time. Division into the interelectrode distqnce
then translates the conduction time to conduction velocity.,
Shizgal et, al (1980) have suggested that in the case where
a cell body intervenes between the two electrodes, the
collision profile will vary as a function of which electrode
receives the C-pulse. As é result, collision ;ests are
routinely performed under two conditions; under e;ch
condition the C-pulse is presented to a different electrode.
Folloﬁing the rationale presented. above, Shizgal and
co~workers (Shizgal et,al, 1980, Blelajew & Shizgal, 1982)
tested the hypothesis that medial forebrain bundle (MFB)
self-gtimulation gites were directly linked by reward

related fibers. They reasoned that {f continuous MFB fibers
Py

formed part of the BSR pathway, then collision would occur

ke n ok o it
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when scimulatiné pulses were alternately applied to sites
along the trajectory of this bundle. The data from rats with
unilateral LH/ventral tegpental (VTA) electrodes shJLed
collision-1like éffects; paired pulse effectiveness at short
C-T,intervals was markedly lower than at longer intervals.
Conduction velocity estimates ranged from 1.0 to 7.8 n/sec.
Regardless of which electrode received the C-pulse, the
collision curves were identical in shape; both were 4
“characterized by an abrupt change in pairéd pulse
effectiveness with increased C-T interval. In contrast to
thengraddal increase in paired pulse effectivenegs observed
in refractory period experiments, the collision data
¢
éuggestea'that the neurons which contribute to the collision
efféct are falrly homogeneous in excltability. Recent
'electrophys;ological data hav; iﬁdicatedﬂthat fibers with
the proposed characteristics are iandeed activated by
stimulation of the LH and VTA (Kiss et al,, 198l; Shizgal et
al., 1982). \ " n
In order to test the inference of collision from the

behavioral data, Shizgal et al. used this paireé pulse
technique with BSR sites that have no known direct axonal
connections. With stimulating electrodes placed bilaterally
in the MFB at the level of the LH, no collision—like effects
were observed. Paired pulse effectiveness was invariant with
C~T interval; the summation between the reward effects at

these two sites was relatively low (20-407%). The failure to

observe collision gsupported the inference of collision in

e e
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the LH/VTA study and further suggested that the technique
could be used to determine whether reward signals from
anatomically distinct fibers were integrated (summated) at

some site distal to the first stagé cells.

Reward Sumnation

-

— N Whé; both the C and T-pulses are effective, the
rewarding effetts they éngender may summate over time and
space. At sites where collision 1s observed, paired pulse
‘efféctiveness will often ‘reach 100X as the collision
interval is exceeded; the required number of ?ulse pairs i;
exactly half the required number of single pulses. The
mgxlmum palred pulse effectiveness reflects the efficacy of
summation. In the case where collision is observed, the
summation level is exPectea to be high since some of the
’fibers responsible for the ;ewardin§ effect of stimwlation
at the two sites are the same. In the absence of collision
it is also possible Fhat summat ion levels can be high ie.
when the outputs of different fibers within a bundle .
converge or different bundles converge on a common final
paé%way. In Shizgal et al.’s (1980) study, many rats with
unilateral LH/VTA electrodes did not show collision-like
effects; paired pulse effectiveness remained constant with
C-T interval. The rewarding effects of stimulation showed
reasonably good summation (75-80%). Figure 4 provides’an

explanation for this (from Shizgal et., al, 1980).

Assume that two electrodes are located in a single

o ek s o
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Figure 4

G T

G-T

“low intensity high intensity

Misaligned electrodes
When low currents are
reglons of excitation

" share reward relevant

within a fiber bundle,.
used, the effective
(s0lid circles) do not
fibers. The effectiveness

vs, C~T interval function {s flat showing no
evidence of collision, As current is increased,
fibérs that are common to both stimulation
fields are recruited and collision is observed.
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fiber bundle but that the current through each electrode 1is
sufficient to activate only a Subggt of fibers within the
bundle. The solid circles drawn around the electrode tips in
Figure 4 represent this effective area of excitation., As can
be seen, there is no overlap between the stimulated‘fibers
at the two sites., In this situation, collision 1is not
expected since stimulation through the two electrodes does
not activate any of the same fibers.Increasing the effective
stimulation field (by increasing current intensity, for
example) may recruit fibers that pass through both
stimulation fields (denoted by the broken circles in Figure
4). In this manner, it may be possible to observe collision
at high current intensities but not at low ones. This {is
usually the case for placements that show collision-like

effects (Blelajew & Shizgal, personal communication; Shizgal

et. al, 1980).

Spatial summation of the outputs of different fiber
bundles can also be inferred from ;wo electrode /
expe;iments.The notion of summation in the absence of
collision is exemplified by the interactions between the
substrates for LH and central gray sel{-stimulation
(Bielhjew et a}., 1981). Rats with unilateral electrodes
were tested in the collision paradigm using high current
intensities. No evidence of collision-1like effects between
the rewarding effects derived from stimulation of these two
sites was observed although summation levels were quite

t

high. It is still possible that common reward relevant

-
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fibers link these two stimulation sites, but this would

require that in all cases, the electodes were misaligned so
that tﬁq two stimulgtion fields did not share common fibers |
within the same bundle. The most parsimonious explanation of
the data 1s that the two electrodes stimulated different .
réward related fibers that converged at some later stage in

the reward substrate. f

4

. Applications gﬁ the collision experiment o

-

The collision technique allows one to determine whether
some of the fibers supserving BSR at two different sites are
activated by both electrodes. If so, then the conduction
velocity of these common -fibers can be estimated. In the
absence of collision, the amount of temporal sumﬁation
provides an estimate of the degree of convergence between
the outputs of two different first-stage‘(directly
stimulated) fibers; 3

The collision technique has also bee;‘applied to
fnvestigate the grajectories Pf fibers subserving the
different beﬁ;v;oral effects of stimulation through a given
electrode. Initially rewarding stimulation of the LH and
VTAﬁ becomes aversive over time; rats will perform operarnt
responses to terminate the stimulation. Some investigators
have attributed the escape responses to adaptation of the
same cells that subserve the rewarding effects of‘
stimulation at these sites (Deutsch and Hawkins, 1972), That

1s, the rat terminates the stimulation so that it can.

'reinitiate it. Others (Shizgal & Mathews, 1977; Margules,

Ve e e s
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1966; Skelton & Shizgal, 1980) have attributed the escape
responses to an aversive effect that builds gradually during
the stimulation and is due to the activation of a population

[

of cells distinct from the reward substrate.\{n a most
elegant test of these two possibilities, Bieiajeg.and
Shizgal ( l980)vfailed to observe collision—liye effects for
escape from LH and VTA stimulation using the same electrodes
and current intensities that pfoducgd collision for BSR.
This 'implies that different neurons subserve the rewarding
and aversive effects of stimulation at ,(these twog sites.

A comparison between the substrates for BSR and
stimulation-induced exploration ha§ yielded similar results
(Miliaressis,’personal éommunication).‘Collision in the BSR
paradigm can be observed when stimulating cells at somé
LH/VTA electrode placements in the absence of collision in
the 3timulation 1nduéed—exploration paradigm. In other
sub jects, the opposite is also observed. Hence, it seems
that the technique is also powerful in differentiating
fibers subserving differenc‘béhaviors e11c1Ced‘via
stimulation through Ehe same electrodes,

The combinagion of refracto}y period and collision/
summation tests-is a powerful means of determiring '

¢characteristics of the neural substrate for BSR. Yet another

set of characteristics has been inferred from the trade-off

‘between current intensity and pulse duration, which is

covered in the next gsection.

,‘....,—.&/‘
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STRENGTH-DURATION EXPERIMENTS

The threshold current required for excitation declines
as a function of pulse duration (see Figure 1).The threshold
current decreases rapidly at first and then approaches a

minimum value as duration is further incréased. The current
R / . .

threshold at infinitely long pulse durations'is called the

rheobasic current. This value is influenced by such factors

\

as electrode size and t?f spééial relationship between the

electrode and the substr;\c (Rushton, 1927; Grundfest,
1932). ‘ ‘

PR

A convenient means of describing the shape of the

strengéh—duration function is to determine the duration

corresponding to twice rheobasic intensity. This measure,
' . . ) )
termed chronaxie (Erlanger and Gasser, 1937) is believed to

be less dependent than the rheobase on electrode

characteristics. For example, the angle of current flow does

not effect chronaxie but does influence rheobase (Rushton,

1927).

In some casges the strength-duratibn curve for single
neurons has been}best fit by an exponential function while
in others, a hyperbolic function provides a bdetter fit

(Matthews, 1978). At least four independent variables’, ~the

membrane time constant, the geometry of the cell, the
process of accomodation and the non~linearity of the

current/ voltagé curve (Noble and Stein, 1966) will

inflience the rate at which the current threshold decreases

with pulse dCration. Therefore, it is not surprlsiag that
, J

one cannot pred*&t, a priori, whfch functlon will account

!

\
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'V

for strength-duration data of a given cell.- The effect of

these variables on the strength-duration curve will be
‘ 1 :

1
-

examined in the next sections. "~

¢

Membrane time constamt .k

" In predictMng subthreshold behavior, an excitable

membrane can be su ‘ssfully modelled as a parallel

resistor/ capacitor (R/C) network (Hodgkin and Rushton,
1946). In an RC circuit, the voltage changes exponentially
as a function of tpe time since the onset of a steﬁ-like
input. Hence, it has been suggested (Hill,l956) that the
strength=duration functi9n of a cell exposed to rectangular
depolarizing pulses will also be exponential, The membrane
'time_constant is equai to the produéb of the spefific .
reslstance gnd caﬁacitaﬁce of the membranéland, in the

exponentlial model, accounts for the time course of charge

irtegration in the membrane.

This model can account for changes in voltage with time
[ e

only in uniformly polarized cells (Noble and Stein, 1966).

For example, different functions relate the membrane

-~

potential to the/‘time since the onset of the stimulation in .

s

cylindrical versus spherical cells. In spherical or .
uniformly polarized cells, the internal resistance can be
treated as negligible when'compared to the menmbrane

resistance. Consequently, the cytopléém can be treated as
' ) ' N —

13

‘equipoteptial. The équivalent electrical circuit consists of

parallelled R/C units with each individual R/C representing

-
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a 'patch of membrane, ﬁédﬁe, this circuit can be rieduced to a .

single R/C uq&t where R 18 the paralilelled resistance and C

is the parallelled,capacitance of the .patches. The

s?reagth—duration curve in such a circuit will follow the

exponential model. In contrast, the internal resistance of a

long cylindrical process (like an axon) cannot be

disregarded, In tge equivalent électrical circui; Fhere are

resistors inserted between each parallelled R/C 'unit.

Current injected at a point in the circui; will initially

flow through the nearest R/C and after a delay will enter

R/C units located further away. The strength-duration curve

in this.circuitzwill deviatenfrom the exponential model

(Hodgkin and Rushton, 1946; Betz, Note 6). If one normalizes

the charging curves for t;e two cell types, the percentage

of thehfinél voltage that is achieved in one time constant

is higher for ;ylindrical or polnt-polarized cells (842)

than for spherical or uniformly polarized cells (63%) (Betz, .

Note 6). Therefore, for a single homogeneous axon stimulated

at a }oint, the change 1n:voltage with time will not be

~

described by an exponential function. More complicated '

4

behavior will arise if the electrical characperistics of the

\\ axon vary systematically along the path inan which current is
“flowing.
\ N

N !
N

. Accémodatioh '

Yet another membrane property that can contribute to:
. . s

the strenbth-duration functfon 18 the process of

\

}

[
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. accomodation, This process occurs as a long duration pulse

is applied to- an axon, The threshold to fir: the neuron
decreases during long duration anodal pulses and increases
during cathodal pulses. The time course for accomodation 1s
éxpected to.be substantially slower than that for excitation
since iﬁ the two occurred with the same speed, no change in
membrane potential could cause the neuron to reach the

always changing threshold. The effect of the accomodation

process on the strength-duration curve is to shift the

required current towards higher values as duration is

increased (Nobel and Stein, i966).

AThe influence of the accomodation process can be seen
in the phenomenon of anode-break excitation (Matthgws,
1978). Hyperpolarization via long duration anodal pulses may
result in accomodation of the firlng threshold to,a new,
more negative, membrane potential., At the end of the anoda;
puIse,lthe memﬁrane potential will rapidly return to 1its
resting level at a rate determined by the membrane time
constant (Hill, 1936). The accomodated threshold may be
passed, and 1f so, the neuron will generate an action
potential at the offset of the anodal pulse."

Non-linearity of the current/voltage relation

During subthreshold depolarization the membrane
conductance increases, That 1s, the membrane R/C values will
decrease. The membrane time constant will therefore vary

during the pulse., The exponential model assumes that R/C

At eE v o



will be invariant. Since in all excitable cells the
current/voltage relation is noh~linear, deviations from the
exponential model will occur.

‘The shape of the stren;th— duration function{in
uniformly polarized cells that do not exhiblt accomodation
amd have linear current/voltage relations is expected to be
exponential. However, excitable cells are generally
elongated and not uniformly polarized by stimulating
currents, undergo accomodationAand have non~linear
current/voltage relations. Therefore, all strength~duration
curves should deviate from the exponential to some extent/
unless the deviations produced by any one factor or
combination of factors c;mpensate for the deviations
produced by another factor or factors. One reason why the
"hyperbolic function may best fit stre;égh-duratiqn data
(Matthews, 1978) is that the accomodatlon process elevates
the threshold for excitation at the longer pulse durations
thereby causing the curve to approach ;ssymptote more slowly

4
than an exponential function.

Some uses of strength-duration functions

The differentiation of neural substrates on the basis
of chronaxie and rheobasic current was ploneered by Lucas
4451917)° He was able to demonstrate two distinct neural
mechanisms for closing the crab claw; one mechanism controls
the twitch-like closure while the other {s responsible for

the slow contraction. The rheobasic current for the twitch

response was approximately three times the threshold for the
H
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slow contraction. This difference in thre#hold intensity
allowed for the selective elicitation of either (a) the slow
contraction or (b) the slow contraction plus twitch.
Similarly, differences in chronaxie for slow-contraction and
twitch strength-duration functimns allowed Lucas to conclude
that two distinct motor neuron substrates were being
stimulated, onexlegding to a slow contraction of the muscle
and one leading to a fast contracticn.

The strength-duration function has been applied to
characterize a neuronal'population as well as single fibers.
This classical neurophysioloéical procedure has been applied
using multipulse stimuli and neural population res@onse
measures. Abeles (1967) was able to differentiate the EEG
activation neurdns of the thalamic projection system and the
mesencephalic reticular formation ( both with chronaxie of
.3 msec) from those of the nucleus reticularis pontis
caﬁdalis and solitary tract ( both with chronaxie of .2
msec). No differences in chronaxie were obtained for the EEG
synchronization or desynchronization substrates, but in the:

region of the. solitary tract the rheobasic current for the

former was four times that required for the latter.

Studies on BSR

The commonly used method for measuring
N )
strength-duration relationships for BSR is to determine the
current required to maintain a criterial level of behavior

at a given pulse duration (Figure 1 depicts this method).
<

The required current has been defined az the current
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"empirically obtained.
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corresponding to the locus of rise in the function felating 4
runging spefd in an alley to current intensity (Matthews,
1977; Gallistel. 1978) or that intensity necessarynto
malintain a particular rate of lever presslng in a Skinner
box (Milner, Note 2; Horrell, 1375; White, 1976).
The.earliest study of this nature determined the
streagth-duration relation for septal self-stimulation
(Ward,1959). Ward showed that the tradé off between pulse
duration (.01 - 10 msec) and current (plotted on log/log
co~ordinates) was falrly linear and was n&t influenced, to
any great deéree, by pﬁlse frequency. Although long pulse
durations were tested (>5 msec), the rheobase was not
Wetzel (1971) also attempted to determine
strength-duration relations of the LH self—stimula;ion
substrate. She measured response rates for differenti
c;mbinations of pulse duration and intensity. As the current
intensity was doubled (between 20 and 80 uA) and the pulse

duration halved, the same rate of responding was attalined;

ie. these two parameters traded off in" a scalar fashion
o

't

(within these limits). Due to the nature of the experimental
design, {t is impossible to obtain rheobase‘and chronafie
estimates from Wetzel’s data, .

Unfortuately, constant current pulses were not employed
in Ward’s or Wetzel’s experiments. As pulse duration is

increased, the impedence of the electrode/brain interface

also increases. Therefore, current varies during each pulse.

}




More gradual changes in the electrode/brain interface may
also occur making it difficult to compare data from

different trials.

The first attempt to bepaviorally measure chronaxie
uéing constant current stimulators’was made by Horrell
(1975). He determined strength-duration relations in a ’
manner aﬂ;logous to the classical feurophysiological method
using medial forebrain bundle self-stimulation current ’
threshold a; the measure of excitation. The chronaxie
estimates were not influenced by frequency manipulations
(25-100 Hz) and weée fairly consistent within and écro;s
rats. The range of chronaxie estimates was .11 to .52 msec,
within the range of- those reported in the neﬁrophysiological
literature f;r somata and fine fibers (Ranck, 1975).

| Matthews (1977) compared strength-duration

characteristics fa; BSk (chronaxie =.85-3.0 msec) and
stimulation inddced motor effects ( chronaxie=.15-.48 msec)
using the same stimulating electrode. The observed chronaxie
difference shows that the substrates for stimulation induced
behaviors can be differentiated oh the basis of the
strength~duration curve. The relatively long chronaxies for
the BSR substrate reported by Matthews have also been ‘
reported by Gallistel (1978) and Shizgal & Schindler (Note
3).

One factor trat may influence the description of the

strength-duration curve is the means b& which chronaxie and

rheobase are derived. As mentioned earlier, the relation
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between current strength and pulse duration has been fit by
both the exponential and hyperbolic equations. These two
functiqns are difficult to distinguish at short pulse
durations- but diverge as the duration increases. If the
rheobasic current is not empirically obtained, then it must
be estimated by fitting a function (eg. ,exponential or
hyperbolic) to the data.Thys method is error—-prone since the
rheobase is estimated via extrapolatibn\well beyond the
data, aéd the chronaxie estimate is based on the rheobase,

Milner (Note 25 has plotted the required current as a
function of the reciprocalef the duration., When plotted in
this manner, a hyperbolic function becomes a straight line;
the current intercept Iis equal to the rgeobése and the slope
of the line 1s equal to the product of the rheobase and the
chron;xie. Milner observed that when only short duration

;

fpulses were tested, the data were fit well by a single
straight line. When both lpng‘and short duration.data were
- ‘Included, two intersecting lines were required to produce an
acceptable fit, If a dingle straight line was forced through
the daté polnts (by fitting an hyperbola) the curregt
intercept‘(rheobase) predicted using the long duration data
points was lower than when these points were excluded from
the analysis. This finding i1ndicates that strength-duration
data obtained for MFB self-stimulation do not fit an
hyperbolic function perfectly; the inclusion of longer

duration pulses has the effect of decreasing the predicted

rheobase and, hence, increasing the predicted chronaxie.

PN
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Since Matthews has tested the longest duration pulses to

‘date {n strength-duration experiments, this may explain why

his ghronaxie measures are so much longer than Horreil's.

Even though Matthews (1977) used very long pulse
duraéions (up to 15.0 msec) in his experimental design, the
required current continued to drop as pulse duration was
increased. Two possibilities have been offered to explain
this finding. (

First, it Is possible th;t, gsince one is measuring a
population response, the stimulated neural elements comprise
a heterogeneous group with regard to their chronaxies. The
inferred chron;;ie is therefore a weighted average of a
population that include some long chonaxie elements,

The other explanation that Matthews (1977) proposeé'was
that multiple firingé contributed to the continued decline
In required current at long pulse durations.That is, the
malntained depolarization may produce not one'impulse but a
train\of impulses.in a neuron, This would be equivalent to

%ncreasing the frequency of stimulation, a manipulation that
allows the same behavioral output to be produced at lower
currents., Some brainstem units directly exclted by medial
forebrain bundle st}mulation Eire multiply during
stimulation pulses longer than 2.0 msec (Matthews, 1978).
However, the number of multipie firings did not increase as
duration was further increased and therefore, such neurons

cannot account for all the behavioral data.

One may get the impression that strength-duration

o
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_functions for BSR are not very useful for inferring
physiological characterisitics due to the difficulty in

empirically obtaining rheobase and chronaxie measures, - %
3

)

%However, even in the absence of a well defined rheobase, the
behaviorally derived strength~duration function can place
quantitative constraints.on the neural population that
subserves a behavioral phenomenon and guide the
interpretation of electrophysiological data. For example,
the substrate for BSR must include some elements with long
time const3nts on some elements that firg multiply during
iong-duratlon cathodal pulses. The ratio of anodal to
cathodal required currents provides an additional
characteristic of the substrate for a stimulation-produced
behavior that can guide the interpretation of
eléctrophysiological data,

The mechanisms of anodai and cathodal stimulation are
analogous. During extracellular stimulation, current enters
the neuron ne;r the anode and exits near the cathode., It 1is
the exitlng current that depolarizes and can thus cause the
neuron to fire. The onset of an anodal pulse excites neurons
by pushing out current at some point remote from the
stimulating electéode. This phenomenon has been called
anode-make excitation (Matthews, 1977). With short duration
pulses (durations shorter than the time at which the
accomodétion process {influences stlmulation effecttliveness),
cathodal and anodal stimulation of fibers should produce

parallel strength=duration curves since anode-make



stimulation excites in the same way as cathodal stimulation.
The only difference ig that for anode-make excitation to

) ,

occur, more stimulation should be required since the

effective current flows through a larger area.

- Macfhews compared anodal and cathodal strength=duration
*functions for medial forebrain bundle self-stimulation. He
-found that the two curves were £0ughly parallel up to pulse
durations of 5.0 msec:; approximately twice as nmuch anoda{
current as cathodal current was require; for equivalent
performance. At longer pulse widths,‘the required current
for anodal pulses di%ped ssharply, suggesting that the
stimulation had become more effective. This was interpreted
as the beginning of anode break excitation.

Mattgews's study exemplifies the use of s;rehgth—
duration functions to characterize and differentiate the
substrates for different stimulation-induced behaviors.
Alth&ugh the chronaxie of fhe strength-duration curve for
the BSR subsgrate has not been well defined, it 1is clear
that this substrate is different fromrthat for
stimulation-produced motor twitch, a behavior for which the
rheobase of the strengthHwduration curve {srwell defined and
hence the chronaxie can be accurately estimated.This
interpretation of the cathodal strengchfduratio; curves 1is
strengthened when one includes the diffefences in the time
course for the accomodation process and the different
‘anode/cathode ratios for the two stimuPation-induced

behaviors.
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TEMPORAL AND SPATIAL INTEGRATION IN THE REWARD SUBSTRATE

In a previous sec¢tion, the collision technique was <

shown to be one way to assess the efficiency of summation in
the reward system. The efficiency of summation can also be
assessed by use of the trade-off between temporal
(frequency) and spatial (current intensity) parameters. The )
effects of these two parameters are believed to be

integrated at some point beyond the directly stimulated
substrate (Gallistel, 1974). This aspect of the substrate

has been termed the integrator and its fu;ction has been \\\\
likened to a counter (Gallistel, 1978). The integrator's
proposed function is to count reward related impulses that
arrive from preceding stages in the neural network. A
decision is then madge as to whether the number of reward
related- impulses that arrived within a given period of time
is sufficient to sustain reward-related behavior. Assuming

that each pulse in a train produces a single action v

potential per stimulated neuron, the number of reward

. relevant action potentials reaching the integrator will be a
Al

function of the number of neurons stimulated and the

stimulation frequency. The number of stimulated neurons is

-

believed to be a scalar (Gallistel, 1978) or linear (Shizgal
and Schindler, Note §) function of current intensitly. If

D N : ~ _—
current is increased, a constant level of neuronal firings

3 .
will arrive at the integrator only if the number of firings
per neuron is decreased in a compensatory fashion. It
follows from these arguments that the number of sﬁémulating

pulses regquired to hold behavioral‘output'constant should be
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a scalar or linear function of stimulation intensity at
1 3

least over a limited range of currents and frequencies.

The frequency/intensity trade-off

It has been argued that the shape of the trade-off
between frequency and intensity can provide information
concerning the geometry of the fiber b ndle'that carries the
reward signal (Yeoméns; Pearce and Wen), 1982) It also can
pro@ide an index of the temporal and s at1 1 mits of

ummation of reward effects at some site dl tal to the
stimulating electrode. The relationshi between the
reciprocal of‘the required number of pulses and current °
predicted by Gallistel at al. (198l1) is depicted iq Figure
5. Empirical data fit the theoretical Aredictions quite well
(Galiistel, 1978; Shizgal and Schindler; Note 3)

' The procedure for determiﬁing the éata points in this

\
experiment is methodologically similar to the procedure

shown in Figure 1 for the trade-off between current

" strength and pulse duration. For the l/N\vs.'I trade-off,

¢
response rate/ frequency functions are obtained for a series

T

.
v

of intensities. The number of pulses per stlmulatlon train
required to maintain half max1mal response rates is then

interpolated from each curve. The reciprocal of this value.

(lﬁﬂ)‘is then plotted against the current:l

The 1/N versus intensity curve can be divided into

°

three sections. The center portion (B) represents the range

of currents that trade off fairl{ linearly/ with 1/N. This

’
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portion of the curve is sandwiched between two extreme <.

‘current ranges that mark the breakdown of the linearity of

N N

the trade-off. Section A represents current intensity values
that are too Yow to supgort\responding, regardless of
" stimulation frequency and slightly higher current .
‘intensities at which the reqﬁ}Fed’number of pulses is ?bove
the linear range. Section C repfeéent§ currents that are
either ineffecti;e or léss effective in increasing Bne
magnitude of the reward effeél. ~ 7
The value of the minimum curreht £hat willtsupport

responding for BSR at ma*i@al frequepcies is influenced by
several factors. The ability of the substfate to follow high
frequency stimulation will have an effeét on this wvalue
{shizgal and Schindlér, note 3; Shizgal, note 5). The’
spatial distribution of the substrate relative to the
stimulating elect;ode will also influence this value. For
example, if the electrode ié situated within a fiber bundle,

-lower currents will be required to recruit the nearest

£

reward relevant neurons than if the electrode is off target.

This value will also be inflﬁenced by the integrator

v

criterion, i.e., if a large number of reward impulses are

[

required by the integrator, then high currents will be

needed. The same will be true for a spatially diffuse

o

system. .
The range of currents that trade-off linearly with 1/N
'‘will be influenced by the geometry of the reward relevant

substrate and the current/distance relétionahip. If the
3 - ' B

oimcns B
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bundle’is largeé, then the range of effective currents will .

\, - .be large. The critef&on of the integrator will influence the

slope of this_section~of~the trade-off. As the criterion is

~ : &
' increased, the 'slope of the function will become less steep.”

§ince the number of reward relevant neurons stimulated by a !

- given amount of-current is determined, in part, by the

current/ distance relationship and by the packing of the

L b i s e - 4

, 'neurons (spatial| distribution) these values will influence'
6 . both the range of effective currents and the slope of the
1/N vs. I trade-off (Gallistel et al., 1581; Shizgal and
Schindler, note 3).

\ .
The trade-off function breaks down at the high end of

the intensity scale presumabl; due to the geometry of the
bundle. Further increases in current do not result in an
increase iﬁ 1/N which may indicate that the increased
current fails to recruit additional reward|fibers.

© Alternatively, the breakdown of the linearity of the
trade-off may indicate that the effectiveness of the
stimulation declines at low frequehcies.

The frequency/intensity trade-off may provide a means

o% tgsting the interpretation of collision/summation and
refradtory period data. The basis of the scaling formula
used if both of these tests is derived from the counter
model, Theré?ore, the linea;ity of the frequency/intensity
trade-off tests the basic assumption that the rewarding

effects of stimulation are integrated regardless of their

gpatio-temporal pattern of input. Although deviations from
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linearity may stem from sources other than violations of the
counter model ( e.g. the particulars of the spatia%

distribution of the directly stimulated cells), an

‘ approximately linear trade~-off does demonstrate that‘the

~ »

rewarding value of stimulation increases steadily with the
frequency.
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THE PREFRONTAL CORTEX AS A REWARD SUBSTRATE

The PFC is defined as the cortical projection site of
the dorso-medial thalamus (Leonard, 1969). In the rat, the

PFC is divided into two ¢omponents; the sulcal aspect forms

o
oF
B
g
?
;
)
7‘»
A
:
%l.

the dorsal bank of the rhinal sulcas and the medial aspect

forms the medial boundary of the hemisphere rostral and
dorsal to the genu of the corpus callosum. Self-stimulation

of hoth of these loci has been reported (Routtenberg &

.

Sloan, 1972).

| The rewarding effects of PFC stimulation have been
attributed 'to activation of cells that pr?ject t; the LH
(Routtenberg & Sloan, 1972). Indeed, Cheré is ample evidence
for reciprocal connections between these two sites. Both
reglions of the PFC that support BSR send long axons c;udally
to intermingle with the MFB at the level of th;'LH (Leonard, 1¢
1969). Further eviée;ce conmes from a series 4f
neurophysiological studies showing that ..LH self-stimglation
'causes.the activation oé PFC neurons (Rolls & Cooper, 1973;
1974) 5 although the ‘relevance of these neurons to reward 1is
unknown. Bilateral anesthetization of the sulcal prefrontal "
cortex (but not the medial) with proqaine:%ydrochloride
attenuates or blocks LH self-stimulation {(Rolls & Coopir,
1974), which has been interpreted to suggest that the PFC
riward substrate may share common fibers with the LH reﬁard
substrate,.

In contrast, there are several converging lines of

evidence that suggest that the anatomical connections=»-

between the PFC and the LH may not be reward-related. The




results of psychopharmacolbgical experiments have been
interpreéted to suggest that dopamine does not play a major
role in mediating the rewarding effects of PFC stimulation
whereas this transmitter appears to modulate the rewarding
effects of LH stimulation (Wise, 1978). For example,
6~hydroxy-dopamine lesions fail to produce a long- lasting
loss of PEC self-stimulation. The authors concluded that the
rewarding effects of stimulation do not depend on the
presynaptic release of dopamine {in this brain site (Gerfen &
Clavi‘er, 1981). Amphetamine, a potent dopamine agonist, 1is
ineffective in enhancing PFC self-stimulation (Goodall &
Carey, 1975; Carey, Goedall & Loremns, 1975). On the'othe\r
hand, many dopamine receptor “blockers. attenuate responding
for PFC stimulatic’n (Mora, Rolls, Burton & S$haw, 1976; Mora,
Alba, Sanguinatti, Rodriguez & Vives, 1980) although it is
difficult to determine the extent to which the decreased
response rates produced by these manipulations reflect a
drug—;nduced motor impairment rather than a decreased reward
effec\t. Due to the methodological problems associated with
the use of response rate measures to assess drugf or lesion-
induced changes in the rewarding effect of stimulation
(Valenstein, 1964; Ednmonds and Gallistel, 1974), the results
.of such studlies cannot be unambiguously interpreted. In
order to establish the role of dopémine in PFC
self;stim‘ulation, the studies must be conducted using the
"more rigorous techniques that have been developed to study

the neuropharmacology of MFB self-stimulation (e.g.,Edmonds
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and Gallistel, 1974; Fouriezos and Wise, 1976).

There are also differences between the interaction of
LH and PFC self-stimulation with conventional rewards, LH
self-stimulation 18 enhanced by food deprivation (Hoebel,
1969) a finding that has been cited in support of the
hypothesis tﬁat food reward and BSR sharg a common neural
substrate. In contrast, food deprivation has little effect
on PFC self-stimulation (Carey et., al, 1975; Goodall and
Carey, 1975). Wheéeas forebralin neurons that are activated
by an LH self-stimulation electrode respond to the
presentation of food (Rolls et. al, 1976), neurons in the
PFC do not (Mora, Avrith and Rolls, 1980). .

Electrophysiological data are also incqnsistent-with
the view that the LH and PFC share a comPon reward
substrate, PFC cells are fired with latencies th;t are
inconsistent with behaviogally derived estimates of
lconduction velocity and refractory periods in LH reward
relat;d neurons., The'former have refractory periods in the
range of 1.2-2.5 msec (Rolls & Cooper, 1973), values
considerably longer that the behaviorally dérived estimates
of 0.4~1.2 msec. for the directly stimulated neurons
mediating LH self-stimulation (Yeomans, 1975; Blela jew &
Shizgal, 1982; Rompre & Millliaressis, 1980).

Although methodological problems plague many of thez
relevant s;udies, tﬁL data genera}ly suggest that there may
be different substrates for LH and PFC se1f~st1mu1ationh a

view recently expressed by Robertson, Laferriere and
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Franklin (1981). The presenc.thesis explores this

possibility in detail through experiments designed to

measgure neurophysiological properties of the directly

stimulated reward substrate in the PFC.

A

Two experiments

compare behaviorally derived refractory period and

strength—duration characteristics of the substrate for LH

and PFC self-stimulation. The collision technique 18 used to

determine whther the two substrates are linked by reward
| .

relevant fibers. Finally, the linearity of the trade off

. between étimﬁlation frequency and intensity -is tested.

W o e e e W o e
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EXPERIMENT 1 =
Anatomical, neurochemical and electropﬁysiological data
have suggested that different neurons may mediate LH and PFC

‘gelf-gtimulation. If so, the directly stimulated neuroms in

o g

the two substrates may have different refractory periods.

The first experilment investigates this possibility.

"METHOD

Subjects

Subjects were 6 male hooded Lang Evans rats {(labelled

C) and 2 male Sprague-Dawley rats (labelled H) weighing

350-400 grams at the time of surgery. The animals were
individually housed in wire mesh cages on a 12 hr,
light/dark cycle and given ad 1ib. access to Purina rat chow

b
and water,

Surgery
Under sodium pentobarbital anesthesia (60 mg/kg, i.p.)

4

two stimulating electrodes were stereotaxically aimed at the

PFC and the'LH. The de Groot co—-ordinates were: PFC:4.5 mmn.

i
¢
i
|
1

rostral to bregma; 0.7 mm; lateral to- the sagglital suture;
and 2.5 mm, below the dura; LH: 0.4 mm. caud;l to bregma;
1.7 mm. lateral to the saggital suture; and 8.0 mm. below
the dura, Electrodes were 254-um stalinless steel wire
insulated with Formvar to within 0.5 mm. of tge rounded tip.,
.A flexigle stainless steel wire wrapped around 4 stainless

w
steel skull screws served as the current return, The

assembly was secured to the skull with dental acrylic.

> v vara
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Procedure k

After several days recovery from surgery, the-gubjects
were trained to self-stimulate at both electrode placements.
The testing chamber was a wooden box (25X25X70 cm) with a
Plexiglas front and a grid floor., Depression of a lever
mounted in one cornmer of the box res&lted in the delivery of
a 0.5 sec train of rectangular cathodal pulses, 0.1l mséc in
duration. Stimulation parameters were controlled by
integrated circuit pulse generators and constant current
amplifiers (Mundl, 1980). y =

Once the subjects learned to éelf—stimulate, a series
of stabilization tests was begun. In thegé testslthe number
of pulses per traln was decreased after each | minute trial
in 0.1 log steps from the value that produced maximal
reséonding to a value for which the animai failed- to
respond. The required number was defined as the number of
pulses that supported a one-half maximal rate of responding
and wa; determined by graphical interpolation. The criterion
for stability was a range of required numbers not greater
than O.IS‘log units during a stabilization tesé.
Stabilization was carried out for both electrode placements.
Current intengsities were then adjusted so as to match the
required numbers at the two sites. (The rationale for this
procedure is explained in Experiment 2).

Following stabillization, refractory pericd tests were
begun, In these tests, trains of pulse pairs were ;sed with
both the C- and T-pulses delivered to the same electrode,

The C-T {interval was varied from 0.15 to 20.0 msec, Every &

apa s a5
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determinations a baseline test was cbnducted during which
trains of single pulses were delivered, In a given session,:
the average tequired number from these single pulse tests

served as a comparison for the 10-15 pulse pair tests,

“

Scaling

The effectiveness of the T-pulse was assessed by
comparing the required number of pulse pairs at each C-T
interval to the average of the required numbers for all of

. 1
the single pulse determinations carried out on that test

day. Effectiveness ratios (E-values) were calculated
according to Yeomans’ (1975) formula:
° E=(Nsp/Npp)-1
where
E=T=~pulse effectiveness
Nsp=single pulse tequired'number
-  Npp=palred pulse required number
1f, for example, the T-pulse is ineffective because it falls
within the absolute refractory period, the requ;red number
of pulse pairs will be maximal. The scaling formula will
then generate a minimal T-pulge effectivedess value. If the
~T-pulse fires the same number of reward related neurons as
the C-pulse, the required number of pulse ;akrs‘will be half
the required numbe; of gingle pulses and the effectivenesé

value will be 1.0. . N

.
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Histolégz : /

At the‘completion of the experiment the subjects were
édministered an overdose of sodium pentbbargital and
perfused intracérdially with 0.9% saline followed by 10%
formalin. The brains were removed and stored in 10% formalin
for at least 1 week. The tisstie was then frozen and sliced
in 40um sections. Every fifth section was mounted and

i
stained with formal—thionin. Histological data for this, and

all subsequent experiments are presented in the Results

section of the final  experiment

RESULTS

All 8 rats self-stimulated at the PFC electrode site.
The amount of time require‘d to shape the rats to the lever
varied from 1 day to 2 weeks. The rate of responding for
most rats increased steadily over the two week shaping
period until it stabilized at 20-50 responses per minute. In
contrast, all animals except for C9 were trained to
self-gtimulate at the LH electrode site in one testing
session. The rates of 1;ver pressing for LH stimulation
stabilized, in the first testing gession, at 1}0-150
responses per minute.

Figure 6 presents the average T-pulse effectiveness as
a function of C-T interval and electrode placement for each
subject. The characteristics that are of interest in
comparing the LH and PFC reward substrates are: (1) the C-T
interval at which recovery begins; (2) the rate of recovery:

and (3) the C=T interval at which recovery is complete. To
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determine the C-T interval at which'recovery is complete, a

rule of thumb has been developed (Bielajew & Shizgal,1982).

Starting at the longest C~T interval, the mean effectivéness

[ U S TGy

value (E vaihe) and 1ts assoclated standgrd error of the

mean (SEM) were compared to the E value and SEM for the next

-

shortest C-T interval. If the SEMs overlapped, these data

vere pq%led and a new mean and SEM calculated. Thesge pooled

values yére then compared in an analogous fashion to the
rmean E-value and SEM for the next shortest C-T interval., In

et o en

this way, the shortest C-T interval for which the SEMs were
shown to overlap was determined. This {interval was defined
as the cC-T intervgl at which recovery was complete,

‘It can be difficult to determine thﬁ C~T interval at
whicg recovery from refracto:iness begins because of the

overlap of local potential summation effects with the ounset

F P N

of recovery. The decay of local potential summation has not
been successfully fit by a simple function (Yeomans, 1979).
Therefore, there 1is no obvious way to mathematically remove

these effects from pulse pair data. Instead, curve fitting

methods were used to estimate the onset of recovery.

St

First aﬁ attempt was made to define the lower limit of

the recovery curfve using the ifterative method described

¥
3
R
¥
k!

below. This lower limit represents the C-T interval at which
little or no recovery has occurred,

A welghted regression analysis was performed on all
palrs of E~values and C-T intervals below and including the

C-T interval at which recovery was defined to be conplete.

N 3
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Initially, the 4 lbngest C-T intervals were-subjected to
weighted linear regression. An E-value and its associated
95% confidence interval wasvpredicteﬁ for the next lowest

(£1fth) C=T intervall, If the actual E-value for this C-T

1
y

interval was included in this 95% confidence interval, the

<
regresston procedure was repeated, including this pair of 3

i
sc;res. This proéedure was repeated until an E~value was
found thatlfell ;bove the 952 confidence interval around the '
predicted E-value for that C-T interval, The dlvergence of )
this E-value from the regression line was giewed as

reflecting local pote?tial summation and/or absolute i

refractory period c0n&ributions. Hence, the C-T interwval
\ o,

‘ .
associated with the shortest E—-value coﬂfall within the 95%

P

confidence interval was viewed as the longest interval at

H

;which no recovery fromirefractoriness was evident.

o 1 an s

_In order to obtald a measure that would reflect the oo
onset of recovéry‘in 3 meaningful pr;portion of the .
stimulated fibers, the C~T interval corresponding to an
E-value of 0.2 was estimated using the welghted regression
parameters., These values are presented in Tgble 1.

! A A t=test for independent samples confirmed that ‘}
tecovery began earlier at the LH sites than at the PFC sites
(t(.01,12)=4.57,p<.01), Similarly, recovery approached

asymptote at a shorterNC-T {nterval f&r the LH placements.

&

than for the PFC placements (t(.01,13)=5.54,p<.01).,
All daté bounded by the upper and lower limits

described above were asnalyzed by regression methods based on

L3
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the analysis of variance (Neter and Wasserman,

1974). This

analysis determines whether the recovery curve for each
subject is best described by one regression liﬁe fit to the
pool%d LH and PFC data or by two lines, d6ne fit to the data

from each placement. The variability accounied for by the

. &
regression lines fit to the pooled data and by those fit to

the individual data sets yere Atatistically compared.- In all
7 subjects, the variablility accounted for by the individual
regression lines waé %ignifieantly greater that the

variability accounfed for by the regression line fit to the

o

- . Y - »
pooled data (Table 2). The slopes of the individual curves
were then analyzed by determining 95% confidence intervals
about the differences ‘between the slopes.of the PFC and LH

%egresslon lines (Netég and Wasserman, 1974)% The-slopes of

*
b;

the {ndividual curves and 'tl@952 confidence Intervals for

the slope differences are presentéd'in Table 3. Only in one

-

subject did the confidence interval for the difference

include 0. In the rest of the subjeé;s, the differences in

2

slopes indicated that T-pulse effectiveness increased more
quickly as-a function of C~T interval at the LH placement

than at the PFC site. - . ' . ,
. S , . ,
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et e+ e
o
"Subject LH PFC
A c1 » .78 1.65
Cé .70 2.58
Cc8 .60 1.50
C9 - 1-54
AN
Cl4 .64 1.49
c15 | .63 1.11
. Hl o .69 1.52
o \
A2 ‘ 57 1.29
v w
3
i} 4 N .
]
; -
N \
i
i
{ .
’ *hble 1 C-T interval (msec) corresponding to an E value
of .20 (based on weighted regreg§ion
. . analysis described in the_}ext).
v \'\\
!
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Suﬁject

Cl
Cé6
c8

c9

Table 2
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P ) /"
Upper Asymptote Lowest Point
I N
PFC LH PFC LH F
3.0 1.2 1.0 0.6 19.11
6.0 1.5 1.0 0.4 96.44
2.5 1.5 0.8 0.4 °~ 34.26
3.5 - 1.0 _— emee-
2.5 1.2 1.2 0.4 30.25
3.5 1.0 0.8 0.4 12.09
3.5 1.2 0.8 0.4 33.74
3.5 1.5 0.8 . 0.4 43.37
\
/
L J

' »

C~T intervals (msec) for upper and lower limits

of data points used in the regression analysis

of refractory period estimates for the PFC and LH
substrates. The F ratios from the analysis of
variance approach to linear regression are
presented in the right-most column. All of these
ratios are significant (p<.0l), ie. the PFC and LH
data are best fit by two regression lines, one

fit to each set off data, rather than one line fit
to the pooled data. : ' '

| .
; . ,




Subject
Ccl

. c6
cs
cl4
c15
H1

H2

N . Table 3
|

s = e g e oo o - - m

/ ' - ‘ 60 °

95Z confidence

. Slope interval about
PFC " LH the slope diff.

.315 .810 .1744-1.3106

.126 .680 .4247-0.9706

«390 .661 ~-.4286-0.9706

.405 .720 ©.0812-2.2041

.205 .807 .2648-0.9392

.247 1.011 LaéJs-o.9965

.207 .669 \ '.2920-0.6320- '
| o - \,‘

Slopes Xnd 95% confidence intervals for the: )
difference in slopes for the regression lines fit
to W@ PFC and LH refractory period data. Slope
difference intervals that do not include 0

. indicate that the slopes of the best fitting

regression lines are significantly different.

o
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DISCUSSION

The results in Figure 6 reveal marked differences in
the time course of recovery from refractorines in the PFC
and LH reward substrates. The recovery process appears to
begin earlier, finish~ear11er and span a shorter time
interval in the LH substrate.

The substantial difference in the C-T interval at which
recovery appears to begin suggests that the larges; PFC
reward neurons have longer absolute refractory periods than
the largest reward-related neurons activated by LH
stimulation. The slow raté of recovery in the PFC substrate
can be Iinterpreted in two ways, It is possible that both the
relative and absolute refractory periods of reward related
PFé neurons are longer than their LH counterparts.
Alternatively, the relative refractory period may contribute
little to the time course difference which may instead
reflect differences in the means and ranges of the absolute
refractory period distributions for-the two substrates. The
unequal pulse tecpnique (Yeomans, 1979;.Bielajew et al.,
1982) will gelp to choose between the;;~two interpretations.

"The differences in refractory period estimates for the

reward related neurons in the LH and PFC are consistent with

‘the idea that the reward substrates are different. Further,

¢

the PFC estimates suggest that small fibers may subserve the
rewarding effects of stimulation at this site. However, %f
1s also possible that the same descending axons are

stimulated at both sites and that a segment of these axons

between ‘the two sites was smaller in diameter than the

e s @
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portion of the axons between the LH site and the terminals,

since it is the orthodromic action potentials that are o
believed to he responsible for the rewarding effects of
stimulation and the LH refractory period is shorter than the

PFC refractory périod. The second experiment further :

investigates this interpretation. . .




EXPERIMENT 2

The first experiment suggesteq’that different caliber
fibers may mediate LH and Pfc self-stimulation., In this
experiment, the existence of a reward related anatomical
link between the LH and PFC i1s investigated. In the absence
of such a linkagé, the degree to which the rewarding effects
of stimulation at these two sites summate should reflect ghe
extent to which the outputs of tﬂese distingt fibers
converge.

METHOD
Subjects ) . .

Sii of the eight subjects from the first expériment
were ‘used. All current intensities were éhe same as 1in the
first experiment except for subject Cl., The current
intensity used at the PFC site for this rat had to be
lowered from 600 to 300 uAmps in order to keep th; required
numbegs‘at\the two placements equal.

PFocedure '

The procedure for detefmining collision effects was
analogous to the procedure foF refractory periodqtests with
the exception that each pair of pulses was divided betweeﬁ
the two electrodes. The C-T interval was varied from 0.4 to
25.0 msec under two conditions. In the antero-posterio (AP) .
condiéion, the anterior electrode (the PFC) received the
C=pulse and the posterior eiectrode (the LH) rceived the

T-pulse. In the postero-antero (PA) condition, the LH
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received the C-pulse and the PFC the T-pulse. The order of
. presentation of the C-T intervals was counterbalanced across
the 4-6 replications per condition.
A gating circuit in the amplifier output stage
(disconnected the unused electrode during delivery of a pulse
to the second electrode. In the absence of a pulse in either
channel, the cathode and anode were connected through a 1k

resisﬁor to allow the electrode/brain interface to
discharge.
Scaling | ,

The éffectiveneés of paired pulse stimulation was
assessedo?y means‘of a weighted scaling formula:

E=(Nsp/Npp)-1)) X Nsph/Nspl

where

E=paired pulse effectiveness’

Nspl=lower required number of single pulses

Nsph=higher required number of single pulses

Npp=paired pulse required number

The weighting is necessary in order to offset the
underestimation offﬁ—values that would otherwise result from
differences in the required number of single pulses for the
two sites. The counter model (Gallistel, 1980)‘predicts that

when the required numbers at the two‘placemgnts are exactly

the same, double pulse stimulation at long C-T intervals

'will be twice as effective as single pulse stimulation.

HéQever, if there .is a difference in the required numbers at

¢
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the two sites,the maximu& effectiveness of paired pulse
stimulation will be the ratio of the lower and higher single
pulse requiréd numbers. The corrected scaling formula 1is
equivalent to Yeomans‘s (1979) formula for pulses of unequal
amplitude,

RESULTS

Figure 7 shows changes In paired pulse effectiveness as
a function of C-T interval and condition for each subject.

All 6 functions are relatively flat, showing no systematic

changes in effectiveness as a result of changing C-T

P

interval. There is also little difference between the AP and
PA conditions. This was confirmed stacisticallx by use of a
repeated measures analysis of variance (conditianlx C-T
interval) of the results from each r;t. There were neither

slgnificant effects of condition nor interactions between

DY N

the effecgs of condition and interval. In five of the six

subjects, there was also no main effect of C~T inteval, The '
dnalysis of the results for C6, however, indicated that
there was a significant change in effectiveness as a
function of C~T interval (F(8,24)=2.56, p<.05). Tukey
post-hoc tests confirmed that the main effect was due to the
significant difference between the effectiveness at 0.8 and
5.0 msec. and 0.8 and 25.0 msec (HSD= .149, p<.05). There
was substantial across subject variability in the magnitude 2
of the summation between the rewarding consequences of LH %
and PFC stimulation. Collapsed across C~T interval, (
the average summation levels vary between .05 and .40 (Table %

4).
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{
Subject - - Summation
cT . : 0.33
C6A 0.06
cs ' 7 0.05: ﬂ.‘
6 Cl5
. H1
— A
H2
R
‘:\L ’ -
' t

S
-
3

Table 4 Summation levels collapsed acrosé C~T interval
‘ aand condittion. \
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& DISCUSSION

No systematic changes in effectiveness .-as a function of
C-T interval were observed. This finding is in sharp
contrast to the step-like increases in effectivness tﬁat may
be seen when collision tests are conducted with LH and VTA
electrodes (Shizgal et. al, 1980; Bielaje; & Shizgal, 1982).
It is possibi;, but unlikely, that collsion effects might

have been observed in the present study had longer C-T

intervals been tested. In order for such long collision

5
s

intervals to be obtained the conduction speeds of the
stimulated fibers would have to be much slower than the
avéiiable estimates for reward related fibers coursing
through the LH (Bielajew & Shizgal, 1982).

Fl;t functioms'relating paired pulse effectiveness to
C~-T interval can be interpreted in. two ways. It Is possible
that the stimulation fields at the two sites are misaligned
so that they do not include any of gﬁe same behaviorally
relevant fibers. Flat functions may also be anticipated if
two fiber bundles with converging outputs are stimulated. In
both cases, the E-values will reflect the efficlency of
spatial summation.

‘Neither of these interpretations Jdequately explains
all of the flat functions obtained in this study. In the
subjects\in which summation levels are near 0, almost the
same number of pulse pailrs as single pulses are necessary to
maintain a half maximal rate of responding. That is, adding

L ]
stimulation of the second site does not appear to increase

the rewarding effects produced by stimulation of a single
. »

e o b it
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site. This would suggest that there is little functional .

relationship between the stimulated substrates.

-

‘This arguement is weaker for those placements that show
greater summation levels. It appears that for these
placements there iﬁ some integration of the rewardipg
effects derived from LH and PFC stimulation. Summation
levels for these subjecté (Cl and C15) are nonetheless lower

than those that have generally been oserved in bilateral LH

L4

(Shizgal et. al, 1980) LH and central gray (Bielajew et. al,

1981) and«LH and VTA (Shizgal et. al, 1980; Bielajew &
R\
Shizgal, 1982) tests. At present, I cannot offer an

expldnation for the across subject variance in summation

Al

levels.

Rl
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“ EXPERIMENT 3

-

If, as the refractory period estimates and collision
data suggest, the’directly stimuldted PFC subst;ate is
compris;d“of different fibers than the LH substrate, then it
is.possible that the ‘Chronaxie And rheobase of the cathodal
strength-duration function also differ‘at the two sites. :
Further, anodal étrength—duration estimates may. indicate
whether ghe’gccomodatioﬁ process in thdse two substrates
follows a similar time course. anally the ratio of
anodal/cathodal currents provides an additionég means of .
comparing these th substrates. Due to the difficulty
associated with curve fitting procedures that was indicated
in the introduction, long pulse durations were tested (up to
15.0 @sec) in the hope of empiricél%y obtaining the .4&
rheobgsic intensity.

) . METHOD ! ”
Subjecis

Eight male hoohed rats of the Long Evans strain .
(Canadian éreeding Farms Ltd., St. Conpstant, Quebeé) were
‘anesthetlzed w1th sodium pentobarbltal (60 mg/kg, i.p.). A
stlmulating electrode was stereotaxically aimed at the PFC

or LH using the same do-ordinates as in experiment 1. The

rats weighed 350-400 grams at the time of surgery and were. -
»

maintained on a 12 hour light/dark cycle. Purina rat chow

and water were freely available.
. Monopolar electrodes were made from 90% pIatinum/lO{f

iridium-wire. The 254 ym diameter wire was cut £lush and

e
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L
. . A L4
insulated with glass to the %gp; only the cross section of
‘the tip remained uninsulated. Current return was via 6

qtainless steel skull screws.

" Apparatus ’ '

el

The aﬁparatus was the same as th%t described in

L

Experiment 1. | -

Procedure

Pre-training: Once the rats were trained to self-stimulate,
° l

the réquired number of pu;seé was determined in the same
manner as in the first experiment. Once the required numbers
were sgable for a’giv;n ;at both within and across test -
sessions, the sErgngth—dugation determinations began.

P

Experimental sessions: The frequency of stimulation was set

at either 25, 19 or 15 hz and the trainadufation was fixed
.at 500 msec. Within each testing session, the pulse™duration

wég varied from 0.5 to 15.0 msec and required currents

determined. Sgérting at values that supported maximal - '

Y

responding, the current was decreased in 0.05 log stepsif

until the rat failed to respond. Through g;abhical ' -

interpolation, the required current was determined as the
current intensity‘nécesaafy to maintain a half maximal rate

‘of lever pressing at.a given pulse duration (éee’Figure 1).

3

Both anodal and cathodal strength duration functions were

determined for each rat. . *
\ .
o
Rat NM ceased bar pressing after the cathodal curves

’had been obtained. It Qas therefore impossible to obtain

4

anodal curves for this rat.

bt

i
1
H
§
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RESULTS
Figure 8 preser;ts the anodai (¢losed circles) and
.cathodal (open circles) strength-duration curves for the 6
- PFC rats (A-i") and 2 LH rats (G-H) plotted on log/log
(co-ordix;lates. The char_actekristics of the curves that are of
interest are (1) rheobasic current for the ‘éat?xodal curves;
(2) the f:fxronaxies of t;rle anodal and cathodal curves; ~and
(3)anode/cathode current Fatios. These features will be h

compared for the LH and PFC substrates.

Cathodal curves: Data from ind:;,vidual rats were analyzed

using a non-linear least squares approach (lCuthbert and
Wood, 1980; Tee, Note 5). The best fitting hyperbdlic
(log(T)=log(Ir(1+C/4)) where I=intensity
" o ‘ Ir=rheobasic intensity
. , C=chronaxie
d=duration . ‘ .

and exponential . N
'* A -~
- )

log(.I)‘a,log‘(Ir/(l-exp(-'-d/k))’where k= time constant

jfunctions were determined by finding the values of Ir and C
or k that provided the minimum® residual sum of squares. The .

- value of k can be tranalated into a chronaxie estimate by
‘e'c;lving the ez\(ponenéial function for I=2Ir. The formula then
r‘elduc_;‘é to C-.69.’él§a éincel\the sta_ndard'error of the current

Al

values tends to be a -constant proportion of the avér"ag‘e.
, ) o \ )
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intensity, the-log of the average cgrrent values was used in
the curve~ fitting procedure so as to equate the standard
error of the current across pulse duration. In all cases
except for ‘one PFC gite (rat SD3) the hyperbolic equation
fit the data better than«ihifhe exponential function.—For
rat SD3 there was little difference between the goodness of
fit for the exponential and hyﬁerbolic equations. Table 5
presents the best estimates of Ir and C and the value of the

sum of squares residual for the hyperbolic and exponentiél

fits derived by using this curve-fitting procedure. The

range of chronaxie (C) values for the PFC site is ,689-~3,462
msec., with a median value of 2.839 méec. There is
considerable overlap between these values and those
estimated for LH sites.

' The two LH sites were tested at frequencies of 19 Hz
(B/Bi and 24 hz (B1/R). The frequencies tested at all PFC
gsites, except for SD3 were equal to or higher than these.
Nénetheless, the Ir values are substantially higher at the
PFC sites than at the LH sites (Table 6).

!

Anodal curves: The anodal curves for thg LH and PFC

substrates have much the same features (Figure B8). For both

sites, the required current continues to decl}ne at long

pulse durations. In one PFC site (Figure B8C), the anodal

|

strength~duration curve crosses the cathodal curve at long
durations. ’ '
In order to compare the chronaxies for the ?néaal and
cathodal strength- duratign—functions, the data for pulse
1 .
\
\
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. HYPERBOLIC . EXPONENTIAL

PFC Ir C SSr -~ Ir

|=

c - 8§8r

SD3 158.48  2215.98 1,056 —- 194.39  2091.22 1449.07 1.036
NM  369.90  689.29  0.674 —-- 406.53 ' 867.57 601.22 0.824 |
SD5 200.87  885.59  0.260 —- 225.64  1048.31 726.48 0.309 \

B2 83.62 2861.39 1.010 == 110.06 2398.03 1661.83 1.060

~

sb2  90.25 3462.86 0.909 --117.0l 2976.79 2062.92 1.020

Bl 298,27 1256.52 0.511 -~ 342.69 1387.08 961.25 0.638

BR 24.76 1551.00 0.225 =- 29.60 1432./05 992.41 0.456

B/B  57.10 1742.,79  0.217 =- 67.80 1744.19 1208.72 0.343

Table 7 Chronaxie and rheobase estimates derived from
the non—linear least squares regression analyslis.
Values are presented for the hyperbolic and exponential
' functions. The residual sum of “squares for each fit

are presented in the right—most columns for each
function,

- )

Aty



76

CATHODAL ' ANODAL
subject  Ir c mC F P
pEC ' -
SD3 , 160.84 2089.27 224.85 3711.42 2.21 .0700
NM 369.90  689.29 ——mmmm=  —mmm———e-
SD5 . 205.28  759.28 348.07 1392.33 7.54 .0004
B2/ 83.62 2861.39 179.52 2449.53
sp2- . 84.06 4332.25 174.27 2454.47
Bl 289.95 1454.02 289.22 2516.56 5.05  .0013
BR 24.70 1551.00 58.80 1420.12 2.48 .0475
B/B . 57.10 1742.79 93.49 3146.84 11.67 *.0001

Table 6 Cémparison of the anodal and cathodal rheobase
' and chronaxie measures for the best- fitting

hyperbolic equations. Currents used in the
analysis ingcluded those that corresponded to
durations that were common to both the anodal and
cathodal curves. At the right are the F-values and
probability levels for the interaction between
pulse duration and polarity as determined by a
2—-way ANOVA. .
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3
durations that were common to bdth sets of curves for each

placement were analysed using the least squares regression
method described previously. In all cases the data were best
£it by the hyperbolic equation. The anodal and cathodal
chronaxie and x:heo,basic intensity values for the data-used
in this regression analysis are presented in Table 6. For 3
PFC sites (SD3, SD5 and Bl) and 1 LH site (B/B) the anodal
chronaxies are sn;bstantially longer than the cathodal ones.
The anodal and cathodal chronaxies are roughly equal at 1
PFé'site (B2) and 1 LH site (B1/R). At the remaining PFC
site (SD2) the cathodal chronaxie exceeds the anodal one. To
further in'vestigate pqssible differences between the shapes
of the anodal and cathodal strength- duration curves,
individual data sets that inclu&ed anodal and cathodal
required currents at 15 msec. durations (SD3, éDS, Bl, BR,
B/B) were analyzed using a 2-way ANOVA (duration X
polarity). Only data from rats that had been run at the
longest durations were included since the curves appee;red to
converge at durations greater than 5.0 msec. The F-ratios
for the interaction effect and their associated probability
levels are presenteg‘ in Table 6. The interaction between
duration and polarity was significant ~a11 placements
except SD3. This confirms that the two cu.rv‘es begin to
converge at long pulse durations.

A salient characteristic of Mathews's (1977) anodal
data for LH sites was the abrupt decrease %.n requifed anodal
current as pulse duration was increased beyond 5.0 msec.

This is nbt as apparent in the LH or the PFC curves of the

4
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present study.

|

~

An%de/cathode ratios: In order to determine an average

anode/cathode ratio for each rat, the mean cathodal and

anodal required currents were compared at each pulse

"duration. The current ratios were then averaged across pulse

]
duration. All ratios at the PFC site were between 1.0 and

2.0 (mean= 1.54) whereas for the two LH sites, the

&

anode/cathode ratios exceededlz.o (mean=2.2).
DISCUSSION
. The chronaxie values for the LH and PFC cathodal curves
éverlapped, suggesting that the shape of the best fitting
strength-duration curves fbr the two sites were not
consistéhtly different. These values tended to be long

.

compared to data from individgal axohs (ﬁanck, 1975). If one
interprets these curves:-as Mgtéhews (1977) has,!there are
two possible .explanations for the long chronaxies. It may be
tﬁat the neural elements subéerving self-stimulation fire
repetitively during long-duration pulses. This development
should appear to the integrator as.an increase in
stimulation frequency. If so, the current reqguired to
maintain a criterial level of neural firings arriving at the
second stage in the neural network can be reduced in a
compensatory fashion (Gallistel, 1978). An alternative
explanatién is that long chronaxie elements represent a
significant part of the reward substrate. ,

It is interesting to note that all the PFC curves tend

to level out as pulse duration is incre;sed beyond 10 msec.

!
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This is not apparent in the LH curves. In Matthews's (1977)

strength—dur;xtion data for the rewarding and priming effects
6f LH stimulation: only 2 of 11 curves exhibit a levelling
off in required current at long durations. Since the
chronaxie values for the LH and PFC sites overlap, there do
not appear to be statistical grounds for differentiating the
long-duration portion of the curves obtained at the two
sites. The failure to observe consisten&fiifferences bgtween
the LH and PFC curves may be due to the small sample of
points run beyond 10.0 msec durations and the\relatively

large variance. A follow-up study should be designed in such

a manner as to include a larger ‘number and range of pulse

P

_durations greater than 5.0 msec run with more replications.
The chronaxie values should then reflect differences in the
shape of the long-duration portion of the curves..

The anodal PFC curves differ from Mathews's (1977) LH
data. Whereas he repotrted a sharp decrease in required
current with long duration anodal pulses applied to the LH,
the 'PFC data cio not reveal such an abrupt increase in
stimulation effect'_iveness..‘ Rather, the required anodal
current continues to decrease at aproximately the same rate
(in logarithmic space) at the longer pulse durations as at
the short ones. For the sites at which the cathodal required '
currents level off at long durations and at which 15 msec
anodall pulses were run (sD3, sSD5 and B1l) the anodal
chronaxies eﬂxceed their cathodal counterpar;-_s. For two of
these three rats (SD5 and Bl) there was a significant

"interaction between pulse duration and polarity. The results

\
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for the third placement (SD3) approached the .05
éighificance'level. These findings support the notion that

the anodal curves, .at these sites, begin to converge with

the cathodal cnes, and suggests that the accomodation
process is a factor that influences the effectiveness of

long duration anodal pulses. It may be that a heterogeneous

e e i st i o 8 2

population of neurons subserves the rewarding effects of PFC

stimulation, a notion supported by the findings of

S s s

Experiment 1. If so, the gradual rather than abrupt decrease !
in required currents may represent a weighted average of the’
time course of the accomodation proc§ss in the different !
subpopulations.

j Another explanation for the differences between

Matthews' LH data and the present PFC data rests on the

procedural differénces between the two studies. In the

former, the runway paradigm was used whereas the present
study employed a Skinner box. The two dependent measures are g
_therefore somewhat different, a factor that White (1976) has

»

suggested can infldénce strength duration data. This ;
possibility is gnlikely since there is good agreement

between the cathodal curves of the present study and those

.of Mathews's study. It may be necessary to .run longer

- durations to élearly observe a break firing effect. The

abrupt decrease in intensity that Matthews attributed to

breﬁk firing was most clearly obszrved with Anodal pulses -
exceeding 15 msee durationé. Sinﬁe the LH curves of the o

prggfnt study do not exhibit this same effect, it may be
/

necessary to test longer durat

ions.
\1, ) .
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The anode/cathode ratios fgr the PFC substrate were
consistently smaller than the ratios for the LH sites. This
finding may prove useful for differentiating the reward
substrates in electrophysiological studies. Further, these
ratios may provide an indication as to éhe nature of the
directly stimulated elements. If unmyelinated fibers alone
constituted the directly stimulated substrate, larger
anode/cathode ratios than those observed here might be

expected (Ranck,1975). In contrast, cell bodies would be

"easier to stimulate anodally than axons when the point of

current exit during anodal stimulation was at the initial

»

segment. It is thérefore possible that the site of

‘stimulation in some components of the PFC reward substrate,

is at or near the initial segment.

An interesting obse:vaﬁion is that the absolute current
required at the different pulse durations as well as the
estimated Ir is much highér for PFC than for LH
self-stimulation. This finding can be interpreted in thrée
ways. First, it is possible that the criterion of the reward
integrator is hiéher for PFC than LH stimulation. Second,
the spétial distribution of the reward—relé;ed subsérate may
be more diffuse at PFC sites. Finally, smaller, less
excitable neurons may éubseg;e the rewarding effects of PFC
stimulation, an hypothesis consistent with the

interpretation of the refractory period data. This issue is

further investigated in the last experiment.

1
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' EXPERIMENT 4 ‘

In the present experiment, the spatio—temporal
integration of rewarding impulses derived from stimulation
is examined by trading off the stimulation frequency and the
current. This experiment was designed with several aims in

"mind. First, ghe linearity of tbe function may provide an
index of the geometry of the fiber bundle that carries the
reward signal (Yeomans, 1982; Shizgal and Schindler, note
3). Second, the minimum current that will maintain criterial
behavior is'relqted to the excitability of the directly
stimulated substrate. For example, the less excitable the
directly stimulated cells,‘the higher the minimum required
current and the more gradual the slope of the frequency/
intensity trade-off (Shizgal, note 5). That the directly
stimulated substrate for PFC self-stimulation is comprised
of less excitable fibers is consistent with the findings of
the first and third experiments. Provided that differences -
in the integrator's criterion or the spatial distribution of

{
the directly;stimulated cells do not compensate for

excitability differences, the minimdm current and slope of
PFC and LH frequency/ intensity curvés should differ.

The third purpose of this experiment is to further
investigate the hypothesis (Robertson et. al, 198l; Goodall
and Carey, 1975) that current increases do not enhan:e the
rewarding effects of PFC Qtimulation. There are several
possible explanations for the finding that performance for

PFC stimulation was not enhanced by increasing the cﬁrrent,

For example, a small, well-defined fiber bundle may mediate

'
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the rewa;hing effect of PFC stimulation and théllpwest
currents used recruited all reward-relevant neurons. If so,
then one would expect the frequency/intensity trade-off at

t
this site to rise steadily over a relatively narrow range of

currents and then to flatten out.

METHOD
Subjects:

Four male Long Evans rats and three male albino
Spragpe-Déwle¥ rats from the previous experiments were used.
Apparatus:

Apparatus and training procedure were the same as in
Experiment 3.

Procedure:

1

To obtain frequency/intenéity trade offs, the required
number of pulses was determined for various current’
intensities. For most rats the currents tested ranged from

the minimum current required to maintain behavior up to 1200

‘uA. For all points on the curve, the current was randomly

chosen and required numbers determined as in Experiments 1
and 2. The reciprocal of the average required number at each

current was then plotted. This procedure was replicated 3-6

B
N
B

times per ﬁaﬁs

The mihimum current that will support PFC
self-stimulation marks the break-down of the
frequency/intensity trade-—off. In order to obtain the\
minimum required current, the proceﬁure was glightly

modified. Rather than fixing the current and determining the
|

i

<P |
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required fre‘quencies, the frequency was set' at 252, "318' or
400 Hz. and the required eurrent determined in the same
manner as in Experin;ent 3. The /@}fférénce between a’djacen,t

" current values \idas either .05 or .10 1log units. The required

. .
current was averaged across these three frequencies for each

rat yielding the minimum current that would maintain .
self-stimulation.
RESULTS .

Figure 10 pres‘entx; ‘the reciprocal of the number of
pulsges required t‘o maintain half maximal responding as a
gunction of current intensity for each rat. Lir;ear
/regression was performed "on all data points. The resulting
correlation coefficients and slopes are presented in Table
7. As current is increased, there is an initial range over
which the number of pulses\decreases::‘(l/N increasges) in a
fairly linear fashion. For some subjects (Hl, Bl), the
linear trend appears to be interrupted for spans of up to
200 uA during which 1/N an current no longer, trade off.
That is, reciprocity between current and frequency seems t®
break down within these linmits and then to reeuxi\le as current
is Ifurthezjl increased. The /b\I, values appear to épproach an
asymptote at the highest currents tested. | K

For all rats except for Bl the minimum required _
currents were determined. These values are presented in the
lefé-‘-;no\sft colufnn of Table 7. The remaining columns in this
table pr.esent parameters of the stra‘:}“ght line £it to the

Y

y ha
remaining 1/N vs curreMata.
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Table 7 Average minimum required currents for PFC
self-stimulation at 252, 318 and 400 Hz. ' .
The correlation coefficient (r) and the
coeffiecient of determination (rz),and
RN the s8lope of the best fitting .straight line .
o~ ‘through the data are also presented. .
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, The average minimum current, collapsed across

L d

. A . v
" placements is 323.5 uA. The data from individual -placements

were‘analyzed to det&rmine whether the slopes of tbése’
I furictions diffLred s:igni'fi,cantly from 0. A 95% confidence ;

interval was placed around the average slopel for each

i

= . '

function. The confidence interval for.all of_th'e_'trade—offs’
eicept-\for Bl did not include 0, in{dicating that the slopes:

of the best fitting straight line were renl‘lably”positive.

| Histology - '

.

-

’

g )
. i The ‘atlas drawxqgs (Pellegrino, Pellegrino and Cushman,

1979) corxresponding to sections contalnlng the electrode

» “ N

tips for the placements in all subjects used in Experiments

* | . ’
1 to 4 were_traced and are presédnted in Figure_ 10. The
/
§ .
settions containing the LH electfrode tips in subjects Cl5

/ ‘
and B/B and the PFC tips im subjects NM and SD5 were not

l available. All PFC tlps :xcept for that of subject C9 were
p : l’ocatedu in t.:he medial aspect of the PFC roatral to the genu
' of thé corpus callosum. The placement in C9 was located
caudal to the -t_;enu of the corpus ca'llosum, in the prefrontal
coi't-;ex dorsal.td the hippoceimpus. The tips of the posterior

electrodes for C6, Hl, ,and BR were located in-the LH within

the medial forebrain\ bundle. The posterior placements in Cl4 -

\ and Cl15 were located in the LH medial and dorsomedial to the

/ v
\ fornix respectively. The tips for Cl and H2 were located in
{

.

\ . the zona incerta.

. DISCUSSION
. . e

The minimum current-that is capable of malntaining)

’
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' . A Y . ’
self-stimulation, with 500 msec train durations and

-

cbmparaﬁle frequencies is'substantiadly highér at PFC than

‘at LH sites- (Gallistel, -1978; Shizgal & Schindler, note 3). .'a«
This finding is consistent with the view suggestd by the

findings of Experiments 'l and 3, that the-suﬁstrate for PFC =~ ~

self-stimulation is comprlsed of less excitable flbgrs than

v

that the high curqents required to maintain PFC : /

.~

1
the substrate for LH self-stlmulatlon. It is also possible il
;
|
!

- * e
self-stimulation reflect the Spatial distribution of the

.substrate relative bo the stlmulatlng electrode rather than

4

or in addition.to the physiological characteristlcs of the )
’ - .

qpnstltuent neurons. fhat is, theﬁPFC substrate may be more )

diffusely orgénized so that larger currents are required to i
4 .

recruit the minimum number of reward relevant fibers

required to maintain behavior. Alterﬁativefy, the integrator
criterion for the reward effectglof ng stimulation may be . { .
higher than the critérion of the LH integrator. . A

- . a
k¢

[}

shallow than those obtalned at LH stlmulatlon sites (Shlzgal

Thg slopes of the PFC cd;veé were generally more

and,Sghipdler, note 3), although a statistical comparison

awaits more detailed analysis of the.LH.data. e . N
That tgesq curves have a non-zero slope contrédicts

Robertson et. al's (1981) assertion that current inctements ‘ ,

»

do not enhance the rewarding effects of PFC sfimulation. As . {
! 9 . .
current was increased in the present .study, the required
2
number of pulses decreased, suggesting that the stimulation .

’ . 4, v a
becomes more rewarding as the current is raised. Perhaps the T

\ D

& .
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- frequency chosen by Robertson et. al corr‘esponded to a flat

.o
< L ,;,/
] spot in the frequency/curreryt trade~off ie., onhe at which

. larger current increases are necessary to obser\re a

ttade-off’ between _these parameters. Had a number of

~o »

frequencies been tested, the enhanced g:espondj.ng with*

-

N current that is characteris'ticj of LH self-stimulation may
have been observed. Also, the-shape of the function that

maps reward value into response rate for PFC stimulation on

the VI schedule used by’ Robertson et al. is not known. If.
v\ ‘ ‘ ’ ) .
. this function were step-like, an increase in reward value -

A}

produced by raising the curfent might be masked by a
response .ceiling. A more compelling means o€ asses'sing the
X -

'reward}j.ng va-lue of PFC stimulation would be Yo measure the '
' Toe
. rat's preference between low and high currents that had
-~ b s
‘previously been shgwn to correspond to dx,fferent l/N values.
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with the notion that di

GENERAL DISCUSSION

\

. The results reported in this thesis are all consistent
. ) \ A
fferent substrates subserve the

l “

rewarding consequences of PFC and LH stimuation. Recovery

‘NOte 1)‘ ~

from refractoriness in the PFC substrate begins later and

spans a longer interval than recovery in the LH substrate.

.

Thesg/refractory period estimates are among-the longest

reported to date for BSR, matched only“by the. estimates
I3 ) v -

obtained at dqrso-medial thalamic sites (Bielajew et.al,

)

i .
.

That the substrates are qomprised of different fibers

re o

is most .strongly supported by the failure to observe
collision or strong summation between ‘the effects of

concurrent stimulation of these two sites. p
Strength=duration characterisitcs of the two sites were
similar but not identical. Although chronaxies of the R

.

cathodal curves d¢id not consistently differ, the PFC curves

i |
3
i

Kl

tended to flatten out at long durationg, a feature that was,

-

notlapparent in the LH curves.lFurther emperiments;
concentrating on ihcreasing the resolution at the long -~
durations may enable one to differenti;te the LH and PFC
cathodal curves. At both sites the chronaxies were long (up
to 3.6'msec'at'the PFC s{ite; 1.7 msec at the’Lﬁ site)

suggesting thgt'both short- and long-chronaxie elements

—
L

- t ! ~——
subserve the rewarding ef fects of stimulation and/or that

. ' X
the directly stimulated elements fire multiply during long
N (>

duration pulses.

T i ek ot Bt e T



The anode/cathode required currehts were lower at the._

' -
PFC sites than at the LH sites providing an additional

» characteristic that can guide'the electrophysiological

4 L

fdentification of these cells. i
S 3

Neither the LH nor PFC‘anodai strength—duration curves’

)

v -
s+ provided dramatic evidence of anode break excitation.
Nonetheless, the anodal curves continued to decline over

durtions at which the cathodal curves tended to flatten. One

explanation for this is that the substrate 1s comprised of a

heterogeneous population of neurons with different "
™ ¢

accomodation time constants. The gradual rather than abrupt

decrease in currents at long durations may represent; the

£

sequential onset of -break firing 1in tﬂesg,gifferent

gsubpopulations.

The largest difference between tﬁe PFC and LH

strength—=duration curves was the substantially higher

~wes rheobase of the cathodal PFC curves. An explanation of this

fihding that is consistent with the findings of the first

exper&meqt is that less excitable fibers subserve the

7
. rewvarding effects of PFC stimilation., This hypothesis was

. ~
supported by the relatively large currents required to

maintain self-stimulation at high frequenctés (Experiment

4) . It is‘also ﬁbssible that the PFC substrate is more

-

diffusely organized and/or that the integrator criterion 1is

higher than in the LH substrate.
The LH substrate appears to include small, myelinated

fibers with conduction velocities rangtng from 1.0=7.8 m/sec

.
@
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(Shizgal et al., 1980; Gallistel, Shizgal & Yeomans, 1981;

Bielajéw & Shizgal, 1982). The directly stimulated 'sites in

the PFC substrate, are more 1likély to be comﬁrised”of

smaller, more slowly conducting fibers and/or initial

o

segments.

These results suggest that the axopal connections

between the LH and PFC (Leonard, 1969) are not *
reward-rela'ted but rather may subserve some other function.
The fallure for reversible procaine lesdons of the medial

PFC to attenuate LH self-stimulation (kolls & Cooper, 1974

.

or for massive electrolytic lesions of the LH tp attenuate

.

PFC self-stimulation (Corbett, Laferierre & Milner, 1980)
' o

supports this interpretation of the data.
If the PFC is not part of the MFB reward system, then

to where do its reward related neurons project?/A fruitful
avenue of inquiry will likely be the interactions between
th; rewardiﬁg Zggzgis of stimulating the medial PFC and
sulcal PFC. Robertson (198?) has shown iyqﬁ experimenter
delivered stimulation of the sulcal PFC potentiate8°“ R

acquisition of medial PFC self-stimulation, Electrolytici

lesions of the sulcal PFC also disrupt medial PFC

’

self-stimulation (Corbett et al., 1980). Further

lavestigation may reveal reward related fibers that directiy

link these sites. * .

-

Bielajew et. al (Note 1) have recéntly reported

,refractory period estimates for the dorso-medial thalamic

rewa'rd substrate that are In the range of-those reported

[ PP
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[ @ . ] .
here for PFC self-stimulation., When taken together with the

strong neuroanatomical connections between these sites
(Leonard, 1969), this™ finding suggests that the dorso-medﬂnl

thalamus m&y be an important aspect of fhe cortical ieward

ystem. '

-

In summafy, the data reported here constrain the
. .

neurophysiological characteristics of the medial PFC reward

substrate. These charaéteristics appear to differ from those

B

of the LH reward substrate shgéesting that differént neurons
subserve the rewarding effects of stimulation at these two

B ‘ - "
sites. For the electrophysiologist interested in studying

reward circuitry, the results of this thesis will provid%

»

¢ , ) .
criteria fér distinguishing reward related cells from other

’

neurons activated by PFE stimulation, ..

.
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