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" Three experiments were conducted to assess the:
directlon of normal propagatlon in the directly actlvated
l;eurons responsible for the rewardxng effects of medial
ﬁorebrain bundle (MFB) stimulation in, the rat. An anodal
hypegpelarization block was produced by injecting current
ei?her rostral or caudal térgéﬁ self-stimulation electrodes.
and the degree to wnich the"hyperpolariz;ng current reduced
the ré&arding effect of stimulation was estimated using
psychophysical meagurement techniques. It was expected that
a3 behaviorally effiitive bloek would occur if the anode were :
. located between the cathede and<the synapses of the directly §

L ‘stimulated cells regponsible for the rewarding effect.

\

Monopolar stimulating electrodes were

)
¢
3
3
¥
[
i
i
)

' stereotaxically aimed at the lateral hypothalamus {(LH) and
ventral tegmentai area (VTA). In the first experiment, the
pulse~pair collision techniqne was employed to select those

v ' subjects in which the same reward related axons were fired
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by both eiectrddeé. The puise—pair interval cor;espondihg to
a suddenﬁlncrease in stlmulation effectiveness was deflped
as the collision interval, the sum of the interelectrode
conduction time and the refractory perlod. ?he.;etter was'
estimated in the secohd experihent ueing analogoue ' N
procedures. . , K '

‘ In the final study, pulses of differegz durations
were ‘applied using one of the depth eléctrodes as the
cathode and the other as‘the anode. The effects of
stimulating with this electrode confi;uratipn were compared
to control conditions in which either electrode was used as
the cathode and a skull screw was used as the anode. )

With .the VTA electrode serving as the anode and

the LH electrode as tﬂe cathode, the effectiveness of
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stimulation was found to decline when the pulse duration
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approached or exceeded the interelectrode conduc;ion time.
No such effects were observed with a VTA cathode and an LH
- anode. This result was interpreted as evidence for
rostrocaudal conduction in MFB fibers mediating

brain-stimulation reward. 8

PP L T [,




iy

“ f i LY

e e e A~

CN . ' . L 4
* . Susan Schenk, a dear and cherished buddy and a respected

A S 111

o s ACKNOWLEDGEMENTS

/ . - . : -

Flrst, I thank my supervisor, Peter Shizgal, for
h1s generous support .and encouraging guidance throughout my
graduate career. On a more local ‘time soale, I also thank
him for  the blitz.

I have been indeed %ortunate for the presence of

colleague. On one level, her outrageous sense of humor and

. antics ensured never a duli moment in the lab. On another-

level her willingness to listen, comment on, and critically
evaluate my ideas Qre deeply appreciated.

To Dwayne Schindler, ;I am sincerely grateful for‘
his tremendous support, particularly during. the writing)of
this thesis. He generously placed himself at my disposal in
order to be available at critica%ﬂmoments.

To other membere of the laboratory - Ivan Kiss”

Carol MacMillan, Stewart Francis, and David Morton - thank

~ you for providing the lab with an atmosphere of friendship

and comradery.

An endless list of gratitudes'is owed George
Fouriezos. First, he allocated a large chunk of his
laboratory for my use so that I could comfortebli conduct ny

experiments. Second, e never tired of discussing my data

(

’énd coming to my rescue when equipment problems were

overwhelming. Third, he devoted an inordinate amount of

time, support, and encouragement towards the completion of’
1 -

o s e s e e i B T SO, v [T



| SOV

e ey b e BT e B T

- 2w e v
e e——— ST ———(s S AR TS S e WA S A

'

-

this thesis. Fer all of these things and much more, I am
extfemely thankful.,

My debt is extended to.the School of Psychology
at the Um.versity of Ottawa for generously allowing me to
make my presence felt ‘the last three years, for supplylng
space ie which to do so, and for permitting extensive use‘\ of
their cogputer facilities. a

My parents, Alina and Nicholas Bielajew, Kav 3
provided emetior'aa]: and monei-:ary support. that cae ne\}er D
repaid. . -~ ’ _ \

Finally, I wish fo thank Diane Brazeau for

" ‘secretarial services beyond the call of duty for this thesis

and many past projects. | .
The financial backKing of F.C.A.C. during the time

these data were collected is acknowledged.

iv

2
.

-




. -

~

i ——- -,._..-—‘-.-.--.----v-.—m—'._....._w — -

-

VoS ,
o~ : \
D

TABLE OF CONTENTS
oS

e L, | \‘m% Page

ABSTRACT.II....-l.‘...llllll..llll...IIC.I.‘.."I.. l
’ACKNOWLEDGEMENTS-----..-oonl.-..-.-‘-.-0..",0-'0....' iii'
TABLE OF C&TENTSICIO‘l..l.ll..l..l..IQ‘..‘..I..IQ.

<

L 3% P \

LIST OF FIGURES.....svsenenennnnssnnnnennensenseen vid

LIST OMABLES..-.-.oo-........-\}-...-.o.-o,---oo... vj-ii

. /
INTRODUCTION. « s vvvsesa’onnnnnnnsonsannnssnnnnesens 1

Review of direction studies.......v...eeseese. 10
Rationale for the direction experiment....,.. 19
Excitability cycles....cimueevieensnsnnonssaes 21
Single CellS....ceverieecennnasnonnsoas « 21
Population responses...........cc0e00.. 22
Behavioral studies......cccevveeassssss 25
Significance of behavioral data........ 29

Behavioral inference of anatomical linkage
> and conduction velocCity. veieeeeoseecennn P | |
Anodal block technique.....cveecevcecnacpenses 38

\EXPERIMENT l-..o-o.oo-l.cop.naul'obo-l...coloo:-o.nocn 58

MEthOd-.ooon\’oooo...m.oco-uoo-uo.--o---o--.--oa 59
Subjects and sSUrgery..cceceevecccccsess 59
ApPAratusS. . cvoreececnercecccrntsecasans 60
PrOCEAUI . c vtvveecececeaocasesesscassae BOL

Screening and-stabilization...... 61
Collision test.....eeefeeeoeeeeas Bl
Pilot collision test...Nscvveees 65
Data format....ccceeseeoersasmecsees 66
Histology........................ " 67

Results and Discusslon- - & & % & 2 8 @ . a® % 5 08 & & @ . a8 89 " 67
Histology. ® & &4 0 8 8 2 & 8 5 00 69 s P a s 80 a e e 88 40 s 0o 67
Pilot .c0l1isSion Aata...eeeeeeees s 70

¢ s e

.Collision data...,.ceeeegecncinnons 72

Conduction velocity estimates......... 76

&

EXPERIMEN:T2l"l0.".!000..'0'.'..'...'..'...l'.' 7?'

IMeth’Od-.-...-.....u‘...-..........o-...-..-.. 80
subjects.c‘too.tc.‘cn-uc'c..il.c...‘.too 80
Procedure...-....-.......-...-...-.-... 80

Data format......occeeneesociesess 80
] | /

PEER AR



e Ay e =

L W P B TN e g

et e v o =

"Results and
I.

II1.

r

III.

Iv.

EXPERIMENT 3.

N

Data analysis-asymptote test.....
Datagpnalysis-tranformation |
ProCeAUre. .. v eeentcaassasasnsnnss
Discussion..........
Refractory period dafta....... ...
Across-placement comparisons.....
Statistical analgsis-asymptate
test. ... niiiis i eiircecannnn
Statistical analysis-
transformed data....ceoceeeeep
Within-placement comparisons.....

+ Statistical analysis-asymptote

test‘....'".!'ll'..."..l.'..

Statistical analysis-

transformed dat8....vccccanes
CoONClUuSBioNn.. cerevrececscsvacccnne

LR A R R A A A IR R A I N A A A N L NI A O B AL IR S B B BB L A

Method... G .ei.iiieeiniiiencncortncvecsannnnnss
SUbJEeCES. e tiittsensessaaansasonnsssen
stimalation conditions.....ccvevenacanes
Procedure.........,....................

Results and Discussion.........ccviurececanns
The shapes of the strengtb-duratlon
FUNCELIONS. e v errreeevneeronrencascsanns
The ratios of the strength-duration
fUNCtion8. . veveteeenasncacacacassoansans
‘The timing of the block...ceeevesccnens
The position of the strength-duration
curve on the ordinate....cceeeveeesceces
Numerical description of the shape
differences...ccvseccassscsvenssccncnss
Anode-make excitation revigited........
Significance of these findings.........

REFERENCES-Uﬂ;lOQQOUOOCOot'a.a..--oooooon--.‘o.ol.o

104

106
106
106
106
110
110
110

118
119

124
130

135
137

139

[OUSIE—

[NAN

N




*Flgure 1.

—~—

Figure 2.

FPigure 3.
Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

4
@

1

Figufe 9.

Figure 10.

. Figure 11.

" Figure 12.

Figure 13.

b g — % £ =
5

LIST OF FIGURES

Page

Illustration of possible interpretations
in lesion eXperiments ....ececeeceeesnes 2

Relationship between electrode alignment
and collision profile .....cevveveceons 34

Hypothetical strength-duration curve ... 47
Explanation of anodal block technique .. 54

Relationship between single- and double-
pulse train...."..."'..'.‘_‘......l.II.. 63

Histology from Experimentsfi; 2, and 3.. 69

Within-subject comparisonzof E vs C-T

curves for each collision test in J
Experiment 1 ....ciieieiinnninnncennnaass 14
Within-subject comparison of E vs C-T
curves for each placement in Experiment

2

LA A E I R I R S A N e N N N Y 87

Within-subject comparison of '
untransformed and transformed refractory
period curves for each placement in
Experiment 2 ......ceoeeeincnccccnncaass 4

Refractory period curves regrouped to
express placement and current
differences .....cccieecevesnaccesssanes 10L

Within-subject comparison of current vs
pulse duration for each stimulation

conditon tested at high currents in
Experiment 3 .......0c000i000aceceronsss 113

Within-subject comparison of current vs
pulse duration for each stimulation

condition tested at low currents in
Experlment3 ® & & 6 2 2 25 Q0 6O H 0P OO 0 ese e b e 115

Hypothetical example of anode-make
excitationl.l.‘..O..‘.Q.O....h..l...‘l‘0 127

— et 4 LR AL SRR
¥

it



A s b s e 2 n e e

- e g T

z\

- s e

4

e s Ay R PR TRy A

e e - &
.

' Table 1.
Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

.

" Table 9.

./'\

LIST OF TABLES
. .

|

Summary of results from Experiment l«..

Minimum effectiveness value fo each
subject and placement in Experiment 2 ..

Across-placement comparison of asymptote
value for each subject in Experiment 2 .

F-test results from jndividual subject
regression analysis of LH and VTA
refractory period curves in Experiment 2

T-test results from individual subject
comparison of slopes of LH and VTA
refractory period curves in Experiment 2

F-test results from individual subject
regression analysis of LH and VTA
refractory period curves from high and
low currents in-Experiment 2, ..........
Comparison of interelectrode conduction
time and onset of anodal block effect
for each subject in Experiment 3 .......

Individual subject chronaxie values
derived from weighted regression
analysis of each stimulation condition
in Experiment 3. ....icieitercenrncnanen

Pearson r values associated with
weighted regression analysis of each
stimulation condition in Experiment 3 ..

90

102

120

133

134




INTRODUCTION - .
3 ) . . * |
To cast light on the‘neural mebhanisms underlying
appétitively’moti;ated behaviors, investigatorsd have,made
extensive use of the ‘self-stimulation paradigm. Contingent
on a specific act such as lever pressing, a pattern of
electrical pulses is applied to a designated brain~site.
Stimulation of the medial forebrain bundle (MFB)’typically
sipports high rates of responding, and is often accompanied

r

by the appearance of frenzied biting,  licking, and chewing

@
of the lever. If left undisturbed, subjects w1ll ‘often .

engage in lengthy episodes of almost continuous lever
pressing. 3 L . . ' —
) The phenomenon of self-stimulation»has been noted 7
in a multitude of structures across ainide range of species
E;Bh the fish (Boyd & Gardner, 19%2) to homo sapiens

(Bishop, Elder & ﬁeath, 1963). While humans reﬁort a number

of reactions to stimulation at sites homologous to those at

' {Wthh animals will s4lf-stimulate, the underlying theme of

_their verbal descriptions is generally one of well-being and

satisfaction. . e v

In the self-stimulation paradigm, discrete regions
'of ‘neural tissue are activated,nraising thehhope that one
might ditectly access the circuitry mediating .
appetitively-motivated behavior. That t?ere is a clpse

relationship between brain—stimulation reward and

-
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conventional rewérds has been suggested by several findin'gs. .

Stimulation at reward loci enhances approach to appetitivé
; A

.stimuli while attenuating withdrawal from noxious stimuli™

(Stellar, Brooks, & Mills, 1979). The avidity of

sel f-stimulation is modified by some of the same factors -
tQat influence mrfbﬁauce for natural rewards (Hoebel,
1974). For example, feeding and self-stimulation.are bot.vh_
depressed by .osmotic and gastrié loads, while escape from
aveﬁsive *stimllxlation is enhanced.by these manipulatitons. '
(Hoebel & Thompson, 1975). Rolls, Bhrton. and Mora (1976)

recorded the activity of basal forebrain neurons that

. responded to stimulation ét bx;ain-stimul_t.a'tion reward sites;

‘they found that the presentation of ‘food increased the

}activity of these cells but only when the subjects were food
deprived. They concludéd that the paﬁhways mediat)ing °
self-stimulation and feeding converge. N

5 Uncovering the neural circuitry underlying
2
brain-stimulation reward and the relationship between the

I'4

functioning of this c‘ircuit and the effects of natural

reinforcers is a majdr challenge for students of

*
principles of the. circuit can be-understood, its structure

.
§

must first be determined.” To accomplish this goal, one must

first overcome a disquieting characteristic of stimulating

. , *
at reward loci - the lack of specificity. Many of the sites

¢

that supbort gself-stimulation also‘suppor_t'eating_(Hoebel_l.‘ &

8
sah.

4
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Teitelbaum, 15.62);, drinking {Mendelson, ,1967.), explor,atio'n'

(Rompré & Miliaressis, 1980), circiing (Miliaressis & Rompré,
1980), aversion (Bower & Miller, 1958), analgesia (Cooper &

Taylor, 1967), or sexual behavior (Cagguila & Hoebel, 1966).
While these finﬁings are open to several interpretations,

there is good reason to believe that at least in the medial’

forebrain bundle '(MFB), all of these different behaviors are

. not mediated by the same cells (Blelajew & Shlzgal 1980,

Durivage & Mlliaressxs, 1983). \
’ The studies presented here dttempt to trace the \
circuit(s) responéib]ﬁe for brain-—stimulat}ion reward by
characterizing the neurophysiological pfoperties of one of
its segments. To do s0, otﬁe must be able f‘irst to
distinguish neurons responsxble for the rewardlng effect
from other cells that are also activated by stimulation at
reward loci. _

A four stage strategy for doing this‘ has been .
proposed by Gallistei, Shizgal, and Yeomans (198l1). The
first stage consists of establishing trade-off functions in
order to place quantitative constraints on ﬁhe neural

population under examination. The second stage provides

intergretatlions of the constraints in terms of anatomical
N

and Physiological properties, Tl?hir‘d involves the direct

recording of cellular activity structures corresponding
to those that yield the desifed behavior. Finally the data
e

collected in stage 3 are /filtered using the characteristics
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that were estimated in stage 2. ‘

‘ | An example of how this approach has been applied
in brain-stimulation reward studies can be seen in
refractory period data obtained from stimulation of lateral
hypothalamic (LH) sites. Yeomans (1975) derived. the
trade—off between the number of pulse pairs required to
support a critlcal rate of lever pressing and the interpulse
interval and related the shape of the function to the . .
recovery from refractoriness. in the underlying substrate.
Kiss (1982) and Shizgal, Kiss, and Bielajew (1982) recorded
population responses in the ventral tegmentsi area (VTA)
that were tnggereq by stlmulating electrodes in the LH and
found that the time course of. recovery from refractoriness
was similar to that@inferre"d by Yeomans (1975).

Giﬁ.ven that many stages ere likely to intervene-
between the reward-related neurons directly excited by the ,
electrode and the behavioral consequences of stimulation, itb
may seem surprising that the characteristics of the
first-stage elements can be inferred from self-stimulation
performance. The logic underlying the notion that the
properties of the direct’ly' stimula?:/ed tissue can be assesséd
from observation of "‘the behavioral output has been discussed
in detail by Gallistel et ai,, (1981). They argue that such

inferences are valid if two requirements are met. First,

. data must be in the form of trade~off functions and, second,

>

the relationship between the initial input and final output

)
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must be monotonic. (The first restriction could be‘relaxed
only in the extraordinary case where the pehavioral output
was\linégrly related to the excitation of thé directly.
stimulated substrate. This point is taken up in detail on
pages 25-29,)

Trade-off Functions map pairs of stimulué
parameters that produce the same outcome. An example is the
.function from which recovery from refractoriness is ‘
estimated. This function specifies the different pulse—pai:\
frequencies and pulse~pair Lntervals that combine to produce
a criterion level of self-stimulation performance.

Firings lost due to refractoriness at short pulse-pair
intervals are compensated by the addition of extra pulse
pairs. ' C
The behavioral trade-off function can be used to
infer the properties of the underlying substrate only if the
function_observed behaviorally applies to every intervening
‘ stagé. This condition is satisfied in a sfstem built up of
suécessive monotonic étages.— In such a system, keeping the
final output constant necessarily'implies that the output of
each intervening stage is likewise constant. If the output
?f the f%nal or nth stage is hgld congstant, then the output .
of the (n-1)%h stage must also be constant because the input

th stage and so

of the n‘-"h stage is the output of the (n-l)
on. In this fashion, constancy is maintained in each of the

preceding states. The behaviorally derived trade-off

»l—~~-f-~ m—— - o T T T T e s b e A B xi{li},( ff-a_» ‘Eﬁ“iﬁ"
=
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function can describe the recovery from refractoriness of

L4

the directly stimulated stage. .
How can one know that the intgrvening stages are
all monotonic? The introduction of nonmonotonicities at any
intervening stage could not be corrected at later stages
because information would be lost. In a nonmonotonic system,

each output corresponds to more than one input; an observer
¢

. stationed at or beyond the output of a nonmonotonic stage

has no way of knowing which of the several possible inputs
gives rise to a specific output. This argument implies that
a monotonic relationship 5etween the input to the first
stage and the output of the last stage requires that all
intervening steps also be ménot%nic.

{n brain-stimulation reward studies, there is a
monotonic relationship between the quantity of stimulation
and the behavioral ocutput over a wide range of input
parameters that includes pulse duration, pulse_ frequency,
and current intensity. ‘These findings provide the
justification for usiﬁg constant output measures as an index
of neurophysiological aétivity at thé input stage. The
reader is referred to the recent reyiew by Gallistel et al.
(1981) for a detailed discussion of the monotonicity’
argument.

The value of psychophysical inference is that it

" * allows one td link the behavioral observations to neuronal

functioning. While it would be relatively easier to

e e ——i s e B T

e
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7
electrophysiologigflly record neural activiﬁy triggered by’
the stimuiation, one could not know whether the neurons that
give rise to the recorded signals .are responsible for the
rewarding effect of the stimulation or for one of the many
other effects. .Since the trade-off functions in
psychophysical studies are behaviorally determined, they
represent, in pr%nciple, only the properties of the cells @
me&I@ting that behavior.

’ A growing list of self-stimulation structures has
been examined infpsychophysical studies. The excitability
characteristics of reward-related neurons in the LH
(Bielajew, Lapointe, Kiss, & Shizgal, 1952; Rompré &
Miliaressis, 1980; Schenk & Shizgal, 1982; Yeomans, 1975;
19793, the periaqueductal gray (Bielajew, Jordan,
Ferme~Enright, & Shizgal, 1981)& the meéiodorsalis (Bielajew
& Fouriezos, 1983), the nucleus accumbens (Bieiajew, Walker,
& Fouriezos, 1983), and the medial prefrontal cortex (Schenk
& Shizgal, 1982) have been estimated. The anatomical linkage
between the substrateé for self-stimulation of the LH and

| VTA (Bielajew & Shizgal, 1982; Shizgal, Bielajew, Corbett,
Skelton, & Yeomans, 1980), the LH and peﬁiaqueductal gray
(bielajew et al., 1981), the LH and medial prefrontal cortex
(Schenk & Shizgal, 1982), and the medial prefrontal and
cingulate corticies (Sil%a, Vogel, & Corbett, 1982) have
peen examined ang, when possiple, conduction velocity
estimates computed (Bielajew & Shizgal, 1982; Shizgal et

}
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s
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1980) and self-stimulation and exploration (Durivage &

8
al., 1980). There have also been descriptions of strength o
duration relationshliips (Gallistel, 1978; Matthews, 1977;
Milner & Laferriére, 1982; Schenk & Shizgal, 1983),
teméoral-integrating properties (Gallistel, 1978; Milner,
1978; Shézgal & Matthews, 1978), and currept-distance
relationships (Fouriezos & Wise, 1983). )

The application of these proc;dufes to other
bghaviors has yielded estiﬁates of refractoriness for
stimulation-induced escape (Skelton & Shizgal, 1980),
circling (Miliaressis & Rompré, 1980), and exploration
(Durivage & Miliaressis, 1983; Rompré & Miliaressis, 1980).
Finally, the anatomical dissociation of the substrateg'fof
selfrstimulatisn an@ stimulation-escape (Bielaﬂew g Shizgal, - -
Miliaressis, 1983) ?as been inferred through the use of
psychophysical methods. Some of these findings have been
substantiated by direct electrophysiological recording (’\\
(Shizgal et al., 1982). Furthe;mo:e, electron microscopic oot
examination;of tissue derived from self-stimulation regions
is compatible with the above estimates (Nieuwenhuys,
Geeraedts, & Veening, 1982; Szabo, Lénard, & Kosaras, 1974).
That is, given the relationships between‘conduction
velocity, refractory perioq, and axon diameter, a large
proportion of axons are morphologically consistent with the

behaviorally-derived neurophysiological characteristics.

The results of the above analyses have pro&ided a
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clearer view of the circuitfy underlying brain-stimulation

reward - ip the MFB. It appears that £he‘substratg comprisesﬂl
at‘least in part, smallimyelinated axons that directly link
‘the LH and VTA. This interpretation questioned the direct \
%n#olveﬁent of catecholamine-containing neurons in the |

5 bstfate for brain-stimulation reward. This notion was
bdped ;argggy on the considerable over}ap of positive
seif-stimulation sites and the topography of ﬁidbrain
dopégine trajectories (Corbett & Wise, 1980). Additional )

support was gained from pharmacological studies showing the

‘changés in the vigor of self-stimulation following blockade
.) .

of dopamine receptors (Fouriezos, Hansson, & Wise, 1978).

Howeverv the behaviorally derived MFB properties are
\ ‘ - ’

incompatable with the eleétrophysiologically recorded
estimates\of the unmyelinated dopamine fibers which appear '
to Qgrmoré\difficult to excite, recover more slowlf from *
refractorinbss, and conduct at lower speeds (Dalsass,
German, & Kiger, 1978; Feltz & Albe-—Fessard, 1972; German, .
Dalsass, & Ki%er, 1980; Guyenet & Aghajanian, 1978; Maeda &
Mogenson, 1980\ Takigawa & Mogensqh, 1977; Yim & Mogenson,
1980). It may ﬁe that self—stimuf%tian electrodes excite
afferents to dopgmine cells that, in turn, relay reward
éignals to forebrain or midbrain structures. Alternatively,
dopamin? fibers mag\modulate the activ{ty of reward-related

neurons without actually carrying reward signals.

\ .o
The nature\of the neurotransmitter substance
' A

\ )
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mediating the first staqé neurons is unknown%\ (The first
stage elements refer to the rgwa}d—related elements directly
stimulated.by the electrode.) Before attemp€ing to identify
the‘neurochemistry of the first stage reward neurons, it
would be particularly useful to know the direction in which
reward signals travel in order to reduce the number of
candidate pathways. Anatomical linkage studies (Pielajew &
Shizgal, 1982; Shizgal et al., 1980)‘3uggest that the
orientation of these fibers is longitudinai but whether the
first stage cellé project rostrally or caudally is unclgar.
It is the aim of this thesis to identify the direction of
this projection. Before describing the strategy used here to

address this question, a review of earlier studies will be

presented,

Review of direction studies

The MFB is a heterogeneous collection of fiber
systems with ascending and descending components
(Nieuwenhuys, Geeraedﬁs, & Veening, 1982; Veening, Swanson,
Cowan, Nieuwenhuys, § Geeraedts, 1982). As such there are
two views regarding the direction of normal propagation of
reward signals, and each.has its own antecedents. The view
that fibers project rostrally is derived from the mapping .

and pharmacological studies mentioned éarlier, while lesion

s

\vjééperiments appear to favor a rostrocaudal direction. ‘ The

conclusions from studies employing reversible lesions

Y
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induced by chemical infections have not been consistent;
conflicting interpretations have also been drawn from ’
studies in whiqh gLectiiéal sti;ulation techniques have been
used. |
n dhe difficulty that plagues the interpretation of
much of this work concerns the use of sialing procedures
that are rate depend?nt. That is, the majority of
investigat?rs have assessed the behav1ora1 consequences of
their manipulaé&ons by hoting changes in the rate of lever
pré%sing.\’This strategy does not allow one to distinguish
between a reduction in the rewarding value of the
stimﬁiatioq and the animal's ability to perform the reward
response, For exaﬁple, 0Olds and 0lds (1969) observed a
ﬁtriking impairment of response rates for MFB stimulation
accompanying posterior lesions that was not apparent when
tissue anterior to the stimulating electrode was destroyed.
The failure to rule oﬁt performance factors (e.g., motoric
disability) as‘a possible explanation for the decrement in
responding weakens théir interpretation that the first stage
reward neurons follow a descending pathway.

| A similar argument can be made with reéard to the
reversible lesion work. Nakajima (1972) and Stein (1969)
examined response rates follswing application of proéaine
and lidocaine, local anaesthetics, to discrete MFB loci.

Nakajima (1972) found that injections either in the LH or

VTA, 1/2 mm above the electrode, attenuated performance for
. . £

! "
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gtimulation at the uninjected site and concluded that both
ascending and descending MFB pathways were critiéal to |
self-stimulation. Stein (1969) on the other hand reported A
that performance was more disrupted when lidocaine was
delivered anterior to the stimulation site than when given
more p;steriorly, supporting the involvement of an ascending
pathway. An alternative explanation for both of these
studies is that the injections disrupted the ability of the
animals to perform normally.

Measurement methods that can discriminate between
changes in the animal's capacity to perform and changes in
the rewarding value of stimulation (Edmonds & Gallistel, .
1977) have been employed, albeit rarely. Stellar and Neeley
(1981) placed electrolytic lesions anterior and posterior to
MFB self-stimulation electrodes and found that the number of
pulses required to sustain a constant running speed was
gregtly increased following posterior but pot anterior
lesions. Their findings are consistent with the notion that
the effective lesions'blocked conduction of reward signals
generated in descending fiber projections. Nonetheless, the
anatomical conclusions cannot be unambiguously drawn from
thehlesion data.

A weakness of the lesion approach i; that it failﬁ
to indicate whether the stimulating and lesioning electrodes

affect the same cells. Congider the diagrams in Fiéure 1.

Whether the anatomical arrangements in‘Figure la, b, c, or 4
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represent the circuit under examination cannot be determined
in'a lesion experiment; behavior will bé disrupted
tegardle?s°of the position of the lesioning electrode.
Moreover, electrodes ldcated in the same pathway as in la
and 1d but reversed so that the lesion in Pigure la is
between the stimulatingzglectrode and the synépses while the
lesion in Figure 1d is between ,the soma and the stimulating
electrode wéuld likely incﬁr similar deficits. In Figure la,
orthodromic impulses are prevented from propagating past the
lesion; in Figure 14, the axons under the stimulating
electrode will have degenerated due to loss of éontaét with

the cell bodies. On the basis of such results, one Might‘

incorrectly conclude that the fiberg critical to behawvior

project both caudally and rostrally. Finally, it is possible

that éhe integrity of self-stimulation pathways depends on
the input of several converging pathways, as in Figure le.
while the pathway in which the stimulating electrode is.
located has been spared by the lesion, the impulses
generated in that bundle are ineffective unless accompanied

’ /
by signals from the pathway destroyed by the lesion. The

results from Huston and\Borbélyfs (1973, 197 oic
preparation are often cited as a suppo g ument for the

notion that.ﬁhe fibers related to reward project towards the
brainstem. Rats with bilateral ablation of the major
forebrain structures including the cortex, -hippocampus,

striatum and septum successfully learned to m&ke various

¢
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Figure 1:

Hypothetical examples to illustrate

difficulty of making unambiguous conclusion

from lesion results. The same conclusion is

consistent with a variety of stimulating and

lebion%ng electrode positions. ;

..
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responses for hypothalamic stimulation, Desdpite their sorry
state, the animals usually Aisglayed acquisition within the
first half-hour of training. This finding questions the role
of'the ascending dopaminefgic pathways in the.su%sfrate for
MFB self-stimulation since all of the dopamine termiﬁa;
fields in the forebraih were removed o} damaged. df cour se
it i§ possible that other asgending pathways relevant to the
behavior were spared. ‘ .

Recently, Stellar, Illes, and Mills (1982)

examined preparations similar to Huston and Borbély's (1973,

- 1974) except that the ablations were restricted to one

hemisphere. Using psychophysical'ﬁﬁasures to assess the

degree of impairment of self-stimulation from LH electrodes
in the,lébioneg side, they surprisingly observed normal
trade-off functions between the current and the humber of
pulseé, and between the current .and thg train duration.
Thus, despite the extensive unilaterél damage in these .
animals, the characteristics of the LH reward substrate

)

remained unchanged. Because the origins of some of the major

descending trajectories were missed by their ablations, one

hypothesis entertained by Stellar et al. (1982) is that the
path along which reward signals propagate is descending.
Alternativelf, the substrate for these rewarding effects

. -’
comprise ascending or descending fibers that cross the

¥midline. ~»

Finally, electrical stimulation techniques have

N
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been used by German and Holloway (1972) and Szabo, Nad, and
Szabo (19129 to infer direction although the ‘design and
conclusion are different in each study. German and Holloway
(1972) based their conclusion of rostrocaudal conduction on
the pattern of responding for double pulses delivered
concurréntly to the preoptic area and the contralateral
lateral hypothalamus. By varying the spacing between paired
pulses, a slight facilitation of rate was found when the
first pulse of each pair was delivered to the anterior —
electrode 1.5 msec before the application of the second
pulse to the posterior electrode. A similar enhancement was
not noted when the order of presentation of the pulses was
reverséd. They argued that their result refléﬁts the
convergence of simultanequsly arriving impulses at a
location posterior éo the stimulatiﬁg electrodes. Tﬁis study
illustrates the problem‘of using response scaling as an
index of neuronal‘activity. Using constant output
procedures, Shizgél‘et al. (1980) delivered pulse pairs of
different intervals to bilateral LH sites. According: to
German and Holloway (1972) the function relating the
behavioral effectiveness of stimulation to pulse-pair
interval should have declined as the interval was increased.
Instead, Shizg&l et al. (1980) found no change in
effectiveness across a wide range of pulse-pair intervals.
The meaéurement methods and statistical procedures used bf

German and Holloway (1974) have been discussed by Yeomans
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and Koopmans (1974).
| In principle, the logic underlying the Szabo et
al. (1972) experiment shares many similarities with the
direction test reported in this Ehesis. They assessea the >
effectiveness of bigplar stimulation delivered to electrodes .

aligned longitudinally in the LH, and found higher current

thresholds when the anterior electrode served as the anode,

‘suggesting that the more important direction for reward .

impulses is ascending. The omission of critical controls,
hewever, mitigates this view. One alternative explanation'
for their data is that the density of reward relevant fibers
was higher at the anterior electrode'than at the posterior
electrode. Consequently less current was required to support
criteriei performance at the anterior site.

A second possibility is that their electrodes
lesioned the critical pathway. The coordinates were based on~
the method of De Groot which fixes the animal's head in a
stereotaxic position so that the interaural line is 5 mm
below the upper incisor bar. The electrodes however were cut
so that the tips, separated by 0.2 mm, remained in the same
horizontal plane. Since the MFB is roughly parallel to the
surface of the bfain, the excursion of the more anterior
electrode might have damaged a significant portion of the
fibers running under the tip of the pogiérior electrode.

It is plain from this discussion that a clear

demonstration of the direction of normal conduction of MFB

»
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reward fibers is lacking. The inherent difficulties of
interpretation with many of the procedures and the use of

behavioral output measures renders most conclusions

ambiguous.

Rationale for the direction experiment

Experiment 3 of this dissertationrgaploys constant
ou%put procedures to.determine the direction in which the
_directly stimulated neurons mediating MFB stimulatioé
project. The anodal block procedure is applied using two
self-stimulation electrodes along the MFB, each of which
serves either as the anode or the cathode. The inferénce of
direction is based on the degree to which the
hyperpolarization induced by the anode reduces the rewarding
effect of stimulation at the cathode. Provided that the
electrodes affect some of the same reward-related fibérs,
hyperpolariz%gg current should pfevent impulses from
reaching the synapses of the reward-related neurons when 1)
the anode is loFated Setween the cathode and the criéical
synapses, “and ?) the pulse duration equals or exceeds the
interelectrode conduction time.

&he first and second experiments serve. as
prerequisites for the direction test in that thég!ideniify
electrode pairs and currents that sgimulate some of the same
reward-related neurons at two levels of the MFB and estimate

P
the time réquired for impulses to traverse the segments, of
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éhese neurons between the two electrodes: The collision
%}petiment, conducted first, selects animals in.which
?eward-related axons directlx link the IHf and VTA

ﬁstimulation fields. Such an arrangement is inferred when

engthening the C-T interval yields a sudden increase in the

effectiveness of double-pulse stimulation. The interval
between pulses at which this event occurs is termed the

; collision interval, the sum of the interelectrode conduction

time and the refractory period. The latter is estimated in

the second study, and when subtracted from the collision

: interval, yields an estimate of the conduction time between

electrodes.

The next sections gpmmarize the principal

physiological phenomena, measurement methods, and findings
relevant to each of the three experiments. Although recovéry‘
from refractoriness was estimated in the second experiment,
—_the scaling principles underlying all three experiments were
; ~developed in refracto;§’period studies. To facilitate the
: exposition.of the meaéhrement procedures, the section on
excitability cycles will precede a discussion of collision

experiments. This is the reverse order in which the studies

were conducted and reported in this thesis.

¢
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"is unresponsiveness to further (T pulse) stimulation. The

Excitability cycles
Single cells. The following describes thé

post-stimulation excitability cycle of a single axon. First,

a few terms need to be defined. The development.oﬁ
paired-pulse techniques to assess the excitability of
neurons has given rise to the convent;on of naming the first
pulse the C pulse, because it sets up the conditiong that
will be tested by the second, or T pulse. Plotting the
inverse of the T-pulse threshold as a function of C-T

interval yields an excitability curve.

The applicafion of a subthreshold C pulse produces

a local nonpfopagating disturbance in membrane potential
that decays as a function of the time constant of the
membrane. However, a suprathreshold depolarization due to
summation of a pair of subthreshold stimuli may occur if the
delay between stimuli is sufficiently brief (Lucas, 1910). C
pulses of suprathreshold amplitude initiate a series of
successive events. The first corresponds approximately to:
the duration of the action potential and is termed the
absolute refractory period; during this phase the membrane
next stage is the relative refractory period; the membrange,
now somewhat excitable, will fire in response to T pulses if
their amplitude is greater than that of ‘the C pulse.
Following the felative refractory period, a supernormall

beriod is observed in certain classes of fibers (Eyzaguirre

&
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& Fidone, 1975). The membrane appears hyperexcitable and
'will fire in response to T Qulses with amplitudes lower than
the C-pulse threshold. The length of the supernormal period
may be related to the type of the fiber. The final event is
the subnormal period, an interval when the T-pulse threshold
is again elevated. gt least in the peripheral nervous
system, wide differences in Fhe degéée of hypoexcitability
of the membrane have been reported during the subnormal
phase have been reported (Gasser & Grundfest, 1936; Raymond
& Lettvin, 1972). ’

Population responses. If one assumes that an

electrode activates a homogeneous population of fibers the

" above description of excitability following stimulation of
single axons can be generalized to the more meaningful case,
with respect to behavioral studies, of stimulation of a
population of fibers.

Imagine that an electrode is located in the middle
of a bundle of equally excitable fibers, uniformly
distributed in space.‘ The eleétrode tip can be thought to
directly influence three regions within the fiber bundle.
Nearest the tip where current density is greatest, all
neurons will fire in response to both C and T pulses as long
as the interval between pulses exceeds the absolute
refractory period 6f the fibers. The second region is
located further from the electrode tip and corresponds to an

area of lower current density. At the inner border of this
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region, fibers are excited during the early portion of the
relative‘ref;actory period; at the outer border of this
region, where current density is lower, fibers are excited
only at the end of the relative refractory period. Finally,
local potential summation may occur in the outlying region
where the current density is inadequate to produce C-~pulse
firings. 1In this region, the summation of two »

~__
depolarizations in close temporal contiguity may surpass the
required threshold for excitation and produce firings.

Now suppose that stimulation of this bundle gives
rise to a muscle contraction. ;%e'results of double-pulse
stimulation can be inferred from the activity of the muscle.
In fact, before tﬁe development of the oscilloscope which
permitted detailed and accurate recording of the compound
action potential (Erlanger & Gassér,.1939){
neurophysiologigsts at the turn of the century routinely
inferred the recovery characteristics of the nerve from

observation of the muscle (Adrian & Lucas, 1%12; Boycott,

1899; Bramwell & nucaé, 1911; Gotch & Burch, 1899; Lucas,

1910).

. For purposes of this discussion, assume that the C
pulse intensiﬁy is adjuéted so that it is just insufficient
to produce a detectable contraction when a single C pulse is
deliyered, and yields a clearly detectable contraction when
tpb C pulses, widely separated in time, are delivered. At

extreﬁely short C-T intervals, a contraction might be
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observed due to the summat‘if)n of subthreshold local
potentials. When the C-T interval is increased but within
the absolute refractory period, the muscle will fail to be
activated because the T pulse will fail to stimulate any
neurons. Intervals that just exceed the absolute refractory
period of neurons in the région nearest the tip should cause
an observable contraction. The amplitude of the contraction
will increase steadily as th.e C-T interval is pushed farther
into the relative refractory period range and the border of
the stimulation field produced by the T pulse sweeps throuqt{
the second region déscribed above. A full-sized contraction
will only be observed when the C-T interval surpasses the
relative refractory period.

The interpretat':ion of doﬁble—pulse stimulation ‘is
more complicated when the density of fibers varies from
region to region; the contribution of the various phases of
excitability will now depend on the distribution of fibers
within each region. A large proportion of neurons near the
tip will elicit a sizeable muscle contraction at C-T
intervals just greater than the absolute refractory period.
In contrast, if the largest proportion is further fram the
tip; no response will be elicited until the absolute -
refractory periods. and at least part of the relative
refractory periods are exceeded. The magnitude 7of local

Y B
potential summation will depend on the relfttive densities of

\ ‘, .
fibers in the subliminal fringe and the.suprathreshold

'
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regions. 4 \
| The detection of the remaining phases of
excitability requires .a modification of the double—~pulse
procedure and is beyond the scope of this thesis. The reader
is referred to Yeomans (1979) for a detailed explanation.

The above description of how motoneuron ,
excitability is indirectly inferred from muscle behavior is
analogous to the manner in which the excitability of first
stage reward neurons is estimated from self-stimulation. A
critical difference concerns the dependent measyre. 1In the
' above example, the output of the dependept measure is the
magrij.tude of the contraction which is readily measured by
standard transducers. 1In contrast, the relewant output is
less obvious in brain-stimulation reward studies. The
(‘question o;f how to scalel the performance of the

self—st:imulati’ng rat is discussed in the following section.

Behavioral studies. The use of pulse-pair

techniques for assessing the neurophysiological character of
central reward neurons was pioneered by Deutsch (1964). Hé

had the idea that one could indirectly derive the _

excitabi‘lity characteristics of cells activated by rewarding

brain st\imulation from changes in an animal's responsé" rate
brought about by varying the C-T interval. Three experiments
were conducted, using three different response requirements.

One of the main findings was that the range of C-T intervals

at which perforniangg_ was enhanced appeared to depend on the
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paradigm employed. '
His study was followed by estimates- of recovery
for other stimulation produced behaviors (Hawkins & Chang,
1975; Hu, 1973; Rolls, 1973; Rolls & Kelley, 19723 Schmitt,

Sander, & Karli, 1976). 1In each instance, the range of C-T

intervals over which performance increased was defined. as

the upper and lower boundaries of the refractory period.
Yeomans (1975) challenged the methods employed in
the early studies. He argued that the use of the dependent
measure as an inde:g of the rewarding impact of stimulation‘
relies on the unwarranted assumption that the level of
resgsponding is linearly related to “the total excitation in

the neural substrate. In fact, the relationship between

.response rate and the frequency of stimulation is

non-linear over a large range of frequencies. At extreme
ends of the range, floor. and ceiling effects are exhibited.
As a result, an estimate of recovery from refractoriness
based on a single frequency will be a function of this
parameter. As a demonstration of this dependency, Yeomans
collected refractory period data at nine different
frequencies and obtained nine different estimates of
recovery. No effect of.C-T interval was observed using
fr{equencies in the floor and céiling range, which correspond
to minimum and maximum response levels. This startling

finding weakens the conclusions that can be drawn from

. refractory period studies based on response rates.

"o
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A solution for obtaining more consistent measurés
of recovery was proposed by Yeomans. He suggested a
different method of scaling refractory period data. Ho}ding
the C-T interval constant, the frequency was varied and the
° response rate recorded. A family of functions relating
frequency to response rate was generated, each representing
a different C-T interval. He found that as the C-T interval
increased, the rate versus frequency curves shifted to the
left. To describe this pattern, he determined the frequency
that corresponded to a criterion level of responding for
each curve. Each of these frequenciegﬂwas then compare& to
the frequency aésociated with trains composed solely of C
pulses. In this manner, an effectiveness function was
computed. The computational formulae‘are given belﬁg.

. Yeomans's scaling procedure requires a few simple
assumptions - that response rate is monotonically related to
the total level of excitation and that the behavioral weight
of each pulse is invariant over the tested range of '
frequencies. Empirical support for these assumptions has
been reported (Gallistel, 1978; Hawkins, Roll, Puerto, &
Yeomans, 1983).

Using this method to reassess the data collected
at different frequencies, Yeomans found for the a§3:

placement, little across—subject variation in data
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1981; Rompré.& Miliaressis, 1980);

Yeomans's procedure for estimating excitability
using constant behavioral output has enjoyed many
applicétions. It has been used to document recovery from
refractoriness at a variety of brain-stimulation reward
sites (Bielajew & fouriezos, 1983; Bielajew et al., 1982;
Biélajew et al., 1983; Bielajew & Shizgal, 1982; Silva et
al., 1982; Durivage & Miliaressis, 1983; MacMillan & )
Shizgal, 1983} Schenk & Shizgal, 1982)’to characterize the
substrates for other stimulation-produced behaviors
(Miliaressis & Rompré, 1980; Rompré & Miliaressis, 1980;
Skelton & Shizgal, 1980), and finally, to dissociate £h3

rewarding effects of stimulation from stimulation escape

(Skelton & Shizgal, 1980) and exploration (Rompré &

" Miliaressis, 1980) at the same locus.

The theorefical basis‘for Yebmans's improved
scaling method is derived from a consideration of the
counter model (Gallistel, 1973; Yeomans, 1974). Impulses a¥e
generated in a "cable", which constitutes the directly
stimulated fibers underlying the rewarding effect. Elsewhere

in this thesis, I have referred to the cable as the

. "first-stage reward neurons". The postsynaptic consequences

are computed by the integrator, a mechanism that sum
signals temporally and spatially; the output of the
integrator is the reward signal. The integrator can record

the same effect from different;patterns of stimulation. For

v s . Lo . T A A,




t e

' 29
'example, given a constant train duration t&enty eeurons that
contribuee five impulses each have the same - in aet as ten
neurons that each contribute ten impulses. Provided that
performance conditions do not change, a constant behavioral
output will ensure the same integrator sighaL, even though
the values of paremeter tﬁat geeerate the signal vary. 1In
refractory period studies, the samé integrator output is
maintained at all C-T intervals by adjusting the number of
pulse pairs. gs the C-T intereal ks Qecreased, additional:
pulse pairs are added to replace firi@gs lost due to
refractoriness.

To give a nume;icel example, the refrectory-period
is deemed complete when 25 bulse pairs are behaviorally
equivalent to 50 single pulses. This indicates that_each f
pulse is as effective as each C pulse. During the absolute
refractor§ period, 50 pulse pairs should be behaviorally
equivalent to 50 siegle gulses.f This indicates that each T
pulse is completely ineffective. | ‘

The effectiveness ‘ratio scales the degree to which

the substrate has recovered from refractoriness and ranges

1y - 4

from 0 to 1. No effect of the T pulse is described by a
value of 0 and maximum effect of the T pulse is described by
a value of 1. Intermediate values reflect proportional

&
effects of the T pulse relative to the C pulse.

Significance of behavioral data. For several

reasons it is thought that the behaviorally derived

ot
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refractory period data mirror the excitability properties of
the axons beneathﬁthe electrode tip rather than the ‘
properties of heurons that receive synaptic input from the
dir?ctly stlmulatgd cells. Pirst, the curves exhibit
features thét are reminiscent of relative refractory.periods
and supernormél periods (Yeomans, 1979). Second,,the‘early
part of the curve may be influenqed by changzjjin pulse:bair
interval as little as 0.1l msec; it is unlikeX¥y that synapses

could 'be faithful to such precise temporal information.

_ Third, the entrainment phenomenon (Kocsis, Swadlow, Waxman,

& Brill, 1979)- suggests that axonal properties are being

measured. During tﬁe relative and supernormal periods,

- impulses undergo decreases and increases in conduction

velo%ity respect%%:. In sufficien‘ long axons, the

intersplke inter

~a constant 1nterval and no longer resembles the orlgxnal c-T

interval. Pourth, the behavioral data are in good agreement
with the electrophysiological determination of excitability
. N

cycles recorded at brain stimulation reward sites (Shizgal

‘et al., 1982). Taken together, the above points favor the

proposal that the behaviorally.éerived curves express the
membrane‘charactetisticé of the directly activated

substrate. 1In additiﬁq, the refracgory'period experiments
{llustrate the plausability of’the psychophysical approach
and offer credibility1ﬁo the trade}off functions relatfng

other physiological properties.

h uring, pfopagation becomes entrained to |
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Behavioral inference of anatomical linkage and conduction

velocity
. 7 ’
As stated-‘earlier, the direction experiment

-(Expe}iment 3) in this thesis required subjects with two

electrodes that activated the same set of reward-related
fibers. Accordingly, the first experiﬁeqt maﬁe use of a
procedure for drawing such anﬁtomical inferences. The
technique is bagsed on the codduction failure caused by the
collision éf orthodromie and antidromic action potentials in
an axon. It is routinely uged in electrophysiological
recording experiments to determine if the responses recorded
in the region of the soma ari;e from direct stimulation of
the axon originating in that soma.: Lucas (1913) first used
the collision procgdure go determine .the effect of alcohol’
on the conduction velocity of a known bundle of fibers. His
experiment was similar to the refractory period experiment
in the nerve-muscle preparation described above except that
instead of delivering both C and T pulses to one electrode,
the pair of pulses was split between two electrodes and the
shortest interval between pulses sufficient to elicit a
muscular contraction was mggsured. At short C-T intervals,
the orthodromic impulse generated at the electrode distal to
the muscle was cancelled by the arrival of the antidromic ¢

impulse arising from ‘the proximal site. Only the orthodromic

impulse Qenefated at the electrode closest to the muscle
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propagated without failure. A muscle contraction was

observed when the C-T interval was sufficiently long to

’bermit both orthodromic impulses to conduct to the muscle.

This occurred when the C-T interval exceeded the sum of the
conduction time between the two electrodes and the
refractory period. 1In this manne?, Lucas (1917) was able to
infer the conduction velocity of the nerve segment between
the two electrodes. ¢

' In brain-stimulation reward studies, the collision
technjique has‘been used aifferently. Shizgal et al. (1980)
reasoned that one could use the coliisi&nﬁphenomenon tg
assess the trajectory of fibers responsible for the
rewarding effect. Like Lucas's (1917) procedure, éairqlof
pulses were delivered in alternating fashion to the
ipsilateral LH and VTA electrodes. The effectiveness ofe
double-pulse stimulation was assessed by comparing the
numbér of pﬁlse pai}s required to maintain criterial:
responding to the required number of single pulses deliveréd'
via either electrode. The logic underlying the scaling was
developed 'in refractory period experiments and is described
earlier.\ Figure 2 illustrates the trade-off functions
predicted from different anatomical arrangements; each aﬁoﬂ
represents a bundle of fibers. In the top panél (Figﬁre 2a),
the electrode tibs'qre positioned at geparate points along

the same fibers; -this is similar to the situation in Lucas's

expepgment. At short delayéhbetween Cand T pulses,




Figure 2:

Relationship between alignment of

stimulation fields and collision profiles.

Tqé difference in effectiveness values ‘
between short and long C-T delays is

dépendent on the degree to which the fields
overlap. -Figure 2a represents perfect ‘
overlap, Figure 2b represents partial _ ' [

overlap, and Figure 2c represents no

overlap.
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co%}isions will occur between the'orthodromic impulses from
the electrode receiving C pulses and the antidromic impﬁlses
from the electrode receiving T pulses. As a result only the

\6rthodromic volley triggered by the T pulsé'will reach the :
synapses. As the deiay is lengthened to exceed the sum of
the cgnduction time between the C and T electrodes and the
refractory period of the fibers under the T electrode, two
volleys reach the synaptic terminals. The curve reflecting
collisioﬁ effects is drawn on the right side of Figure 2a.
At short C-T intervals, the effectiveness of double-pulse
stimulation is zero, indicating that single and double
pulses have equivalent behavioral effects. The abrupt and
mainta}ned rise in effectfveness that occurs at loﬁger G@E
intervals indicates that double-pulse stimulation is twice
as effective as single-pulse stimulation. The delay at which
the effectiveness scores increase, referred to as the
collision interval, is interpreted as the sum of the
interelectrode time and the refractory périod. Division of
the difference between the conduction time and refractory
period into the interelectrode distance Yields an estimate
of the conduction velocity.

What are the grounds for interpreting the abrupt '
change in effectiyeness as recovery from a collision block? |
First, the C-T inkerv t which recoéery from collision
begins.is much later than the earliest recovery associated

wiﬁh refractory period curves in rewarding MFB sites.
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Second, local potential summation, a phenomenon typically
cbserved at‘short C-T intervals in refractory period data is
not apparent in collision profiles. Both finding% argue
against the possibility that refractory periods, rather than
collision intervals, aPe responsible for the abrupt riée in

the double-electrode data. Third, the abrupt rise occurs at

.the same C-T interval regardless of which electrode receives

the first pulse, as expected from the bidirgctional

v

character of axonal propagation. This re;ult is not
anticipated from stimulation through electrodes in 2
synaptically linked pathways. |

Finally, in subjects demonstrating clear’
collision-like effects, a reduction in the stimulation
é§(rents and hencé, in the size of the stimulation fields,
abolishes the sharp increase in effectiveness- values,
yielding a flat trade-off function (Shizgal et al., 1980).
This suggests that the collision effect is determined by the
alignment of the electrodes in the fiber bundle. The '
probability that the same fibers are stimulated by both
electrodes decreases with the size of the stimulation
fieids. Because one of the key manipulations in the
direction test is related to this point, the relationship
between collision effects and field size is explained in
detail below.

Pigure éa depicts the ideal situatiqgn in which all

stimulated elements are common to both electrodes. 1In
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practice, the data obtained in collision studies sugge@

© Yhat only a proportion of the stimulated fibers are fired by

both electrodes. This conclusion is based on the observation

<« \

that effectiveness values for brief delays éfe always

.greater than zero. If the same population were excited by

each stimulation field, collisions of anti- and orthodromic
iméulses would occur in all members for short C-T intervals.
This does not‘apgeér tb’be the case. Preceding the'inérease
in effectiveness values, the curves typically range from 0.4
to 0.7 across subjects, suggesting that tbere are fibers not
shared gy both stimulation fields and, hence, not subject to
collision effects. An example of this is shown in Figure 2b.
Only the middle of the bundle is common to each field; since
collisions can only occur in this fraction of .the pathway, .,
the curve relating the effectiveness of stimulation to
pulse-pair interval is represented by a smaller difference
in effectiveness vglues between short and long delays.
Because of the misa;ignment of the electrodes, no fibers
that traverse both fields will be stimulated if the LH and
VTA currents are decreased sufficiently. Figure 2c
illustrates this point. Paired pulses delivered to
electrodes lo?ated in nonoveglapping portions of the same
fiber bundle yield tﬁ% function to the right of Figure lc.
Bffectiveness values remain constant through A\wide range of
delays, as the impulses elicited by the two electrodes fail

to coliide.
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This téchnique has now begn useéd to assess the
trajectories of reQard fibers courging th;éugh several )
brain-gtimulation reward sites (Bieiajéw'et al., 1982;
Bielajew & Shizgal, 1980; Bielajew & Shizgal; 1982; Silva et
al., 1982; Durivage & Miliaresgis, 1983; Schéﬁk & Shizgal,
19§2; Shizgal et al., 1980) and to dissociate reward fibers
from those mediating other stimﬁlation-producéd behaviors
(Bielajew & Shizgal, 1980; Durivage & Miliaressis, 1983).

In summary, the method just described is an

important pooi in the psychophysical characterization of the

substrate for brain-stimulation reward. Aside from

determining whether the two electrodes excite the same

first-stage neurons, the collision 'data provide estimates‘ff
conduction velocity. Since this property is strongly
correlated with fiber diameter (%wadléw & Waxman, 1978), the
caliber of thelfirst-stage reward fibers is estimated.
However, the collision technique cannot detect the
normal direction of cqnduction in these fibers becausg of
the bidirectional character of axonal propagation. Referring
té Figu 2a,b, whether electrode C or T is driven first
does t alter the time course of the collision interval. In
either case, the interelectrode conduction time and a
refractory perioa must be exceeded before impulses triggered
by both C and T pulses can conduct without failure. Ortho-
and antidromic conduction time are expected to be the same;
given that hoth electrodes stimulate a subset of the same:

o
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pqpulation, thgﬂréfractory periods ét each site are likely |
to be,similar.i Thus, the normal direction of propagation .
cannot be revealgémffom tﬁe results of double-pulse tests.
Howegefi ié\;he design of the experiment were such
that one of the electrodes served to block the conduction of
impulses generated at the other electrode, it would then be
possible to assess the normal direction of impulse' traffic.
The paradigm that incorporates this procedure is discussed
in the next®section, and forms the basis for the third and
key experiment of this thesis. *
The importance of the collision experiment is in
generating estimates of the conduction time of these

neurons; by knowing when the action potentials pass under

the downstream electrode, specific predictions may be made

* concerning when the anodal block should be effective. In

addition, the collision experiment optimizes the conditions
for the anodal block experiment by selecting those
electrodes and currents that stimulate some of the same

reward-related fibers.

Anodal block technique /

'examined the effects of currents of different polarity,

This procedure has its roots in classical
neurophysiology, originating with Pfliiger's extensive

analfsis éf'direct-current stimulation of frog muscle fibers

IESIRE T Tt

(cited in Monnier, 1970). Thevthird of Pfliger's noted laws
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"strength and direction. Most relevant to the concerns of
this thesis was the finding that muscle contraction elicited
" by cathodal stimulation of the motor nerve was ﬁﬁiminated
when the anode was placed between the cathode and the .
muscle. It appeared that the impulses generated at the
cathode were prevented from propagating past the region of
the nerve unde; the anode. In contrast, there was no
reduction of the muscle contraction when the anode and
éathode positions were reversed. ‘ .
Current entering a neuron from an anode diminishes
excitability b& hyperpolarizing the membrane. To calculate
. the magnitude of the hyperpolarization required to block
conduction, one must take'into acqount the safety factor of
the membrane. The point is illustrated in the following
example. For the -sake of simplicity an electrically linear
membrane with no threshold accommodation is assumed.
Suppose the resting potential of the membrane is
-70 mv, the threshold for excitation is -58 mv,'apd the
current arriving from an oncoming action potential is
sufficient to depolarize the membrane to -34 mv. The safety
factor refers to the ratio of the difference between the
resting potential and the threshold potential and the
difference between the resting potential and the potential
that would be achieved passively as a result of the exit of
current from an oncoming action potential.

In the normal case, an acﬁion potential would be

) e g A T s oA s - - - —
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produced as soon as the membrane potential crossed
threshold. 1In order to o?§erve the val' of -34 mv, the
immediate area from which one is record:S§ would have to be
treated with a sodium channel blocker such as tetrodotoxin *
so as to prevent the triggering of an action potential. It
{s only in the case of such a treatment that one can observe
the full passive response of the membrane to the current
supplied by an oncoming action potential.

In this example, a threshold depolarization is
only 12 m; (=70mv - (-58mv)) but.the input from the oncoming
action potent%al is sufficiént to cause a 36 mv
depolarization' (-70mv - (-34mv)). Therefore the safety
fgctor for the hypothesized axon has a value of 3. A safety
factor well over 1 ensures that minor fluctuations in
threshold do not impede impulse conduction. .

Impulses will .not conduct past a hyperpolarized
region only if the degree of hyperpolarizatioh is
gufficient. Referring back to the above example, the
gemsrane with a resting value of ~70 mv would have to be
hyperpolarized beyond:—94 mv to block conduction since the

36 mv depolarization (-70mv - (-34mv)) contributed by the

oncoming action potential would no longer suffice to bring

the membrane to its -58 mv threshold. While only 12 mv are

required to depolarize the membrane, an effective
hyperpoiarization block requires a 24 mv change ;n potential

suggesting that it is relatively easier to elicit firings

i i a2
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than it is to ptewent their polarization.

! Since Pfliiger's demonstration of electrotonic
blockade, the anodal block method has been used frequently'
to prevent propagation in selective fiber populations.
Differential blockade is achleved because large fibers, by
virtue of their greater corrduction veloc1ty, tend to be

blocked before small fibers (Accornero,' Bini, Lenzi, &

. Manfredi, 1977). Cessation of current flow through the

stimulation electrodes before the slower impulses arrive et
the anode allows impulse; propagating along the smaller
fibers to pass through the region in which the more rapidly
conducting impulses are blocked (Kuffler & Vaughn-williaﬁs,
1953)., Using variants of this procedure, myelinated axons
heve been distinguished from gnmyelinated axons andeibers
within each category have been segregated (Swett & Bourassa,
1981).
’ 'Because direct current applied for prolonéed
periods has deieterious effects in nerve, RKuffler and
Vaughn—williamg (1953)‘modif§ed the basic anodal block
procedure by using relatively brief pulse durations and
adjusting the distances between the cathoge atd anode -
accordingly. In dissected motor roots with the appropriate
nerve and muscle attachments. they placed a tgpording‘
electrode on the nerve near its entry to the muscle and a

pair of stimulating electrodes further away. When tg;?éhode

was proximal to the muscle, all impuises triggered by very

;
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short pulses propagated successfully to the muscle. When the
durations were adjusted to exceéed the time feduired for
impulses in even the slowest fibers Eo propagate from the
cathode to the anode, a total failure of conduction was

"observed. At intermed;ate durations, a graded block was -
Ebse;ved, and the magnitude of the block increased with the'
pulse duration, When the cathode lay between the anode and
the muscles, all fibers were excited irrespéctive of pulse
duration. In this manner, Kuffler and Vaughn-Williams (1955)
were able to dissociate differént groups of fibers. That is,
steady increases in the pulse duration blocked conduction in
_fibefs of increasingly smalier size,
I have described this experiment in detail because
of its gsimilarity to the design of the direction study in i-
this thesis. 1In particular, this study highlights the key
'relationships between anodal hyberpolarization block, pulse
duraéion, conduction velocity, position of anocde and‘ - -
cathode, and direction of conduction. These relationships
.are at the root of the principal experiment reported below,
Experiment 3.
The direction study in this thesis is conducted by
. applying anodal and cathodal .currents to two electrodes
positione& along a pathway in which the conduction velocity

has been estimated. The collision and refractory period

, ,Gata, collected in the first two experiments ensure that at

———

least a subset of the stimulated fibers are activated by.

e D



~f
O

D et b

NI NCe e MG W Lk e m W

e .

. .
o AR g3

-

wtested in the direction study. “These include values below

44
both'Elect;odes; these éxperiments also provide an estimate
Af the interelectrode conduction Eiﬁe in the first-stage
neurons. As‘ in the vl}u‘ffler an& Vaughn-Williams (1953) -
experiment, a series of pulse durations are tested. Only
those. durations equal to or grga%er than the intgrelecfrdde
conﬂuction time are expected to block conduction of
orthodromic action potentials generated at the cathode when
the anode is poéitioned proximal to the terminals. When this
arrangement is reye;;éd.’éhe'hyperpolarizing currént should
-have np effgpt,on thé propagation of impdlsés ﬁo the .
synapgic terminals. - By 6bserving the behavioral effects of

. [y

stimulation in these sﬁgispecific control cbnditions, the

direction of normal conduction in fibers "linking the LH and
v .

VTA is inferred. This technique was first described by
Shizgal, Bielajew, & Kiss, (1980). The next section
describes .the rationale for Ehis inference and its relation

L

to strength-duration functions. . ’ .

.Strength-duration functions

Ag stated dgove, a series of pulse durations-is

3

~
and above the interelectrode conduction time. .In order to

'asBess the effects of manipplating bulse duration, the

-

cuire?z required to sustain criterial performance at each
. ) )
.duration is determined. ; The function .that relates the

B

: . e B
strength of the current to the duration of the pulses is )

’
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called the strength~-duration function. In order to explain

how direction information is gleaned from the relationship
' t . .

Between current and duration, a brief discussion of the
relevant aspects of strenqth—duration functions is presented
below.

A typical strength~duration curve for a single_

cell is illustrated in Figure 3. There is initially a rapid |

decline in the threshold current which approacheé a minimum
value as duration is increased.

To understand why current and duration/prade off,
recall that a minimum quantity of charge must be transferred
across the c;ll membrane in order to dépolariie a cell to
thrg?hold. 1f a long period oé time is aveilable, a low rate
of charge transfer, that is, a low'cufrent, may suffice to
bring the cell membrane todthreshold. If less time is )

available, a higher current wi}l have to be)&sed. Because

the membrane behaves like & leaky integrator and not a’

'perfect integrator, the quantity of charge that must be

transferred tq produce a given depolarization increases with
thé time that the curfent has been flowing. If the rate of
chargeltransfer is too low, it will eventually be
counterbalanced by an equal and opposite leak rate and. no-

further depolarizatiSk will occur. This is the situation

3

when the curve reaches rheobase.

It is traditional to describe strength-duration

Fl

functiona in terms of two parameters - the rheobase and the

LI

AN kWY e B TV S b Bl B 0% B

o Bt T M 7 e AP

PORT R

e et S e poMR W e R

L e TRt oo A

-




JR N L S

T A e 5023 s Ao}

i s o S o S —

1
e 1 -

s N i ué
—
Figure 3: ' Theoretical strength-duration function. The
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strength of the current is plotted as a

~> function of the pulse duration.
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chronaxie. .The rheoﬁase is defined as the minimun current
required to elicit firings given aqvigéinitely long pulse-
duration. The chronaxie corfesponds to the duration‘at which

the threshold current is twice rheobase and is believed to

N\
reflect the time course of charge integration in the
_membrane. The rheobase describes' the scale of the function.
On logarithmic coordinates, functions with different —

rheobases but similar chronaxies will be parallel but
shifted vertically. In contrast, functions with different
chronaxies and similar rheobase values will have different
shapes. That is, the same horizontal asymptote will be -
reached but at different durations. Fﬁnctions with shorter
chronaxies will be more inflected than f@pctions with ionger
chronaxies. '

The function that best ﬁescribes this curve for
single units has ;een found to bg exponential in some cases,ﬁ
and hyperbolic in Sthers (Matthews, 1558). The reader is .
.referred to Noble and'Steiﬁ (1966) for an explanation of the
factors that influence the shape of the strength-duration
function.

?ppulations of neurons can also be characterized
by their strength-duration properties. To understand the
populatioh function, the relationship between current,
duration, and field size must be recognized. When an
electrode stimulates a bundle of equally excitable cells,
elements near the electrode tip will be fired by smaller

v
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. currents than cells further from the tip. As th? cu;gegt
’?ncreases, the location at which current densi%} is
suprathreshold is pushed farther away from the /tip (Ranck,
1975) . . \
| During the delivery of a stimulation pulse, cells '
_ near th.e tip will fire earlier than cells further from the
tip. This is so because the rate at which the membrane A
potential changes, and hence the speed with which the \
threshold is attained, is dependent on the current density
which in iurn depends on the ‘dis‘tance from the electrode
tip. It follows from this that with current he‘l constant,
increases in duration produce concomitant increa;ses jn the
size of the stimulation field. Therefore, the longer the
, . duration the more time available for the cells in the r;egion

of low current density, the neurons distant from the tip, to

reach threshold. Because both current and duration can

increase field size, thes.e parameters can be traded off.

High currents and shor.jt durations have effects similar to ‘

low currents and long durations. By adjusting the pair of
values, the region excited by the electrode can be held ‘
constant.

‘ / Utilization-time, which refers to the time between

the onset of a stimulation pulse and the triggering of an

action potential, is dependent on the spatial relationship
between theé cell and the electrqde f.ip. Cells close to the

tip will have a shorter utilization time than cells far from
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the tip. This concept has’ ifaportant implications for the
interpretation of the third experiment.
In Experiment 3 of this thesis, the direction of
normal conduction is inferred from the shape of

strength~duration functions. When the anode is positioned

between the cathode and the synaptic terminals, the increase

in current necessary to compensate for firings lost due to
conduétion failure in the hyperpolarized region should force
the resulting strength-duration function to decline less
rapidly at long pulse durations than might be expected if
the anode were positioned elsewhere. The blocked region can
be imagined as a "hole"™ in the field; in order to replace
;he'COntents of "the blocked region, neurons on the fringes
of the field must be recruited. As a result, the end of the
strength-duration function will be pulled up towaras higher
currents.

In order to compare the éffects of anode location,

strength-duration curves are obtained under conditions in

“which 1) the anode and cathode are both depth electrodes and

2) the cathode is a depth electrode and the anode is a set
of skull screws.

Because the anodal block should only be effective
when positioned between the cathode and the terminals, oney
miéht reason that a moreqexﬁedient manner in which to assess
the direction of conduction is to compare the two 4

strength-duration functions derived from passing currents

e
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through depth electrodes alone. When the anode is between

the somata and the cathode, the impulses triggered at the
cathode can propégate unhindered to the synapses, Only the
function obtained from stimulating with the anodé’between

the cathode and the synapses will be pulled up at long
durations.

@

One reason that the comparison of
strength-duration curves obtained from pairs of dgpth
,electrodes may be misleading is because the first-stage
neurons activated at each site may not have identical
strength-duration properties. Aléhough the subset of
elements common to each site are expected to have similar
strength—-duration characteristics, the remainder may not. To
avoid this confound, the strength-duration curves obtained
with a given depth electrode as the cathode and a second

depth electrode as the anode is compared to the

strength~-duration curve obtained with the same depth

.

electrode as the cathode but the skull screws as the anode.

If the tip of the cathode is the only source of stimulation,

then the\@gproné excited ip these two conditions should be
A (O
af

very simi . Moreover, the demonstration that the shape of

the stréngﬁh-duration function is independent of the angle

of currentkflow Suggests that the above comparisonsis a
i ¢ :

]
Rushton (1927) demonstrated that the angle at which current

passed thré'gh the nerve had no effect on chronaxie
[ '?\ )
!

! . | )
{

valid one.\iIn éhe toad sartorius nerve-muscle preparation,
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measurements, although rheob.ase changed greatly. Thus, in
the direction test, differences in the shape of the

strength-duration functions obtained with a given depth

éelectrode as the cathode and either the second depth

electrode or the skull screws as the anode should not be due
to the different\angles of current flow. Rather, shape
differences are expected .to be due to the presence or .
absence of an anodal block between the cathode and the
synaptic terminals of the first-stage neurons.

To explain how the direction-of ‘normal conduction
is inferred from the shape of strengfh—duration functions
obtained from stimulation with different electr:)z\e“
conf~igurations, I will re%er ;.o F"igure 4 which illustrates
three examples.

By comparing the strength-duration functions .
obtained from stimulation with the cathode and anode as
either the depth electrodes or one depth electrode and the
skull screws, the examples ‘(fistinguish two cases that woulé
be confounded if strength-duration curves obtained from
stimulation through depth electrodes alone were the basis of
comparison. These are illustrated in Example 1 in which
thgre is no effective block and Example 3 in which equally
weighted subpopu.‘!.ations of ascending and deséending fibers
are repre:;:ented.

In the first example, the two electrodes are

located in sep&rate fiber bundles or in non-overla\pb\mg

[T SUNOEPRPRL U R . - e
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Figure 4:' Explanation of anode-block procedure. The . ;
relationship between the anode and 'the
cathode positions influences the shape of the *
strength-duration functions. The curves on f

) the riéht are grouped to illustrate the key
comparison - ;rhen either two depth el'ectrodes‘
or one depth electrode and a skull-screw

serve as the cathode and the anode.
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- portions,of the same fiber bundle. Either arrangement should .

produce«similar results., The graphs to the right of the
drawing plot the predlc?eq trade-off functions when
diféerent pulse durations are tested using two depth
electrode\s or one depth electrode and the skull-screws. _
Because the electrode tips in Example 1 are
misaligned,‘the hyperpolarization block induced by one
electrode should not block the impulses triggereé by the
other. The outcome is similar for the skull-screw condition
except that the entering current, spread over a large
surface area, should produce little or no block in any of
the neurons. Thus, the strength*durétion functionsd obtained
in Example-~1l from the stimulation conditions in whiéh depth

°

electrodes serve as the anode and cathode should be
]

L

identical in shape to their skull-screw comparisons o

(Examples la,b).
In Example 2 both electrodes are located at

different sites along the same axon bunéle; the parallel

-curves in Figure 2a would be produced by using Y as the

cathode. Even when X serves as the anode aﬂd the pulse
duration exceeds the intereiectrode conduction time, onlg
the antidromic impulses generated at Y will be blocked. The
orthodromic impulses will be unaffected by the anodal block
at 'X. Hence, the number of signals that reach the relevant
synapses ‘is tﬁe same regardless of the stimulation

condition; as such, par&llel strength-duration functions. are

>N
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expected in Example 2a. |
To produce the curves in Example 2b, the positions

of the cathode and anode are reversed so that the -
hyperpolarizgtion occurs at Y, proximal to the terminals. At
short: pulse durations, the membrane potentiai in the region
under Y will have returned to its resting value before the
arrival of the o}thodroﬁic impulses from X, and a block is
not predicﬁed. Pulse durations qreater than the :
interelectrode conduction time should reduce the number of
action potentials propagating across the region
hypeipolarized bg electrode Y. Current entering at the skull
‘sgrews should not impede cond?ction of drthodromic impulses
triggered at X, because.this current will be extrémely
diffuse once it has spread out to the area in whiéﬁ it
enéers the stimulated cells. Thus the shape of the
streégth-duration function will only be affected by the .
curreﬁt entering at the depth electrode (Y). The curveées in
Example 2b should be parallel until the pulse duration
approaches the interelectrode condqction time; at longer
values an upward deflection should be observed in the cuéve.
In contrast, the functions obtained from the configuraéion

in Examples la,b,and 2a are expected to be parallel over

their entire ranges. The direction of normal conduction will >

" be inferred in Experiment 3 from the anode and cathode
4

positions that obey the predictiéns described in Examples 1,

2, and 3 in Pigure 4.
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- In Example 3, someé orthodromic impulses will be .
blocked regardléss of which electrode serves as the anode. \‘

- As a result, the curves in E:xam’ples ‘3a,b will resemble the k
curves in Example 2a. ) i -
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EXPERIMENT 1  /

-

The main purpose of this experimént was to

determine if reward-related fibers directly link LH and VTA /

self-stimulation sites. A reqﬁirement for inclusion in the /“"

direction study (Experiment 3§ was a sizeable and consistent

collision-like effect. It was predicted that the direction

of normal conduction would be revealed in Experiment 3 only
if the current enter;ng through- the anode hyperpolarized
some of the same flbers that were depolarized by the current '
exiting through the cathode.

Because inte—relectx.;ode conduction (.timeé can be
est_imaﬁed by subtrécting the refract‘ory' p;eriod estimates in
Experiment 2 from the collision intervals obtained in this
experiment, a second prediction could be tested; the
difection test should yield positive results only when the
duration of hyperpolarizi'ng pulses 'ié equal to or greater'

tharf the conduction time between electrodes. An additional

aim of this study was to increase the sample of corduction
‘ﬂ

‘velocity,estimates for MFB reward fibers. It was hoped that

by adding more subjects to the ex:.stlng pool ef ten, the-

co‘ﬁduction velocity measures would begin to cluster around a
/s

central value (Bielajew & Shizgal, 1982; Shizgal et al.,
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Subjects and surgery

Male hooded rats of ‘the Long Evans sgrain

" (Canadian Breediﬁg Farms & Laboratories) weighing from

\

300-450 g, were separafély housed in wire-mesh or‘plastic
,cages, and méinta%ned on a 12 hr light/dark cycle. Food and
water were available freely. Prior to surgery, the animals

N ' “‘ B .
were anaesthetized with sodium pentobarbital (60 mg/kg
i.p.). Using standard ;tereotaxic procedures, electrodes

@

were aimed at the ipsilateral LH and VTA. With the incisor

. bar set at 5.0 mm above the interaural line, the following

. coordinates werg used: LH - 0.4 mm behind bregma, 1.7 mm
lateral to Ehe sagittal suture, and 7.5 - 8.0 mm below the
dura; VTA - 3.3 mm bhhiﬁd bregma, 0.7 mm iateral to the
sagittal suture, and - 7.5 - 8.0 mm below the dura.

Electrodes were fashioned from 254 pm stainless

steel wire insulated with Pormvar to within roughly 0.25 mm
of the rounded tip. A fine stainless steel wire wrapéed
around four stainless steel anchoring screws served as the
anode. The screws straddled the sagittal suture; two were
iocated anterior tobbregma and the remaining two were

located near lambda. The entire assembly was secured to the

skull with dental cement,

g
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| The test box, 25 cm wide, 25 cm deep, and 70cm

- ¢

-high, was constructed of Plexiglas, and was fitted with a

.grid floor. . A Lehigh Valley rodent lever protruded into the
lower right corner of the left wall jabout 6 cm apove the ©
floor. ' ‘ '

Y Stimulatdian consisted of 0.5 sec trains of. .
monopolaé:”rectangular, cathodal- pulses, 0 ; msec in
duration. The temporal parameters of thé stimulation were g Y
controlled by\integrated_c1;cuit pulse generators and the
amplitude:was controlled by dual constant-current amplifiers Y
(Mundl, 195%). Ih the absence‘of a pulse on either ehannel
ot the: dual constant-csrrent amplifieé,‘the outputs of each
,channel,were.shorted through ik resistors, to préyenf - ' -
polar;;gtion at e@ither of tge electrode tips. Stimulation
parameters were continunally monitored on an osciiloscoﬂe by R
reading the voltage drop across a 1k prec1sion resistor in.. = . ;
series with the rat. Perlodically during a test session, the
voltage drop acrogs the rat and the precision‘reslstorewas
noted, and the impedence of the elgctrode brain interface
computed. ) _ ‘ R v .

. During testing, the animais' behavior was observed

-5

constantly; backggound noise’was provided by CBC radio.
- A Ve !
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Procedure

s Y

post-operative recovery period of 2-3 days, each subject was

screened for self-stimuiatien. Animals that could not be

LN

quickly sheped to the'lever for current values not greater

than 400 pA at each electrode and those.that did not ‘achieve

P
rates of at least 30 presses per minute were discarded from

the qtuuy.

Self-stimulation of each electrode site was
\stabilized using the following procedure. Starting with the
-parameters found to support high rates of responding, the
current was held constant K and the number of pulses was
reduced by 0.1 légl0 steps afrer.euery trial until .response
rates near zero were observeu. A 15 sec pause separared the

30.sec trials. This procedure was repeated until the number

of pulses required to sustain a half-maximal rate of lever

L3

g preesing (hereafter referred to as the "required number"™)

did not vary by more than 0.1 log,, units across five
determinations. . Generally three sessions were required to

attain the stability qriterion. ' .

o

»

‘ceilision test.” The collisioh test consists Of a

series of determinations of the required number of single or
&ouble»pulses. The relatidnship betweenua train of sinqle
and double pulses is illustrated in Figure 5. A train of
single pulses in Figure 5a with .a constant C-Q interval '
(pe;ipd; is converted to a train ef double pulsee'(Figure

4 -

£
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Figure 5: , An illustration of the relationship between
C the single- and double-pulse conditions. (a)

Trains 8f single pulses (C pulsés) are

presénted. Sipce the train duration is
always held constant, there is a reciprocal
relationship between the number of pulses
and the interval between pilses (C-C :
. “interval).: (b) Fof the doub;e—pulsé

' condition, each C pulse is fdllowed by a T

pulse of the same amplitude.

°%
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(a) SINGLE-PULSE CONDNJON
C PULSES o

l— - o ) : L SR d
¢—=C-C= /

(b) DOUBLE-PULSE CONDITION
C&T PULSES

cC_T C T C T C_ T cC_ T

—C-C—
«CT ’ 3
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Sb) by inserting a T pulse within each period. . The C-T
interval is always equal to or less than one-half the C-C
interval. Each doublé-pulse train ends at the offset of the
T pulse. |

At the beginning of each session, a brief warm-up
was conducted; using the intensities at which collision data
Wﬁ?é collected, thé fequ%red number of single pulses was
determined at each site. The experiment proper was then
begun. | '

A typical test session consisted of a series pf
required-number determinations. The required number of

single pulsés was assessed at the beginning and end of the

4

"test as well as after every four determinations of the

required number of double pulses. 1In the antegior-postefior

test, the C pulses were delivered to the LH and the T pulses

were delivered to the VTA; this order was reversed in the

posterior-anterior test. About 12 C-T intervals, ranging

from 0.1 to 10 msec, were tested in a random order. Each l

determination of the required number of double pulses was

based on a differ;nt C-T interval. By repeatedly determining
the required number of single pulses, it was possib;e to
detect fatigue or sensitization effects. A session was
discontinued and the stabilization proceduré repeated if the
required number of single pulses varied more th#h 0.1 log10
units overall. ) e

The collision tests were conducted 2-5 times per
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. subject and interdigitated with the refractory period tests

- in Experiment 2.

P&lot collision tests. The purpose of these pilot

tests was t% quickly predict whether the two stimulation
fieldslweée sufficiently large and well-aligned to;activate
some of thg same reward-rerated fibers. These tests served
to cﬂoose opé}mal current values and to screen out subjects
in which the Electrodes appeared to be too misaligned. Since
the experimenéal procedure was extremely time consuming, an
initial screening. procedure was essential. - |
Following stabilization sessions, pilot collision
tests were conducted at three pairs of LH and VTA intengity
values, Two C-T intervals were tested, 0.5 afid 5.0 msec. In
our experience with these stimulation sites (Bielajew &
Shizgai, 1982; shizgal et al., 1980), the abrupt change in
effect;veness that has been interpreted as a collision block
has been observed‘only at C-T intervals less than 2.5 msec.
If this interpretation is correct, a difference in the |
required-number values for short and long C-T intervals is a

predictor of the existence and magnitude of the blocking

~effect. More ;:}hp pairs are required at short than at long

C-T intefvals in oréer to compensate for firings lost due to -

collision. If, after 10 determinations of the required
number at each C-T interval, there was no clear difference
in the required number of double pulses, the intensity at

. each sité‘was raised, performance restabilized, and the

= e akiws Anidak AW aren -
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pilot test repeated. This procedure was repeated until
either a collision-like effect was observed or the
compliance voltage of the constant-current stimulator was _
exceeded. The latter usually occurred at currents well above

1

1200 ua.

Data format. The effectiveness of double~pulse
7
stimulation was computed using the following formula

-3

(Shizgal et al., 1980): .
;

.

E =((RNSPL/RNC_T) - 1)/(RNSPL/RNSPH)

where E = effectiveness of déuble-pulse stimulation,
RNSPL = lower of the two single—electrode
required-number values,
RNC-T = required number of pulse pairs,
RNgpy = higher of the two single-elecérode

required number values. -

This formula is equivalent to Yeomans's (1979) effect;veneés
equation for pulses of unequal amplitude, and was used to
correct for inequalities in the'reqqired number of single
pulses at each placement. The electrode yielding’the higher

required number cantributes less to the .total effectiveness

of a train of double pulses than does the electrode with the

lower required number. The above formula compensates for

between electrode Jggfferences in the required number by
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scaling the Eﬁfectiveness value accordingly. When .the LH and
ﬁ"VTA yield i&enticq} required-number values,.the fraction on
the right reduces to 1 and the formula is the same as that
used in the refractory period study (see Engriment 2). )
Histology. When all experiments wege gompleted, . L
the animals were injected intfaperitoneally with a lethal B
dose of sodium pentobaréigal and perfused intracardially
with physiological saline followed by 10% formalin. The
heads were removed and placed in a stereotaxic in order to
remove the electrode assembly. This was done by carefully
drilling throggh the bone surrounding the dental acrylic cap | ;
which could then be easily lifted off the skull without
disturbing the electrode tips. The distance between the tips {
was measured with a microﬁeter.
The brains were removed from the skull and placed ;
in 10% formalin for at least 24 hr. They were then frozen
and sliced into 40 pm sections that were later stained with
thionin. The Pellegr;no, Pellegrino, and Cushman (1981) .
atlas was used as a reference in locating the electrode

#
p}ps.

> - Results and Discussion

AR et e 2 bk - e Sie

Histology
The location of the electrode tips is shown in

A ,
Figure 6 with the anterior placements on the left and the

= - Metaasd B R e P
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Figure 6:
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.
N
B

“ Tracing of pertinent sections from the

Pellegrino et al. (1979) atlas. The filled

circles indicate the location of the

electrode tips. The atlas plate numbers
appearing at the tqﬁ of each section refer
to the distance (mm) of the section from
bregma. The alphanumeric located between
each pair of sections refers to the idehtiﬁy
of the subject. The énteriof and poéterior
placements are to whe left and right of the

subjects respectively.

Y
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_ posterior placemenﬁﬁ on the right. The drawihgs are tracings

»

of the atlas plates (Pellegrido et al., 1981) that best
correspond té the sections conéaining the electrode tip
tfacks. Histology is not available for subject D=-2. Ail
anterior and posterior Qlacementé were found to be in the LH
and VTA respectively. Thi%VTA electrodes appeared to be

just rostral to the intended target while the

set begide the anterior placement of M~-20 due to uncertainly

as to the position of that electrode tip.
‘ .

*

Pilot collision data

¢ Bl b

Of the 65 animals prepared for-this q}dﬁy, 30

ﬁassed'the initial screening criteria for inélusion in the

experiment. 0f>these, 6niy five demonstrated a clear

' collision-llkepeffect in pilot testihg. With one exception

Q

~

(SL-19), subjects tbat failed to demonstrate collision-like
effects were excluded from the ;emaiqder of the experiment.,

In all but one case (D=29), the inténsities
required to observe a collision ‘effect were rather high, (see
Table 1) at leﬁst in the LY, suggéstiﬂg that the failure to
'Abserve #ollibion at lower intensities was due Eo a

misalignment of the electrodes in the bundle of * = ~

*

-electrode tips lay closer to the midline. A quést;on ﬁark is .

e e
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reward-related fibers. In the subjects th){'f&iled the pilot

@

.collision test, the misaiignment msy havé,}een too great to
¢ be corrected by raising the stimulation intensities to the

"limits imposed by the constant—qurrent amplifiers. n

¥

“a

v Adjustment qf: the’ coordinates may imprOVe the low success | 5J

~

rate. Using one fixed and one moveable electgode aimeq.at
‘the.LH and VTA, Durivage and Miliaressis (1983) report.
colligton effects in 50% cf‘their animals.

’

4 "
Collision data ( I
. P .

The results of the AP and PA tests are presented

. ‘ | ' . e 4
A - ) . fﬁ

3

3 ' , in Pigure 7. kn three subjects (D-34, D-29, and D-6), -data

were~obtained using two différent pairs of intensities. The

. higher intensity resdlts are shown in Figure 7a, ¢, e. For

4

the same subjects, the lower intensity,results ere shown in ¢

Figure 7b,, 4, f. '&On the ri%ht side of the figure are the
. data from -those subjects tested at only one pair of

intensity values (Figure 79, h, i¥. R

. ‘The findings in Figure 7a, ¢, e, n, i, "match
earlier reports of collision—like effects (Bieiajew & .r;
Shizgal, 1982; snfagal et al., 1980). At a critical C-T %(\%
interval, effectiveness Values abruptly rise and remain
constant at longer c-T intervals. The C-T inteifhl just levk
than the one associated-with ythe sudden increase in {‘
effectiveness is defined as the collision interval and is

interpreted as the sum of the interégbctrode condnction time

<
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Pigure -7: " The results 6f €he collision tests for each

. ‘ subject. The effectiveness of paired-pulse !
1 ' . i ! - .
stimulation is plotted as a function of C-T _; €
o )
' interval. 1In the anterior-posterdor - -

. . condition (filled circles) the C pulse was ’ A s

1] e )
. deliv;iiéx;o the LH and the T pulse was
) v

, P delive d to the VTA; in the
N | " posterior-anterior condition (open circles) -

L
-

. - . this order was reversed. The alphanumeric - i
| . | SR appearihg either intthe center 'of a pair. of q,/
| R . Lboxes or in the.top/left corner of a box ) . l
| X@entifies tbe”subjgct. A pair of boxesy 'f S
* indieates Fhat»tésts were conducted a&‘twp ¢ )
o | : " pairs of currents. The high and low current . . #
‘ results appear.in the left and'right’boxés’ .l ‘

respectivély; - A S . . & *

.
) , . .
4_/‘ w . hd * . "‘ t\. i -
’ hd ) . v

N
\
s

B ol e e

~
&

L

»
-
R

L




(oosw)IVAMILINI L-0 -
21 6 2?%016.21'¢2 oS 2 ‘
I | ] | 1

J A o P Frod P
M »
8
-~
-
&
‘
¥
-
k2]
i -

2 = = o st o g © e e : - ntar gurane o S e o v o
N PUUPRN et Nt e b T+ 8 a7 ot o o smr e e S < AR o ot S - A I e E -
giﬂw\ﬂ{%f.«ﬂ%Stt«% e B mankd g . . . i N . ’

) "



) 75
and the‘;efractory period. At these and shdrter c-T
intefvais it appearg that the conduction failure caused by
the collisions of antidromic a&ﬁ orthodromic impulses in

axons that course through both stimulation fields reduce the

‘ effectiveness of the stimulation train. When the delay

between pulses is lengthened beyond these intervals, it
appears that orthodromic impulses. generated by each pulse
propagate without interfeéence, increasing the behavioral
effectiveness of the stimulation train. The data in Figure
7a, ¢, e, h) i are consistent with the notion tgat there is
overlap in the sets of reward-related fibers activated by

A
the LH and VTA electrodes. Given the similarity of the

. collision profiles when the order of preééntation of Cand T

4 4

pulses is reversed, more complicated anatomical arrangements

are less likely (Shizgal et al., 1980).
In Flgure 7b, 4, £, the functions obtained using
lower current intensities are relatively flat, showing no

systematic change in effectiveness as C-T interval

increases. In addition, both anterior-posterior and

.:posterior—anterior tests yield similar results. Because,

- ]

inereases in current intensity\itnthq same sites produced -
the typical step-~like profile associated with two-electrode

stimulation of the sameé axon bundle, the simplest

" explanatibtn for the flat lines in Figure 7b, 4, £, is that-
the smaller stimulation fields were too small to activate

)

.: !\

the same reward-related fibers at both stimulation_sites.
+ ' A )

"
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The curve in Figure 7g is an example of a case

where even the largest qurrent peﬁnissable by the stimulatdr
failed to produce a consistent collision effect. Because aﬁ
effect was’ observed in two of five replications and a flat
line in the remaining%thrée sessions, the average
effectiveness curve in Figure 7g appears to risgse steadily, a
trend seen in none of the individual curves. Perhap§ changés
in local conditions at the electrdde tips altered the shape

of the LH and VTA stimulation fields across sessions.

Conduction velocity estimates

. ‘ : T
Dividing the interelettrode distance by the
conduction time, the difference between the collision

interval and the refractory period, yielded conduction

) velocity'measures (refractory periods were evaluated in the

® . ' o~
second experiment). . ) *\

Table 1 lists the values of current intensity for

each electrode, interelectrode distance, collisioft interval,

refractory period estimate, conduction time, and conduction

A

velo%}ty. ‘Recall that conductionhvelocity cannot be
estimated in the subjects or intensity conditions tha§~did
not yield.a collision effeét.

The conduction velocities -computed from five

subjects in this study rande frém 1.5 to 4.3 m/sec.- Two of

_these estimates (D=2, 1.5 m/sec and M~20, 3.75 m/sec) have

been'feported earlier (Bielajew & Shizgal, 1982)¢ The new

i

r
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range falls within the range previously regprted,ml.u yo 7.8
m/éec. The %dditio\ﬁgf thr%e estimates from this experiment , v
has had little effectpn the distribution. When the
estimateS from this studf and twg pfeviéu; studies are
_pooled, the mediah conduction zflocity estimate is 3.8
m/sec. ’ ) .
gihce the slopes of the functions representing'
recovery from collision and4refractoriness (see Figure 8)
are not parallel, the choice of criteria for recovery in
double-pulse tests infiuences the resulting measures of -
conduction velocity. The range of C-T intervals ové? which
recovery is observed id collision tests is usually much
éhortér than that reported in refractory periéd data. As a I
result, the estimates of conduction véibcity will depend Qn
. the choice of a criteria for recovery in the single and .
double-electrod?’tests. In‘this study, the estimates were
based on the C-T interval just preceding recovery from
collision andﬂthe’minimuﬁ effectivenéss value in refractory ‘
period curves. This strategy biases the’conduction velocity L
estimates towards lower values but is consistent with the ’ . %
procedure-us;g~in earlier reports (Bielajew & .Shizgal, 1982; %
Shiz§a1 et ai;, 1980). ) t
One o% the chief concerns of these previous
s§udies was to compare the behavigrally derivgd rates of -

conduction to those obtained in erectgophysiblogical

récording studies of manoamingrgic neurons (Dalsass et al.,

»
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1978; Feltz & Albe-Fessard, 1972; German et al., 1980;
\59yenet & Aghajanian, 1978; Maeda & Mogenson, 1980; Takigawa
& ﬂoéenson; 1977; Yim & Mogenson, 1980). It was important

for us ‘to estimaﬁg conduction veloc§t§ in the most
conservative possible manner in order to make more
meaningfgl any differences between our behaviouraliy degived)

estimates and the low values obtained S
»

] electrophysiologically. So that the values computed here

COuid be added to the conduction velocity estimates obtained
earlier, the criterion for recovery chosen by Bielajew and
Sh;zgal (1982) and Shizgal éi al. (1980) was employed..
Because the'conductioﬂ velocity measures are minimized by .
this procedure, they provide a lower limit for MFB reward
nelurons. Values similar to the Hiéhe} estimates in Table 1 '
have recehtly been reported from another labor;tory
(Durivage & Miliaressis, 1983).

'Por purposes of the direction study, the more
critical data in Table 1 a%e the interelectrode conduction
times which range from ois to '2.15 msec acrossa_subjects.
These values sﬁ?uld be related to the shortest pﬁlse\
durations at wﬁich anodal block is.observed; Tgﬁs predictionf

isftested in the third experiment.
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. EXPERIMENT 2

’ The collision interval obtained for each of five
subjects in'the first expefiment is the.sum of the Ta
interelectrode conduction time and the refrac;ory period.
Experiment 2 was‘designed primérily to pfovide a

_ within-gubject estimate of the latter so that individual: ‘ d Z
interelectrode conduction times could be computed and used ’ ;
to predig} the onset of the hyperpolarization block in the
third experiment. A second objective wagsfto ébtain

'-individual est}mates of recovery from refractoriness in'MFB

" reward neurons, especially at the level of the VIaA; while '
the refractory pe;iods of neurons involved in
self-stimulation of the LE have\S;en well documented
(Bielajew et al., 1982; Rompré & Miliaressis, 1980; Schenk &
Shizgal, 1982; Yeomans, 1975; 1979), relatively few VTA
placements have been examined in this respect (Bielajew et
al., 1982; Bielajew & Shizgal, 1982). Finally, the design of
ﬁhg experiment was such that ;he dependence of the recovery

curves on current and on the level of the MFB at which the

electrode tip lay could be assessed.

v
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The reader interested mainly in the findings
. related to the direction experiment (Experiment 3) can skip
-all of the method section after Data Format and all.of the \
Results and Discussion section after Refractory Period Data. ‘\\\~T> i
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Method . 4

Subiects .
The su'b;'gﬂc_tuid currents were the same as in

' ‘Experiment 1.

[

Procedure

} The procedure was analogous to that employed in
Exp.eri'inent 1 except that in the double-pulse conditions,
both‘pulses were delivered to the same electrode. gefractory
period tests were conducted at both high and low currents in
subjects D-34 and D-6, the pairs of LH and VTA currents were
the sa.tr&e as thoée employed .’i.jn Experiment 1_. In the case oQE

D~29, the lower pair of intensities (LH-450 uA, VTA-450 pA)
*‘was not tested in i:hié paradig'm. The LH and VTA x‘zefractory

period tests were interdig'itated‘ with the ante’fior-péatefior

%

and post?rior-anterior collision tests and were replicated
2-5 times across subjécts.‘ : 3

Data format. The effectiveness of the T pulse was

‘assessed by the following formula (Yeomaiié;\l.?{s) to which

~)
. the formula used in the first experiment reduces when equa;tl

sized pulses are applied to a single electrode: . -
.

N

~ B = (RNgpfRN._q) - 1

1t
-

here  E = the effectiveness of the T pulses,

s
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RNSP = the session avera;;e of the requiréd number
of single pulses,
RNo_p = the required number of double-pulse pairs
for a given C-T interval.

Data analysis-asymptote test. The effectiveness

values were plotted as a function of C-T. interval. At short

pulse-pair intervals, effectiveness values generally decline

. due to decay of local potential summation (Yéomans et al.,

1979); at MFB placements a mi{ximum is reached at about 0.4
to 0.6 msec. There. i‘s a gradual increase in effectiveness&‘ at
puise-—pair intervals beyond these values ulually reacﬁing
80% of resting levels or more;' Smaller, more gradual

increases in effectiveness are sometimes seen at longer

"delays.

Becaugse recovery from refractoriness tends to be
gradual with no abrupt end, a visual assessment of the time
course of recovery is not i;ieal. Consequently, a rule of -
thumb was devised so as to provide a cons'istent procedure
for estimating the time course of recovery. The point after
which little or no increase in effectiveness can be detected
by this test is asst.imeci to corréspond'to complete recovery

from g;efractoriness. Hereafter, this test will be referred

to 'as the asymptote test.
The assumption underlying the test is that

, ze'covery‘ from refractoriness 'is complete when the curves

stabilize at a platéau beyond which little change in the

~

— - s

-

;
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curve is observed. The test starts at the longest C-T
interval .toocontribute to the ‘plateau and moves towards
shorter C-T intervals until a point is detected at which the
recovery curve slopes downward. ‘This point is defined as the
end oﬁ the refractory éeriod. ' ‘

The test is performed as follows: If the standard
error abo_ut the mean effectiveness vaj.ug associated with the
longest C-T inte;'val overlaps the standard error about the
mean effectiveness value for the next shortest C-T
intervals, all values that ?ntribute to the two means are
popled, and a new mean and standard error are computed. The
new standard error is then compared to the standard error
about the next shortest C-T interval. If they overlap, the
procedure of pooling andcomparing is continued until a

standard error algof&. the mean effectiveness value associated

with a particular C-T interval fails to overlap the standard

error about the mean of the pooled values. This valype is .
considered to be below the plateau and the next longest C-T

i'nterval is defined as the end of the refractory period.

Data analysis-transformation procedure. As stated
earlier, one purpose of this study was to determine if there
are differences in the time course of rec&’fry from

refractoriness both within and across stimulation sites.

. However, because the slope.of recovery functions can be

influenced by local potential summation and by what appear

to be problems with ‘the scalin_g method, it was neqessary to

3
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first normalize the curves before worthwhile comparisons.‘ ‘
could be made.

The factors that-affect the shape of the

~ refractory period curves include the amount of local

potential summation and the asymptote or maximum %

4

effectiveness val&e. A substantial local potential summatiqn;'
contribution forces a curve to begin its ascent'at {
effectiveness values greatef than 0; this is likely due to
incomplete decay of 1oca1 potentials at C-T intervals
corresponding to the enﬁ)of the absolute tefractory period

of all relevant neurons ‘(Yeomans et al., 1979). A peculiar e

. and not understood characteristic of the curlves obtained at

- {
MFB sites is that they often level off at effectiveness

vallues much less than 1.0, thereby reducing the slope of thé
curve, Thus, even though the rising portions of two curves - .
may beginﬂand end at the same C-T intervals, the curve with -
no local potential summation contribution and a maximum
effectiveness value close to 1.0 will have a steeper slope‘
than a curve with a large local potential summation effect
and a maximum effectiveness value well below 1.0. The
transformation procedure outlined below\(Bielajew et al.,

1981) is designed to cancel these effects by forcing the \

recovery curves to span effectiveness values between 0 and

. 1. Only the rising portion of the curve is subject to

transfoqmationi the: C-T interval corresponding to the.

minimum effectiveness value and the C-T interval at which

B
i / - ’ h
- [T - ,
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. the curve approaches asymptote (as determined by the

asymptote test) comprise the upper and lower bounds of the
transformed portion. The effectiveness values associated '
with.C-T tntervals falling on the line forming the rising

portioh were transformed by the formula:

f
: Etraqsformed = (Ecop = Emin)/(Easymptote T,Emin)

*

where E = T-pulse effectiveness values

transformed
adjusted to span E values

between 0 and 1,

EC-T = the E value before transformation for a

1 — e —_—— T

given C-T interval,

Bin * the lowest E value obtained,
Easymptot; = the maximum E value correspoqding to

the C-T interval at which the curve
approaches asymptote.

One problem with this procedure is that it

; excludes the contribution, if any,/of neurons with very
-short refractory periods, that is,) those that begin to,

"recover before minimum effectiveness values are observed.

The results of previous experiments (Yeomans et al., 1979)

predict that this error will be small. ; -

4 ¢

il




- 85
. Results and Discussion - . ~

K] Ed

\ I. Refractory period data . - : ‘ .

o

. The untransformed refractory period results appear
in Figuré’s The top half of the figure (a-d) represents the /
LH and VTA profiles for the’ subjects_tested at two intensity. -

values;‘tﬁe bottom half (e-h) represents the LB and VTA

4

profiles for the. remaining subjects in which each electrode

— ©

was tested at a single intensity. . ‘ :

~ » .
, The behaviorally derived refractory period ; .
funcrions resemble axonal egcitebilityrchanges. " In mést °
cases, local potential summetion¢contributiéns are evident
at the shortest C-T integvals (0.15, and 0.2 msec); at .
slightly longer durations (0 4 and 0 6 msec), the near 0
effectiveneés values suggest that all reward-related Qeurons
w}rhin the effective stimulation field are refractpry to the °
T pulse. Thereafter, effectiveness: values gradually increase
and begin to levéT“bff at C-T intervals‘between 1.0 and 3. 5 ) -
msec. At the lqngest C-T intervals, there is atsuggestion of
additional recovery.in only one case, high intensity
‘stimulation of the VTA site in rat D-34 (Figure 8a). _ ;
The main purpose of %?f study was to obtain  .,' L
O interelectrode conduction times for each subject in order to, ~

[

determine the minimum pulse duratiqn likely to produce an
efﬁective hyperpoleniratien block. The estimate of v o
refractory period that contributed to the computation of

~ - ‘ ’ ‘ a” ) N
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The results of the refréékory period tests

from each sub?éct and placement. The

" effectiveness of T pulse stimulation is

. plotted as a function of F—T intervalt. LH -

results are represented by filled circle?v
VTA results are represented by 6pen c¢ircles.

The 3lphanumeric in the center of each pair

.0f boxes or in the left top corner of a box

ideﬁtifies the subject. A pair of boxes for
a given subject indicates that tegts were -
conducted at different currents with high
current data on the left and low current

data on the right. =
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" conduction times was based or\'the' C-T interval associated

T

with the minimum effectiveness vqlue. {The decision to usqf

estimates that reflect’the contribution of neurons with the

shortest iefféctory‘periods was explained in the description

of Exgerimeht 1.) Table 2 lists the C-T interval at which

effectiveness values were at a minimum at each placement and
Vo 1

intensity value. In cases where there was a discrepancy

between the LH and VTA refractory period values, the larger

'.of the two was used to coﬁpugﬁ the interelectrode conduction

time. This decision was based on the assumption that the "%
stimulated segments of neurons ghat course through both
effective stimulation fie}ds and contribute to the collision
effect have similar refraétory periods. If a shorfer
refraétory period estimate is ob;ained at one of the
stimulation sites, then it is possible that the
subpopulation responsible for thfs value is not common to
both placements and hence its characteristics should not be

used in the assessment of interelectrode conduction time.

II. Across-placement comparisons

Statistical analysis - asymptote test. The C-T

"interval at which the recovery curves approach asymptote are

listed in Table 3. Note that fér subjects D-34 and ﬁ56,

values were estimated for each current at which refractory

‘period data were collected.

Of the eight comparisons that can be made ac;@ss

o
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" Table 2 ) '
A .
~ . : ¢ C-T interval (msec) corresponding to the minimum

effect%veness value ‘at each stimulation site

5

Subject LH - " VTA

D-34, high current 0.2 0.4
D-34, low current 0.4 0.4
D-6, high current 0.4 & ° 0.4
D-6, low current 0.4 0.4 .
I's
D-29 0.4 0.6
| D-2 0.6 0.6
| M-20 ' 0.2 0.4
0.4 . 0.4

' SL-19

ey 3 et o R TRt A P A W e P et . . .
y
I
.
e
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C=T inte;val (msec) corresponding to asymptote at each

Table 3

stimulation site

»

S P _
Subject . LH VTA
.

D-34, high currené 1.5 ‘2.0
D-34, low current + 2.0 3.5
D-6, high current 1.2 ) 2.0
D-6, low current 1.2 2.5
D-29 1.2 1.5
"D-2 3.5 2.5
4-20 1.0 "\ 1lo
SL-19 1.5° 2.0
. .
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' \placemenﬁs, only in the case of D-2 does the LH value exceed
the VTA value. Iﬁ the remaihing case;, excep£ for Mrzo} the
{ C-T interval ich the LH curve apprdaches isymptdtq is
i considerably shorter than the value for the VTA curve. The
two estimates are the same in 'the case of M-20. Given Lhat

the LH and VTA curves begin to rise at similar C-T

intervals, the rate of recovery from'rgﬁractoriness at the

VTA site appears to be somewhat lower. This impression was
A .

confirmed by statistical tests described below.

: ' At least two explanations may account for this
phenomgnon. The later recovery at the VTi site may reflect
the contribution of subpopulations pf reward neurons with
long absolute refractory periods th#t are not present at the
LH site. Alternatively, the VTA substrate may include
neurons with gfeatef relative refractory periods. Using
Yeomans's (1979) unequal pulse tecgnique to distingulsh

between the contributions of absolute and relative

. refractory periods to the recovery curves, Bielajew et al.

= (1982) ﬁound substantial relative refractory period
contributions only in MFB neurons that continue to recover

‘ beyond C-T intervals of 1.2 to 1.5 msec. In this study, the
LH recovery profiles are near asymptote at- these durations

; . (median C-T intervaltat whicg/aé}mptote is approached: 1.3

gesec), while the VTA curves begin to level off later (median

= 1.9 msec). The results of the earlier unequal pulse study

suggest that relative refractory period contributions might

.
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account for the slower recovery at the VTA site in this
I'd

experiment. ‘

' It is interesting to note that in the afimals

tested at two pairs of intensities, the difference bet&een

the C-T intervals at which the LH and VTA curvés appro§ch

- asymptote is gréatest at those intensities that faiied to

:4 “' e ~ yield a collision effect. ‘This finding is consistent with

‘ . - ‘Ehe interpretation that the collision effect occurs in axons
common to both stimulation fields. It is thus more likely
o that there would be a ‘greater similarity in refractory

period ek;imates obtained with currenés tﬁat stimulate some

of the same neurons‘' at both sites.

Statistical analysis - transformed data. A

comparison of the LH and VTA refractory period data
collected at each pair of intensity values is shown in
Figure 9 before and after transformation. Figure 9 is the
same' as Figure 8 except that the transformed data have been
added. For subjects D-34 and D-6, the high and low intensity
R data appear on theé left and right sides of the graph

| respectively. The transformed data in all cases are to the
right of the untransformed curves and are drawn on
linear-linear instead of semi—logarithmic'coordin;tes.

Because of thé wide range of C~T intervals tested and the

] t

4

-, events that occur at short C-T intervals, the untransformed

data are more manageable on a logarithmic abscissa.

The purpose of the transformation was to make the

T vmim mn ket 1
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= et

‘The results of the untransformed and

trangformed refractory pe;iod results for ;

« 0 .

each subject and placement. The )

untransformed and transformed results appear

to the left and right of the letter number

combination that identifies the subject. For
]

- subjects D~34 and D-6, the high current data

are located on the left side of the figure,

while the low current data are located on

the right side of the figure.
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refra@tory period curves amenable to a statistical anelysis
of the time colirse of recovery. Althouéh the C-T iﬁéervalej
corresponding to minimum and maximum effectiveness values
suggest that refractory periods at the VTA site are longer
than at the LH site, a statistical test conflned to these
extreme values would lack power due to the small sample in
thxs study. Accordingly, regfession tests were employed
which take into account all the values that contribute to
the rising portion of the LH and VTA refractory period
curves. The trensfofmation makes the regression anaiysis
viable.

The analysis of variance'approach to regression
(Neter & Wasserman, 1974) was used to determine if more
variance was accounted for by fitting a single line to all
the data points comprising the LH and VTA recovery curves or
by fitting separate regression lines to each of the two
curves. The analysis was performed on the transformed data
in Figure 9b, 4, £, h, j, 1, n,‘p. The limits of each curve
are dictated by the ﬁinimum effectiveness values and the‘
regsults of the asymptote tests for assessing maximum '
effectiveness values (see Tables 2 and 3). |

If significant F ratios were found, the analysis '
proceded to a second seage. Because differences in slope or.
intercept could contribute to the F ratios, a further éest

was carried out to determine if slope differences

contributed to the significanﬁ F ratios.

v - : : (
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The F ratiogﬂgre repprted fn Tabie 4., Significant
F values were obtained for the comparisong between‘the
transformed LH and VTA curves for subjects D—34:(low
intensity), D—g (low and high int;nsities), and‘D—zé.-ﬂg can
be seen from a visual inspection of Figuré 94, £, /3, 1, the
curves do appear to diverge at the longer C-T.intLFvals.
Indeed, the t test results presented in Tablé's cohﬁi:m this
observation. Each slope differenée is highly siénificant.'

Moreover, the direction of this effect is consistent, that

=gl

is, the rate of recovery at the LH always surpasses the rate °

of recovery at the VTA site. Given that the collision
experiment syggests that some of the ;timulated'cells are
fired by both electrodes, what might explain the
di;quéancies in the rate of recovery at each site? A
possibility‘is that the cells common to each stimulatiﬁr .
field are responsible for the early portions of the
refractéry period curve. 1In facé, the data in Figure 9 and
the minimum effectiveness values in Table 2 back this idea,
that is, many of the curves are indistinguishable at the

early C-T intervals.

III. Within-placement comparisons

Statistical analysis - asymptote test. The C-T
. ’
interval corresponding to maximum recovery from

refractoriness at the LH and VTA placements are listed in

Table 3 for both of the currents used at each site. Onlx the

4
1

-
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.



97

i “r

. v . Table 4 1
: Results of F tests for determlnlng equality of regression

lines for across-placement comparisons
' A
Subject ’ F ratio as Significance
. Level .

D-34, high current , 1.156  2/42 0.325
D-34, low current ) 15.174 .2/47 8.2x10"6
D-29 Lo 4.788 2/32 0.015%
D-6, high current 14.150  2/44 1. 8x10'5*
D-6, low current 18.204 2/43 1.9x10-6%
D-2 ’ 0.542 2/28 0.588
M-20 2.843  2/32 0.073
SL-19 4 2.129  2/24 . 0.141

*significant (p .025)

c} .




Table 5§ .

Results of significancb test for LH and VTA slopes of
recovery functions

[N

Subject LE VTA daf + ‘score Significance :
Slope Slope ' N LevelL y
D-34 0.675 0.316 47 5.698 - 0~ 7%
low ‘-
current ‘ . ' ' ‘
p-29  1.300  0.892 32 4340 6.7x10" 5+ -
. .
D-6 1.276 0.650 44 10.793 " <1.0%x10710%
high ' 4
current . e
D-6 1.099 0.499 43 11.111 T <1l.0%x10~10«
low L .
current

*Significant, P I.OS (2 tail)
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betweeg intensity conditions. «

i . 929
data from two subjects (D-34.and D-6) ;re relevant to this
analysis. 1In the LH, the Q-T interval correeponding,to
asymptotic recovery in the low‘intensity condition for D-34
was shorter than in the highzinten&ity case.by 0.5 msec

while the C-T interval corresponding to the asymptote was
%

_the same for both conditions in D-6. The largest difference

7

l . .
was found at the VTA site in rat D-34, with a 1.5 msec
. .

dispaﬁity in the C-T intervals at which the asymptote was

apﬁroached. The surprising feature of these data is that in

three of four poﬁpérisons; the C-T interval associated with
l N

near-complete recovery was longer when the current was
I T , ‘
redﬁceé; in the fourth comparison, no difference was found

| Statistical analysis - transformed data. To
|

determine whether the differences in the rate of recovery at

) . ) ".‘
each iﬁtensity level were indeed significant, the analysis

of gari?nce approach to regression (Neter &' Wasserm .J19é4)
was appiied to the data from subjects D-34 and D-6..) To
illustr#teuthese re;ﬁlts, the relevant curves from Eigurﬁfé
have be%n regrouped to show the effects of intensty.bn the
recover} function; the regrouped curves;appigr‘in Figure 10)K
As be‘f’o’_:*\e,~ the transformed data are located in the \
right—ha%d.pangls of eacp"box.’ _
. k.Asrmight be expected from a v;sudl inspection of
Fig%fe lb, a significant P ratio was obtaiped ih both sets

of VTA,'%ut not LH data (see Table 6). Although the curves



The untransformed and transformed refractory

' period results regrouped to illustrate

¥

differences in current. The LH data appear

above the VTA data. Filled circles represent

.
= :

the high current conditions; open circles
represent the low current conditions. The
qntransformed and transforﬁed data are
located to the left and right ofjghe

alphanumeric that ideptifies the subject.
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102

Results of F-test for determininé equality of regression

lines for within-placement coimparisons

Subject Placement F ratio df 'Significance

. BN ‘ Level
p-34 LH - 1,513 2/44 0.231
D-34 VTA © 4.903 2/45 0.012*
D-6 LH 0.833 2/36 0.443
D-6 VTA - 4.286 2/51 0.019*

* gignificant, p .025
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obtained at the LH placements using high and low currents
approached asymptote at different C-T intervals, She F ratio”

did not reach significance. According to the results of the |

t test for slope differences, the characteristic that
distinguishes the recovery curves obtainéd with high and low /
intensity stimulation of the VTA is the slope (D-34, t45 =

4.

4.197, p = 6.3 x 1073 ; D=6, tgy = 0.019, p = 2.1'x 10”
. .

In both D-34 and D-6, the increase in current appeared to

reduce the range over which recovery from refractoriness

occurred. (As discussed earlier, it is not clear whether the

C-T intervals associated with recovery at either intensity

reflect the major contribution of absolute or relative
refractory peri&ds.) !

. The finding reported here is contrary to the
result reported by Yeomans and Mercouris (1983) who found
increases in refractory period estimates as current is
raised. It is intuitive that by virtue of their smallef
diameter (Swadlow & Waxman, 1978), elements with longer
refractory periods would be fecruited by more intense
ééimuli. Heﬁce, the C-T intervals corresponding to
asymptotic recovery should have been longer in the high
intensity condition. 1Instead, shorter values were observed.
It is possible that the distribution of fibers sampled by my
electrodes was such that the proportion of smaller neurons

decreased as the current intensity was raised.

Finally, the ratio of cells within the absolute

s S,
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and relative réfractory regions of-the effective stimulation
fields may have changed as a function of current. Especially

in the VTA, where the bundle of fibers appears to be more
~

. compact' than in anterior MFB placements, (Nauta & Domesick,

1978), an increase in - current might have enlarged the

effective siimulation field beyond the limits of the bundle

! 2
and increased the proportion of neurons subject to high

current-density stimulation. If so, the rate at which & .

recovery occurs at higher intensities would be increased in

the VTA.

IVv. Conclusion

The main objective of this experi?ent was to
provide estimates of refractoriness for neurons subserving
seif-stimulation of the LH and VTA so that interelectrode
conduction times for each subject could be computed from ,
collision data and applied in interpreting the resﬁlts of
the direction experimenpf The C-T interval corresponding 5
minimum effectiveness was the refractory period value
éntered in the computation; these values ranged from 0.4 to
0.6 msec across subjects. Subtraction of these estimates

from collision intervals yielded the conduction time

estimates; these spanned 0.6 to 2.15 msec.
N L

Several effects unrelated to the principal aim of

this experiment were observed. 1In half of the sample, a

1

significant difference in the range of C-T intervals

B vt

PRELIED I

e i
oy



o o 0 8 et ey A b ) e RIS

e s

o ey e -

Fed

w e — T, P ST

g N s

n e e ey e

105
associated with ‘the rising portion of LH and ﬁTA refractory
period curves was found. These VTA curves required an
hverage of 0.5 msec longer tﬂan the LH curvessto attain
complete reco?ery.

The second finding was that atﬁleast in the VTA,
the r;nge of C~-T intervals corresponding to recovery
depended oh tﬁe current. Higher currents yielded

significantly shorter refractory periods than lower

currents.

L

In summary, these results, although rather e
preliminary, raise questions about the circuitry underlying
brain-stimulation reward in the MFB. It appears that subtle
differences in refréctory period characterigtica might
distinguish_ the cells involved in self-stimulation of the
Lﬁ/and VTA, adding greater resolution to Ehe criteria

N

defining reward-related elements.

-
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EXPERIMENT 3

lelﬁger demonstrated long'ago that muscle
codiractions produced by motor nerve gtimulation could be\
eliminatéd or substantially reduced by hyperpolarizing thé
nerve between the stimula;ing electrode and the muscle. The
same principle is applied in this experiment. In Pfliiger'$§
preparation, the phenomenon of anodal blockade was studiedn
in a system in which the normal direction of propagation was
known. In the present experiment, the well-known mechanisms
of anodal block are used to study A pathway in which the .
{norﬁal direction of propagation is unknown. When the anode
is between the stimulating electrode and the synapses, the
hyperpolarization induced by anodal stimulation should block
\the conduction of signals triggereé by the cathode. No
pehaviorally effective blockade is expected when‘ghe

stition of the anode and cathode is reversed.

\ Method ™

'Stimulatiép conditions '

e procedure consists of d;livering trains of
\\ \

t
Y

&

e
g 3 O -

T e b i o N1 VRN E i S, L GOl e



gy

ey TS ™

B e s Y i T———— S AT AT S X T A

A

b b = A —T

B

107

v
L)

single pulses. The electrical cirézit is completed‘by having
the current enter through an anode at one location and exit
through a cathode at another location. I;\this design
(Shizgal et\al., 1980), three electrodes, two depth
electrodes and the skull-screws (SS), are available as
either current sinks or sources. Two basic electrode
configurations are tesped in the direction test. Either a

depth electrode serves as the cathode and the SS as the

anode or one depth electrode serveé as the cathode and the

other as the anode. The first arrangement is compérable to
the conditions in Experiments 1 and 2. Given. that either of
the two depth electrodeg\can serve as the cathode a total of
four stimulation conditions are tested. The four conditions
are grouped into two pé&rs that form the key comparisons .in
the experiment. They are identified as follows. The' curves.
obtained with the configuration LH™ sst are compared to
those obtained with the configquration LH™ vra® as are tpe
curves obtained with: the VTA~ ss* and vTA~ LE'
configurations. The negative sign indicates that the
electrode served as the cathode; the positive sign /indicates
that the electrode served as the anode.

As explained earlier; the ‘direction of normal
propagation should be revealed by the difference in the
shape of the strength-duration functigﬁggobtained using a
given depth electrode as the cathoa; and either the other ‘

depth electrode or the skull screws as the anode.
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The purpose of the collision test in Experiment 1.
was to determine the sizes of the LH and VTA stimulation
fields that suffice to activate a common set of
reward-related fibers. In the direction test, an effective
hyperpolarization block is eipected only in pathways that
traverse the LH and VTA stimulation fields. Consequently, it’

A
was necessary to ensure that the same cathodal stimulation

fields were maintained in both experiﬁents. This was
achieved by?%orcing the two data sets to overlap. In the
collision.experiment, the current through each electrode is .
held constant and the pulse numbér is varied in order to |
'determine the required number of single pulses. 1In the
direction experiment, the pulse number is held constant and
the current is varied in order to determine the required
current. The pulse number in the strength-duration tests was
set ko correspond to the required number of single pulses
obtained in the collision tests. For example, when a current
of 795 uA was applied to the LH electrode of M~20 in
Experiment 1, an averége of 10 single pulses, d.l msec in
duration, were required to support criterial responding. As
expected when the LH™ ss* condition was tested in M~20 in
Experiment 3, it was found that approximately 800 uA

sufficed to produce criterial performance for 10, 0.1 msec
pulses. If the first stage jneurons are equally excitable and

no firings are produced at the anocde, then all pairs of

currents and pulse durations on the strength-duration curves
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obtained with a given cathode should excite the same region

- as the pair of parameters used with that cathode in

collision tests. The consequences of anodal stimulation and
across—cell diffeféncés in excitability are discussed below;
the effects of these violations are all in the same
directions, that is, they increase ‘the effectiveness of
stimulation and hence, reduce the size of the field required
to support criterial performance. Thus, these violations of
the assumptions should make i; more difficult to measure the
effect of an anodal hyperpolarization block.

In_thfeé subjects, D-34, D-29, and D-6, two
different field sizeé were tested witﬁ each depth electrode.
Collision effects were observed only when t@e higher
curxents were used. In order to assess the effects of
different field sizes in the direction experimént, two sets
of parameters were employed. One set corresponded to the
required number of single pulshs obtained from high current
stimulation at the LH and VTA (high curren£ data). The
gsecond set éorrespondéd to the required number of single
pulses obtained from low current stimulation (low current
daéa) at the LH and VTA. Tﬁé phrases, low current data and
high current data, have been employed to describe the
results of the direction tests, so as to be consistent with
the terminology used in Experiments 1 and 2. Thus, eight
strength-duration chrves, four per cathode, were collected

from the subjects in which both low and high currents were

>
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. used. One pair of cathode curves. was obtained with high

DN
>

current stimulation, the othgr with low, current stimulation.

) :
. @ ' x
“ 0 :

Procedure : > | -

The directiqQn tests began after the collision and
ref;actory period tests were completed. For each stimulation
condition, the following pro&edure(was employed. With the
number of pulsges held‘constant at the v‘alues obtained from !
Experiment 1, the current was‘ varied from a level yielding X
maximum performance to a level at which there was little or
no responding. The required current, defined as the cuir,rent
corresponding to half the magimum response rgte, was
computed by interpolation. Th; required current was
determined for a series of pulse durations, ranging from 0.1
to 6.4 msec across subjects. Each subject received 2:8 tests
of each stimulation condition; the conditions were tested in
an ‘{nterdigitated mahne;:.

The resulitin‘g strength—durAation functions were
plotted on logarithmic coordinates iri order to distinguish _
‘between parallel sdhifts and char(ges in shape. The functions

were paired so as to highlight the critical comparisons.

1
|
J
!

ﬁesults and Discussion

The shapes of the strength-duration functions

The strength-duration curves for each subject are
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drawn in Figdres 11 and 12. From left to right, the three '
panels in each figure represent the strength—duraiion curves
for the’con?itions L8~ ss* and LH':VTA+, strength-duration
curves for the conditions VTA~ SS+\and vra~ LH', and the
ratios of the strengthtdutation cu;ves obtained with a giveﬁ
depth electrode as the cathode and either the second depth
electrdode or the skull screws as the anode. Only the high
current data associated with collision-like effects are
shown in Fiéure 11, The samé arrangement is used in Fiéure
12 to illpstrate the low current data which correspond to
parameters that failed to produée collision-like effects in
subjects D-6, D-29, and D-34. As well, this figure includes
the strength-duration results from the one subject, SL-19,
that showed no clear evidence of a collision-like effect at
any éurrents. |

, Unlike the strenéth—duration datasfrom the Vra~™
conditions whicﬁ remain nearly parallél, the LH curves in
Figure 11 éonverge at the longer pulse duration. This effect
is only observed in the high current d;ta. Regardless of'the
anode position,/the shapes of the LH and VTA™ .
strength-duration functioni in Figure 12 are relativelg
constant at parameters corresﬁonding to the absence of
collision-like effects. Thus, the only situation in which
strength-duration curves did not appear to be parallel.was
the one in which the LE- ss* and LE” vrat éonfigurations

were tested at the range of currents corresponding to

v \
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'Figure 11l: The strength-duration functiont obtained
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from the two stimulatioh conditions at each . by
' placement form the larger left panel of the
;figure. The ratio of the currents obtained o
at each placement form the smaller right
panel of the figure. The log,, infensity or
intensity ratio is plotted as a function of

pulse duration. The filled circles in the

left panel indicate that a skull screw anode )
was used; in the right panel, the filled L -
circles rep{esent.the ratio of the LE™ vrat |
to LH™ 8s* currents. The op;n circles in’the» . :
"left panel indicate that the second depth s s
electrode served as the anode; in the right

panel, the open circles represent the ratio

of the vra~ LHY to vra~ ss* currents. Only a .
data obtained at currents consistent with a Q" ' - ’;.

collision effect are plotted in Figure 1ll.
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Figure 12:

IS

The strength-duration functions obtained

from the two stimulation conditions at each

piacement form the larger left panel of the.

figure. The ratio of the currents obtained

~at each’placement form the smaller right

panel of the figure. The loglo intensity or
intensity ratio is plotted as a function of
pulse duration. The filled circles in the
left panel indicate that a skull screw anode
was used; in the right panel, the fi}led
circles represent the ratio of the LH™ VTA+
t6 LHT ss* currents. The open circles in the

left panel indicate that the second depth

‘elebtrodg served as the anode; in the right

panel, the open circles represent thé ratio
of the vTA~ LH* to vra~ ss* cufrents. Only
data obtained at currents consistent with
the absence of a collisioﬁ effect are

plotted in Figure 12.
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116 .
collision-like effects. This finding is consistent with the
notion that the hyperpolarization induced at the VTA blocked
‘the propagation of some signals generated at the LH cathode, .
and forced the strength-duration function to decline less ;
- steeply at pulse durations approaching or exceeding the
interelectrode conduction time. Accordipgly, the simplest
explanatioh for the data in Figur; 11 and 12 is that the
behaviorally effective direction of conduc?ion in the first
stage is descending.
In the hypoéhetical examples in FPigure 4, the
" anodal block causes the strength-duration function .
representingAstimulation with the anode between the cathode
and the terminals to diverge from the curve representing
stimulation with the samé cathode and a skuli-screw anode.
In contrast, the curves in Figure 11 that are interpreted to
reflect an anodal block all converge towards the curves
representing stimulation with the same cathode and -a .~
skull-screw anode. The claim that the cﬁrves in Pigure 11
are all consonant witﬁ the predibtions expressed in Figure 4
is ‘bagsed on the non-parallelism of one set of curves'from .
Figu;e 11 and not on the relative position of the curves on
the ordinate. If the LH curves in Figure 1l were forced to
begin at the same point, ghén these curves would indeed
diverge. The factors that alter the position of the i ?

functions on the ordinate are discuésed below.

What plausible effects other than anodal block are o
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likely to cause the strength-duration functions obtaihed
from LH vrat stimulapion at high currents to approach
asymptote earlier than the~cur;es obtained in the remaining
conditions? Perha;s the angle of current flow between éhe
two depth elecérodes changes tﬁe shape of the function,
despite Rushton's (1927) demonstration to the contrary. If

so, one would expect a similar effect when the anode and

cathode were reversed. Instead,~the curve representing VTA™

A: stimula€ion is parallel to the curve representing VTA~

sst

stimulation in every subject. Another possibility is
that the difference in the shapes of the LH™
strength~duration functions reflects not the coﬁduction
failure of impulses triggered at the LH when thL VTA is the
anode but rather.some pecuiiar charactgristic of the
stréhgth-duerion functions obtained with LE™ sst
stimulation. What is difficult to reconcile with this
argumen£ is the failure to observe the same shape difference
in the LH™ streﬁgth—duration functions when the current is
reduced: °if the above proposaf were cprrect, there would be
no reason fo; the difference in the shape of the LH"
strength-duration functions to be dependent on current.

, The demonstration in Experiment l.that tpe LH gnd
VTA stimulation fields excite some of the same first-stage

-~ \ . -
neurons increases the likelihood that an anodal block could

'
¥

Jbe produced when one of these electrodes served as the

cg%hode and the other as the anode.
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Hence, a better exp]‘.ax;ation of the data in Pigure
1l is that some 'impulses triggered by tl"xe LH cathode were
prevented by the VITA anode from reaching the synaptic
terminals when the pulse durations approachéd or exceeded
the interelectrode conduction time. The failure to o'btain
similar effects with VIA™ .stimulation or LH™ and VTA~
stimulation at reduced currents is consistent with this
intérp’retation. 4 ' ' '

' t

~

The ratios’,of the strengi:h—duration functions - { ’

The ratio data in the right panels of Figures 11

and 12 best exemplify changes in the shapes of the

‘strength-duration functions obtained with a given cathode.

1f, for example, the hyperpolarization induced by Fhe anode~/
fails to block Jelevant signals, the ratio of required
currents at each pulse duration would remain constant, '
assuming that there is no contribution of anode-make
activation (see below)-. Thus, direction is assessed in the
ratio data ioy noting which curve, LH™ or VTa~, is different
from a horizontal line. |
Only one of the ratio conditions in Figures 11 and
12 deviates from a flat line. The curves representing the
ratio of required currents in the LH™ vra’ and L8~ ss*
conditions are fairiy ‘flat at short durations and then rise

at durations somewhat lower than the .estimated

interelectrode conduction time. Co .
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The timing of the block

Table 7 lists for each subject the }nterelectrode
conduction time and thé range of pulse durations at whigh
the block appears to begin., The estimates in the right
column of Table 7 were obtained by comparing the standard
error about the current ratio associated with the shortest
pulse duration to adjacent ‘values until one was found whose
standard error did not overlap the one associated wilth the

shortest pulse duration. Because only a few, widely spaced,

pulse durations were tested in some subjects (\e.g., M-20),

\

the estimates are likely to be inflated. Thus, the table
lists not only the estimates; obtained by the rule-of-tﬁumb
described above but also the next shortest duration. The
effective blocking duration probably lies between these two
values..

With the exception of D-2, there appears to be a

rough correspondence between the estimated interelectrode '

conduction times and the estimated range of effective

blocking durations. Nonetheless, effective bloéking

durations are generally longer than the interelectrode

4

. conduction time. This may seem surprising given that the

procedure for evaluating the conduction time between
electrodes was biased towards lo?i?ger estimates. What then
might explain the fact that in three of five animals, the

estimated interval bet_ween the onset of the pulse and the

L -

¢ 119 -




- R

) Table 7

Comparison of interelectrode conduction time and onset of .
effec¢tive blocking duration

|

Subject Interelectrode Conduction Effective Blocking

\ .Time (msec) Duration (msec)

D-34 ' 1.0 K 1.4 -~ 2.0 i
J s

D-29 0.6 - 1.0 - 1.4 |
. D-6 ~ 1.4 1.4 = 2.0 i
D-2 — .15 1.0 - 1%4
M-20 0.8 } 0.25 - 1.0 i
]
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onset of the block excegded the estimated interelectrode
conduction time? A p}ausible ;axplanation is based on the
conc,épt of utilization time. At long pulse durations,
neurons nearest the tip are likely excited earlier during
the pulse than neurons farther from the tip. As a result,
the arrival of impulses at the hyberpolarized. region may be
significantly stiggered. 1In addi'tion, the degree of
hygﬁerpolariz&tion in elements under the anode will depend on
the distance of cells from the tip. Initially, impulses
arriving near the tip of the anode have a greatér '
p}:obability of being blocked than impulses arriving J.n the
outer regions of the hyperpolarized field where the current
density may be too weak to produce an effective block.
Con;equently, a longer duration may be required to block
impulses conducting far frofn the tip. The fact that
coilision effects’ are usually observed qx}ly when the
curren‘ts at which each electrode isg tested are rather high
suggests that the fibers common to both fields are located
distant from the tip. It is possible, then, that the anodal
block in these fibers occurs later than is suggested by ‘the '
interelectrode‘conduct':io,n time due to the increased
utilization time at long pulse durations and the decreased
strength of t;.he hyperpolarization block as distance from the
anode is increased. Because only short pulse durations (0.1

msec) are used in collision tests, differences in

utilization time cannot make a detectable contribution to

S e e ot 4 - e e “*“"’"‘“‘w“wvﬂ.w.wwﬁﬁ“ v
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the results. -\
Referring back to Table 7, D-2 is the single
subject in which the range of durations corresponding to
block onset was less than the estimate of interelectrode
| conduction time. One possibility is that the conduction time
in this subject was seriously overest;‘.mated. Recall that the
choice of criteria fgr determining recovery from collision
and refractoriness may significantly alter the estimate of
interelectrode‘ conduction time becausé the slopes of the
functions from single- and double-electrode tests are not
pgrallel. ~In D-2, .the différence in the slopes is
particularly large (see Figures 7 and 8), adding even
greater .uncertainty to the estimate of conduction time.
An‘ aiternative possibi]\.ity is that the effective
‘blocking field at the VIA was larger than the effective
stimulation field generated in collision and refractory
period tests at'thi.s site. In strength-duration tests, the
size of the anodal field depends on the current at the
cathode. For éubject D-2, the cathode current in the LH™ ss*
and LH™ vTA'Y tests was 1400 pA, whereas the current at which
the VTA was tested in Experiments 1 and 2 was only 315 pA.
As pointed out earlier, the size of the blocking
field mla\y be significantly less than the stimulation field.
Nonetheless the more than four-fold difference in the LH™
and VTA cathode currents in D-2 may have overcome this bias

and caused the size of the blocked region in the VTA to
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exceed the size of the cathodal stimulation field Fhat was
generatéd at this site in Experiment 1. If this explanation
is correct, then one way to account for the difference in
the estimated interelectrode conduction time and the
interval betweén the onset of the pulse and the onset of the
block is that stimulation with the LH™ VTA' configuration
blocked faster conducting elements triggered by the LH
cathode that were not stimulated by the VTA cathodal field
iﬁ collision tests. 1In other words, some of the first stage
neurons undergoing hyperpolarizatioq block were different .
from the neuronslthat underwent collision block.

One feature of the strength-duration data that is’

'especially.apparent when the ratios of the currents

correspond to LH stimulation are plotted is the rather
gradual convergence of the strength;duration functions in
Figure 11. This is most evident in the resulés of subjects
D-2 and D-34. This effect may also be explained by the
concept of utilization time. 1If the impulses propagatinga
towards the hyperpolafized region arrived almost
simultaneously, then the rise in the ratio values would be
abrupt. That is, a step-like profile reminiscent of the
collision functions in Figﬁre‘7 would be eipected. Instead,
the LH™ ratio data suggest that the magnituée of the block
increases over a wide range of pulse durations in some

subjects, perhaps due to .the successive arrival at the

hyperpolarized regions of impulses triggered after

2
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increasing utilization times.

The position of the strength-duration curves on the ordinate
[

At short pulse durations, the }equired current was f
often much lower when two depth electrod;s were used than %
when a depth electrode/skull screw combination was used.

This effeét manifests itself in the ratio data plotted in

Figures 11 and 12 as lOglo values at the short pulse

" durations that are markedly different from zero. The effect

is most pronounced in the LE~ VTA* case. Note that in :
Figures 11 and 12 (left panel), the required current for
short pulse durations in the LH™- vrat condition is almost
always less than that for the LH™ ss* condition. There may -
be at least two reasons for this effect7 First, the
diffezegce in thé LH- strength-duration functions at pulse:
durations too short to int;rfere with conduction may reflect
the lower threshold‘of MFB fibers to longitudinal current
flow. Fibers parallel to the alignment of the electrode tips
are more easily stimuiated than fibers perpendicular to the
alignment of the tip due to the increased voltage gradient i
set up along the fiber (Ranck, 1981; Rushton, 1927). If that
is the case, then why wasn't the requifed current also
reduced to the same degree when the VTA™ rat condition was

tested? In order to answer thg%, a highly arbitr

geometric arrangement would have to be contrived anq the

exact path of current flow known. Although this explanhation
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may be correct, it is not’ very appealing at this time. An
additional study will have to be cohducted to assess the
effect of the angle of current flow with these electrode
configurations. |

The second possibility is that the contribqtion of

Py
firings due to anode-make excitation is greater at the VTA

.than at the LH site. Once agaid, this mechanism is proposed

only to account for the difference in the required currents

in the LE™ ss* and LE™ vrat conditiong at short pulse

durations. Although anodal pulses %nduce a hyperpolarization
at the electrode tip, they may alsé excite tissue by remote
dépolarization; That is, the hyperpolarizing currents
entering at‘the tip must ‘exit at another region further from
the tip. If the exiting currents -are sufficiently dense,
then phe additional firings they produce will contribute to
the total level of excitation and reduce the current
required to maintain criterial performanée. It is important
to note that the subpopulation excited via the anode-make -
mechanism cannot be the same as the subpopulation that
courses past both electrode tips. This is illustrated in
Pigure 13. While cell A .courses by both electrodes, cell B
does not and can only éontribute firings due to anode-make
at the VTA site. When current eng\ra at the VTA or the skull
screw, the exiting current is focused at the LH. The LH

electrode is too far from the subpopulation activated via

the anode-make mechanism, represented by cell B in Figure

-
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Figure 13: Hypothetical examplg to-illustrate

%

anode-make excitation. Cell A is stimulated

by both electrodes; cell B is only

N

stimulated bj'the VTA when it serves as an

anode, o »
. % -
h
14
s
Lo
-
s .
» ¢
5l
. ’ *
a;
-y
.

. .

-]

» A}
i}
T.
° Ny
PR 4 :\g&) +
e o
Y~ ,
L]

» .

P

. ' :
- ’

126



£

127

ANODE-MAKE EXCITATION

- -
- -
----—

site of
anode- -
make
excitation




128

i4

o

.13; to fire the cells when the skull screws serve as the

anode. In other words, this mechanism would cause a greater

number of first stage neurons to fire when a current was -

passed from the depth anode to the depth cathode than whén a :
current of thé same magnitude was passed from the skull
screws to the depth electrode.

Ié this explanation is(cbrrect and one takes into
account the currents used in this stud&, it is not
surprising that the VTA electrode should contribute more
anode-make excitation than the LH. Recall that in the
strength-duration tests, the size of the current leaving the
depth anode depends on the current used in the collision ™
experiment when the other depth electrode served as the
cathode, and therefore may not correspond to. the same

Y

stimulation fields generated in collision and refractory §

- .

period tests. 1In the collision experiment,'the LH currents
were genera;ly much greater-thqn the VTA currenés. The

currents-leaving the VTA electrode in the LH™ VA" condition
were much larger than the currents leaving the LH in the Lat
VIA~ condition. Hence anode-make excitation was more likély
to contribute to the results from the former case than from
‘the latter. ;

f
Aspects of the data in Figures 11 and 12 dg appear

;
to support the "anode-make" hypothesis. Subjects with the
t 7

largest discrepancies between the LH and VTA.currents in the ° .

collisioﬂ‘experiment (e.g., D-2) tend to show the biggest
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difference in required currents, especially when the LH

?

electrode served as the cathode and either the VTA electrode

-or the skull screws served as the anode. Moreover, the

direction of the efféét is consistent. That is, the

_difference between the required currents was largest in the

LH  comparisons where the. highest currents were employed.

Two pgzzling features of the data, however, éannot
be explained by aﬁodewmake excitation. 1In the one subject
witﬁ equal LH and VTA currents in the collision egperimégg_
(D-29), there is a noticeable difference in the cﬁrrents
gequired in the pH- vrat and LH ss” conditions but little
difference.in the vTa~ LE' and vra~ ss¥ conditions. - In
contrast, the anode-make explanation predicts that the
magnitude of the difference be similar in the‘LH— and VTA™
conditions. : | _— .

The second problem concerns the cases where the
curves from the LH™ SS' and vra~ ss* configurations lie
Seldw £he‘curves obtained with the depth electrodes. . This
c;n be clearly seen in Figure‘iik‘and Ih Figure 12, a and b.
Again, according to the anode-ﬁake hypothesis; th; required
current in tests where the skull screw served as the an;de
should never be less than the required current in tests:

» ['1
where the depth electrode éérved as the anode since no

~

'anode-make contribution is expected from the skull screw

) x
anode. '

One issue raised'b? the discrepancy between the LH
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and VTA currents pertains to the possiblé bias against
dgtgcting an ascending projection. It is possible that iq ’
the vTA™ Lﬂﬁacondition,:the blocking field at the LH may
have been too small to recruit the fibers that normally
participate in' collision effects. The results offthe éne“
subject with equal currents (D-29) weakens this view. 1In ‘ \

\t

this subject, the LH and VTA currents were equal in value J

for strength-duratlon data collected at hzgh and low current} “
-ranges. As can be seen from Figure 1llf, the ratio.of the Lq_

required currents approaches zero only at the long pulse .
durations in contrast to the VTA ratio which remains flat at . %
all,dﬁrations. Thus, even iﬁ the case where the collision

and strength-duration currents were the same and matched

between electrodes, no ascending component of the‘directly

stimulated reward-relevant pathway was found.

Numerical description of the shape differences

.

The inference tﬁat the'negfons responsible for the
collision effect projéct rostrpéﬁudallyiis based on the
‘shapes of the strength-duration functions obtained in
Figures llfand 12. It is apparént from a visual.inspection;
" of the data that the high current curves in the LH™, 5
cpé&itions in Figure 11 are not parallel while all other |

pairs of curves are very nearly parallel. However, in order

’

i

1
1
!
i

to numerically assess the difference in the Bhapes of the

strength-duration functions, chronaxie estimates were ' -
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obtained by fitting hyperbola fo each of the functions in

Figures 11 and 12. The hyperbola has been found to provide_
an acceptable fit to MFB strength urationcdata (
1578; Matthews, 1977) and is convenient to linearize.
that the chronaxie describgs the shape of the hyperbolic
function. Functions with more gradual slopes on the

. logarithmic coordinate system used in thé left-hand panels
of Figqres 11 aﬁd 12 shéula have the lower chronaxie values.

The hyperbolic equatTSﬁ has the form:

I = r (1l + c/d),

where I intensity, ) . )
'r = rheobase;
c = chronaxie,

and d = duration.

Multiplying through by duration yields: :

Id = rd + rc,

where 1Id = charge,
r .= glope of the function,

- and rc = intercebt of the function.

To obtain the chronaxie,'the intercept is divided
by the slope.

The chronaxie estimate for each strength-duration

S N .
W B
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curve in Figureé 11 and 12 is listed in Table 8. The L
eétimgtes were derived from a weighted regression analysis {‘ |
(BMDP1R). The average chronaxie estimate for each
- stimulation condition and current levél his also been
included in the table. Because bf the fe; extreme scores,
the median estimate was noted as well.

Note that in every subject, the chronaxie of the
LH™ V;;!A+ curve from the high current condition was
substantially less than the chronaxie for the corresponding
LE- ss* condition. The median chroéaxig/ﬁalue for the LH™
VTA+ condition, 0.61 mséc, is less than half Fhe median d
chronaxie for the LH™ ss* condition, 1.62 msee. This
difference was statistically significant (p<.05; Sign test).
No significant difference was found when the VITA electrode
was dsed as the cathode and either the sku;l screws or the
second electrode was the anode. The median chronaxie values
for the remaining combariscns (low current data? differ by
no more than 11%. ) . ‘

In this analysis, the shape of each |
strength—-duration curve was deicribed by a single number,
the chronaxie. The legitimacy of reducing each curve to a
single number depends on how.well the hyperbola fits the
strength—-duration function. The Pearson r values obtaiﬁed
from the analysis (Table 9) were higher than 0.90 in 32/36’
curves and higher than 0.80 in 35/36 curves.

It is somewhat troubling that the chronaxie
’ r
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Table 8
Chronaxies obtained from weighted linear regression test on
( charge vs pulse duration
e High Current Data
Subject LH-sst LH™vrat vra~sst vra~LEt
D-34 6838 754 1897 2025
D-29 1284 595 699 712
D-6 1622 573 704 715
D-2 2271 721 1379 1162
M-20 837 610 ¢ 662 788
Average 2571 651 1068 1081
Median 1622 610 704 788
[}
, Low Current Data °
Subject LH~ss* LE-vTAat vra~sst vra—LEt .
D-34 893 687 1260 1067
D-29 1295 1173 825 . 947
D-6 1168 1643 1031 - 914~
SL-19 1540 1264 780 1229
Average 1224 1192 974 1039
Median 1232 1219 928 1007
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Table 9 . -

Pearson r values obtained from weighted linear regression
test on charge vs pulse duration

-

High Current Data

R em e e vl e e el i s g T e
.

M-20 0.99 0.98 - 0.99 ' 0.99 ’

Subject La~sst LE"vTat vra~ss* vra~LEt
/ ' >
D-34 0.52 0.99 0.85 "0.82 ,
D-29 0.93 0.98 0.97 0.96 . !
D-6 ‘0.96 0.98 0.98 0.98 !
D-2 0.86 0.99 0.99° 0.97 i
!

Lgw Current Data ) ’ -

Subject ra-sst LE-vrat vra~sst vra-LEt 4

. . . E

D-34 - 0.91 0.95 0.95 - 0.96 L

- p=29 0.98 0.98 0.98 . 1.00 -
D-6 0.94 0.99 0.97 0.98

SL-19 0.92 - 0.90 0.95 0.95
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differences obtained between the high current LH™ sst and
LE™ VTAY conditions were the highest in the case (D-34)
where the strength-duration curve was most poorly fit by a‘
hyperbola., Nonetheless, the group difference cannot be
attributed to the poor fit since Ig%be differences were’
found in subjects where the fits were excellent (D-6 and
D-29). '

These results confirm the visual analysis of the

-~

shapes of the strength-duration curves in Figures 11 and 12.

Anode-make excitation revisited

An examination of the data in Table 8 reveals that.
éhe chronaxies obtained from the strength-duration curves
representing the vVTA™ sst condition are shorter than the
chronaxies obtained from the strenéth—duration curves
representing éhe LH™ ss* condition. Hence, it might be
argued than the short chronaxies obtainéd from the results
of the elecérqde configuration interpreted to pfoduce a

i .
block are instead due to ‘the combination of long chronaxie

elements recruited at the LH cathode and short chronaxie

Lo

elements fired by the VTA anode. Sinée in the model, the LH™

vrat electrode configuration stimulates neurons at two

. sites, one near the LH electrode and one near the VTA

electrode, the resulting chronaxie should lie between the
chronaxie values obtained from the strength-duration

functions corresponding to the LH and vTa / -

\ : | ,
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cathodé/skull-screw combination. This ‘is not the case. As
can be seen from Tﬁble 8, for every subject, the chronaxie
value listed under the LE™ VIA* column was alﬁaysslggg than
the éhronaxie listed under the VTA™SS’t column.

Finally, if one were to entertain the anode-make
hypothesis as the sole re#ason for the differences in the
shapes of the curves representing the LH™ SS™ and LE™ vra®
stimulation conditions, one would have to explain two very
puzzling results. The first concerns the finding that the LH
and VTA electrodes stimulate some of the same neurons.
As;uming that this interpretation is correct, why would the
anodal-induced hyperpolarization fail to block impulses
triggered in the same fibers and why would the difference in
the shapes of\the curves disappear when currents .
corresponding to an absence of collision-like effects are
tested in the diréc%ion expefiment? This would seem even
more surprising if one takes into account tje currents used

in the direction test. Especially in the case of D-2, the
" current leaving the cathode and‘entering thl anode was more
than four times the cur;ént used at the VTa Ta™\
.collision-tests. Given the high current‘levels, it would be
difficult to reconcile the absence of a block in my data.

It is possibie that neurons with shorter
chronaxies; activated in the region of the VTA by the

mechanism of anodal-make excitation, contribute to the shape

of the strength-duration function_ obtained from LH™ vrat
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stimulation. Nonetheless, it is extremely unlikely that this
is the only reason fo; the difference in the shape.
Accordingly, there appears to be no reasonablefﬁay to
account fo; the differences in the g%ape withbnt appealing
to the anodal-block effect.

Signficance of these findings

The resulﬁs of the experiments presented in this
thesis suggest that the neurons resgonsible for' the
collision effects conduct signals in the rostrocaudal
direction. Only one electrode configuration was consistent
with this interpretation - when the LH served as the cathode
and the VTA served as tﬁe anode. Nonetheless, the

contribution of ascending fibers to the pathway comprising

the directly stimulated reward-relevant bundle cannot be

ruled out. In severa) of) my subjects, the difference in the
currents between thej LH |and VTA was biased towards the
detection of a desceddin pathway. Howé#er, in the one
subject with equal rrents. (D-29), no ascendiﬁg c&mponent
was observed. Thus{ the best explanation for the data in
Experiment 3 is that “the first stage reward fibers are
characterized by a descending bundle.

\ Therimplications of this finding ;re several.
Pirst, it reinforces the idea that the neurons responsible
for thg rewarding effect that contribute to collision

effects are non-dopaminergic. Second, combined with the

4
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2-deoxy-d—-glucose procedure for detecting metabolic
activity, it provides a éowerful guide towards the
electrophysiolégical identification of first-stage reward
elements. The descending co&nents of the MFB that look®
most promising originate in the lateral preoptic ”a'rea,
septum, and form the MFB path neurons (Nieuwenhuys et al.,
1982). Finally, togetheé with estimates 9£ conduction
velocity, refractory périod, and strength-duration
properties, the finding presented here provides a good

starting point for assessing the neural organization of

brain-stimulation reward.

(
/

S s s s e R ot




g e v Tpt AR

o

B v

e A €V

o a3 o s o R S Nt o

| _ 139
{Z;FERENCES . |

&

\

Accornero, N., Bini, G., Lenzi, G. L., & Manfredi, M.
(1977). Selective activation of péripherai nerve fibre
groups of different diameter by triangular shaped

stimulus pulses. Jdurnal .of Physiology, 273, 539-560.

Adrian, E. D., & Lucas, K. (1912). On the summation of a
propagated distu;pance in nerve and muscle. .Journal of
Physiology, 44, 68-124.

Bieléjew, C., & Pouriezos, G. (1983). Mediodorsal thalamic
self-stimélation: Excitability characteristics.
Manuscript in preparation.

Bielajew, C., Jordan, C.,rFerme-Enright, J., & Shizgal, P.
(1981). Refractory peﬁiods and anatomical linkage of the

substrates for lateral hypothalamic and periaqueductal

gray self-étimulation. Physiology and Behavior, 27,
95-104. "

Bielajew, C.; Lapointe, M., Kiss, I., & Shizgal, P.‘};BBZ).
Absolute and relative refractory periods of_;be//
substrates for lateral hypothalamic and ventral midbrain

self-stimulation. Physiology and Behavior, 28, 125-132.

Bielajew, C., & Shiggal, P. (1980). .Dissociation of the
substrates for medial forebrain bundle self-stimulation
and stimulation-escape using a two-electrode stimulation

technique. Physiology and Behavior, 25, 707-711. -

Bielajew, C.; & Shizgal, P. (1982)2.-thavioially derived




AL,

33

A

140
measures of conduction veiocity for' rewarding medial
forebrain bundle sitmul#tion. Brain Research, 237,
107-119. | L !

'Bielajew, C., Walker, S., & Pouriezos, G. (1983).

Refractoriness of reward-relevant neurons in the nucleus
A

o accumbens and adjacent structures. Society for

Neuroscience Abstracts, 9, in press.

Bishop, M. P., Elder, S. T., & Beath, R. &. (1963).
Intracranial self-stimulation in man. §Eience, 140,

394-396. h

[

w

'Boﬁer, G. H., & Miller, N. E. (1958). Rewarding and
.punishing effects from stimulating the same place in the
rat's brain. Journal of Comparative and Physiological

Ps !EhOIQS! [ 2]_;' 669-674 . ‘ <
) \~£ - 4
Boycott, A. E. (1899). Note on the muscular response to two -

stimuli of the sciatic.nerve (frog). Journal of

‘Physiology, 24, 144-145. ; “

2%

Boyd, E. S., & Gardner, L. C. (19625. Positive and negative

reinforcement from intracranial stimulation of a teleost.

3

Science, 136, 648-649. .

Bramwell, J. C., & Lucas, K. (1911). On the relation of the
refractory period to the propagated disturbance in" nerve.

Journal of Physiology, ‘42, 495-518.

Caggiula, A. R., & Hoebel, B. G. (1966).g ;Copulation—reward
site” in the posterior hypothalamus.. Science, 153,

1284-1285.

. ’ - ~

- ~

. et dtnay oy we e P B i S TRIRDINVESPRNOPRSS e g o - e o — o s cchon BRI < cines © o e s R kot

e TRY

N it

PR

%
!
¢




3

L

‘
e e s ot W T R NS BT e

o 141
Cooper, R., & Taylor, L. (1967). Thalamic reticular system

and central grey: Selflstimﬁiation. Sclence, 156,

102-103. _
Corbett, D., & Wise, R. (1980). Intracrgnial
self-stimulation in relatioﬁ\to the ascending

dopaminergic systems of the midbrain: a moveable

electrode mapping study. Brain Research, 185, 1-15. . . )
Dalsass, M., German, D., & Kiser, " R. (1978). Anatomical and
electrophysiological examination of neurons in the

. : 8
# nucleus As10 region of the rat. Society for Neuroscience

Abstracts, 4, 422.

-

Deutsch, J. A. (1964). Behavioral measurement of the naural
refractory period and its abplication to intracranial

self-stimulation. Journal of Comparative and

Physiological Psychology, 58, 1-9.

; e \\Durivage, A., & Miliaressis, E. (1983). -Dissociation of MFB

substrates for. self-stimulation and exploration. Society d

’ for Neuroscience Abstracts, in pregs. ' '
Edmonds, D. E., & Gallistel, C. R. (19Y77). Reward versus

performance in self-stimulation: electrode-specific

) .

effects of alpha-methyl-p-tyrosine on rewasd in the rat.
’ 4

Journal of Comparative and Physiological Psychology, 91,

962-974. ,

&

Erlanger, J., & Gasser, H. S. (1937). Electrical signs of
‘ )

w

' neural activity. London: Oxford University Press.

k]

&=
o e
Eyzaguirre, C., & Fidone, S. (1975). Physiology of the '

'/». »

t

P - ——— = - . RIS " -




142

nervous system (2nd ed.). Chicago: Year Book Medical.
v -} .
Feltz, P., & Albe-FPessard, D. (1972). A study of an

ascending nigro-caudate pathway. Electroencephalography

and Clinical Neurqphysiologﬁ, 33, 179-193.
\
Fouriezos, G., Hansson, P., & Wise, R. (1978). Neuroleptic

induced attenuation of brain stfimulation reward in rats.

Journal of Comparative and Physioloéical fsychology, 92,
661-671. 1
Fouriezos, G:, & Wise, R. (1983). Current-distant rélation
for rewarding brain stimhilation. Submitted to Nature.
Gall%stel, C. R. (1973).. Self-stimulation: Th

neurophysiology of reward and motivation. 1In J. A.

Deutsch (Ed.):' The physiological basis of memory. New

"York: Academic Press.
Gallistel, C. R. (1978). Self-stimulation in the rat:
Qﬁantitative characteristics. of the reward pathway.

" Journal of Comparative and Physiological Psychology, 92,

977-998.
Gallistel, C. R., Shizgal, P., & Yeomans, J.'S. (198f). A
porﬁfait of the substrate for self-stimulation.

-Psychological Review, 88, 228-273.

Gasser, H. S., & Grundfest, H. (1936). Action and

excitability in mammalian A fibers. American Journal of

‘Physiology, 117, 113-133.

German, D., Dalsass, M., & Kiser, R..(1980).

‘Electrophysiologicai examination of the ventral tegmental

a3
v b

v n ot ——————

A e i SR R e e 2

e T B e o i [N

—

.
B U T U TIC e WO EPI

S e e e ke B

bt e et




S

143
7"41{ -
(Al0) area in the rat. Brain Research, 181, 191-197.

German, D., & Holloway, F. (1972). Behaviorally determined
neurophysiological properties of MEB’sglf-stiﬁulation

' fibers. Physiology and Behavior, 9, 823-829.

Gotch, F., & Burch, G. J. (1899). The electrical response of

nerve to two stimuli. Journal of Physiology, 2, 410-426.
Guyenet, P., & Aghajanian, €. (1978). Antidromic
identification of dopaminergic and other output neurons

of the rat substantia nigra. Brain Research, 150, 69-84.

Bawkins, R. D., & Chang, J. (1974). Behavioral measurement
of the neural refractory periods for stimulus-bound
'eating and self-stimulation in*the rat. Journal of

Comparative and Physiological Psychology, 86, 942-9438.

Hawkins, R. D., Roll, P. L., Puerto, -A., & Yeomans, J. S.
(1983). The post-stimulation excitability cycle in
self-stimulation: A functional measurement analysis. ‘
Manuscript in preparation. e

Hoebei, B. G. (1974). Brain reward and aversion systems_}n

! the control of feeding and sexual behavior. In J. K. Cgie

and T. B. Sonderegger (Bds.): Nebrhska<5ymposium on

3

Motivation (Vol. 22). Lincoln: University of Nebraska

Press.

o

Hoebel, B. G., & Teitelbauﬁ,‘?. (1962) . Hypothalamic control

of feeding and seif-st;mulatien. Science, 135, 375-377.

Hoebel, B. G., & Thompson, R. D. (1969). Aversion to lateral

hypothalamic stimulétioq caused by intragastric feeding

»

-



’

o 144
or obesity. dJournal of &ompgrative and Physiological

Psychology, 68, 536-543.

Hu, J. W. (1973). Refractory period of hypothalamic thirst

pathway in the rat. Journal of Comparative and

Physiological Psychology, 85, 463-468.

Huston, J., & Borbély, A. (1973). Operant conditioning in
’

forebrain ablated rats by use of rewarding hypothalamic

P
stimulation. Brain Research, 50, 467-472.
.

Huston, J., & Borbély, A. (1974). The thalamic rat: General

behavior operant learning with rewarding hypothalamic
stimulation and effects of amphetamine.

Physiology and
_ Behavior, 12, 433-448.

\
\Kiss, I. (1982). The electrophysiological characteristics of
\

the substrate for brain-stimulation reward in the MFB.‘
Unpublished Master's thesis.

Kocgis, J. D.; qudlow, H. A., Waxman, S. G., & Brill, M. H.

(1979). Variation in ®onduction velocity during the

relative refractory and supernormal periods: A mechanism
for impulse entrainment in central axons. Experimental

. v
Neurology, 65, 230-236.

’

Kuffler, S., & Vaughan-Williams, E. (1953). Small-nerve
junctional potentials. The distribution of small motor

nerves to frog skeletal muscle and the membrane

characterlstics of:the fibres they ipnervate. Uourna; of
Physiology, 121, 289.

Lucas, K. (1910).

Quantitative reseraches on the summation

\

3

e o o

B O T N
-



L e oY L IETRER

YA A e ca g e

s 4 e ok A

o mea A O TAE = % e et mn n

v v e .

s 145

of inadequate stimuli in muscle and nerve, with y

observations on the time-factor in electric excitation.

Journal of Physiology, 39, 461-47S.

-~ Lucas, K. (1913). The effect of alcohol on the excitation,
conduction, and recovery process in nerve. Jour;al of
Physiology, 46, 470-505. -

Lucas, K. (1917). On summation of propagated disturbances in

the claw of astacus, and on the doublé neuro-muscular

‘system of the adductor. Journal of Physiology, 51, 1-35.

MacMillan, C., & Shizgal, P. (1983). Self-stimulation of the

lateral hypothalamus and substantia nigra: Excitability

characteristics of the directly siimu;ated substrates.
Canadian Psychological Association meetings, Winnipeg,

June 1983.

Maeda, H., & Mogenson, G. (1980). An electrophysiological
study of inputs to neurons of the ventral tegmental area
from the nucleus accumbens and medial preoptic-anteriér

hypothalamic areas. Brain Research, 197, 365-377.

Matthews, G. (1977). Neural substrate for brain stimulation

reward in the rat: Cathodal and anodal strength-duration

properties. Journal of Comparative and Physiological
Psychology, 91, 858-874. | A \

Matthews, G. (1978). Strength-durption proéertieé.of single
und ts driven by electriial stimulation of the lateral

hypothalamus in rats. Brain Research Bulletin, 3, B




o

.

! 146
Mendelson, J. (1967). Later51*8§§d€ha{amic stimulation in
WAtiated rats: The mgewarding effects of self-induced

1
drinking. Science, 157, 1077—1opg.

Miliaressis, BE., & RRompré, P. P. (1980). Self-stimulation
and circling: Differentiation of the neural substrata by
behavioral measurement with the use of a double pulse

- technique. Physiology and Behavior, 25, 939-943.

Milner, P. N. (1978). Tests of two hypotheses about
summation of rewarding brain stimulation. Canadian

Journal of Psychology, 32, 95-105.

xuonnier, M. (1970). Punctions of the nervous system, (Vol.

2). Amsterdam: Elsevier, pp. 49-60.
Mundl, W. J. (1980). A constant-current éfimulator.

Physiology and Behavior, 24, 991-993.

., Nakajima, S. (19ﬂ2). Effects of intracranial. chemical

injections upon self-stimulation in the rat. Physiology &

A Behavior, 8, 741-746.
o Nauta, W. J. H., é Domesick, V. B. (1978). Croas roads of
limbic and striatal circuitry: Hypothalamo-nigral
“ ‘ connections. In K. E. Livingstone and 0. Hornykiewicz

(Eds.): Limbic mechanisms. New York: Plenum.

Neter, J., & Wasserman, W. (1974). Applied linear

gtatistical models. Homewood, Illinocis: Richard D. Irwin.

Nieuwenhuys, R., Geeraedts; L., & Veening, J. (1982). The
medial forebrain buhdys of the rat. I. General

introduction. Joyrnal of Comparative Neurology, 206,

4




e Ay

Pnr eme o ew w

Y me

e g TR

147
Noble, D., & Stein, R. (1966). The threshold “conditions for
initiation of action potentials by excitable cells.
Journal of Physiology, 187, 129-162.

0lds, M., & Olds, J. (i969)u Effects of lesions in medial
\

forebrain bundle on self-stimulation behavior. American

-

Journal of Physiology, 217, 1253-1264.

Pellegrino, L. J., Pellegrino, A. S., & Cushman, A. J.

(1979).. A stereotaxic atlas™of the rat brain (2nd ed.).
New York: Plenum Press. *

Ranck, J. B., Jr. (1975). Which elements are excited in
electrical stimulation of mammalian central nervous

system: a review. Brain Research, 98, 417-440.

" Ranck, J. B., Jr. (1981). Extracellular stimulation. In M.
M. Patterson and R. P. Kesner (Eds.): Electrical

gstimulation research techniques. New York: Academic

Press. )
Rolls, E. T. (1973). Refractory period of neurons directly
excited in stimulus—bound eating and drinking in the rat.

Journal of Comparative and Physiological Psychology, 82,

B SIS - -

15-22.

Rolls, E. T., Burton, M. J., & Mora, F. (1980).
Neurophysiological analysls of brain-stimulation reward

{
in the monkey. Brain Research, 194, 339-357.

Rolls, E. T., & Kelley, P. (1972). Neural basis of

stimulus-bound locomotor activity in the rat. Journal of

~

N




148
Comparative and Physiological Psychology, 81, 173-182.

Rompré, P, P., & Miliaressis} BE. T. (1980). A comparison of
the excitability cycles of the hypothalamic fibers

involved in self-stimulation and ggplorétion. Physiology
and Behavior, 24, 995-998.

Rushton, W. A. H. (1927). Effect upon the threshold for
néfvous excitation of the length of nerve exposed and the

angle between current and nerve. Journal of Physiology,

63, 357-3717.

Rushton, W. (1930). Excitabie substances in the nerve-muscle

complex. Journal of Physiology, 70, 317-337.

Schenk, S., & Shizgal, P. (1982). The substrates for lateral
hypothalamic and medial prefrontal cortex ’
self-stimulation have different refractory periods and
show poor spatial summation. Physiology and Behavior, 28,

133-138.

Schenk, S., & Shizgal, P. (1983). Self-stimulation of the
prefrontal cortex:  Strength-duration characteristics..

Submitted to Pnysidlogy and Behavior.

Schmitt, R., Sandner, G., & Karli,.P. (1976).

\ _
Charactéristiques fonctionnelles des systames de

1

renforcement: étudg comportementale. Physiology and

Behavior, 16, 419-429.

|

A s
§ Yeomans, J. S. (1980). Behavioral methods for inferring

Shizgal, P., Bielajew, C., Corbett, D., Skelton, R., & -

‘q anatomical linkage between rewarding Qrain stimulation

e

o Ly A Lt e



o] RTATITH

. B by i o

R

.

PRSTTR a

s gy i 4 ST IO

&

3

149

sites. Journal of COmpar&tive and Physiological

Psychology, 94, 227-237.
shizgal, P., Howlett, S., & Corbett, D. (1979). Behavioral

inference of current-distance relationships in rewarding

electrical st:.imulation of the rat hypothalamus. Canadian

Pgychological Association meetings, Québec City, June,
1979.

Shizgal, P., Bielajew, C., & Kiss, I. (1980). Aﬂodal
hyperpolarization block technique provides evidence for

rostro-caudal conduction of reward related signals in the

medial forebrain bur;dle. Society for Neuroscience
Abstract-:s, 6, 422. '

Shizgal, P., Kiss, I., & Bielajew, C. (1982).
Electroéhysiological and psychophysiolég’icg‘l stud-ies of
the substrate for brain stimulation reward. In B. Hoebel

and D. Novin (Eds.): The neural basis of feeding and

reward. Brunswick, Maine: Haer Institute.

Shizgal, P., & Matthews, G. (1977). Electrical stimulation
of the rat diencepﬁalon: Differential effects of
interrupted stimulation on on-"and off-respohding. _Brain

Research, 129, 319-333.

Silva, L., Vogel, J., & Corbett, D. (1982). PFrontal cortex

self-stimulation: Evidence for independent substrates

within areas 32 and 24. Society for Neuroscience

Abstracts, 8, 625.

Skelton, R. W., & Shizgal, P. (1980). Parametric analysis of

~

-




150"
ON- and OFF- responding for hypothalamic stimulation.

Physiology and Behavior, 25, 699-706.

stein, L. (1969). Chemistry of purposive behavior. In J. -

Tapp (Ed.): Reinforcement and behavior. New York:

Academic Press.
Stellar, J., Brooks, F., & Mills, L. (1979). Approach and
‘withdrawal analysis of the effects of hypothalamic

stimulation and lesions in rats., Journal of Comparative

and Physiological Psychology, 93, 446-466.

stellar, - J. R., Illes, J., & Mills, L. E. (1982). Role of

ipsilateral forebrain in lateral hypo.thala'mic stimulation

reward in rats. Physiology and Behavior,. 1982, 1089-1097.
Stellar, J., & Neeley, S. (1982). Reward s@ation function
measureménts of lgteral hypothalamic stimulation reward:

Effects of anterior and posterior medial forebrain bundle

lesions. In B. Hoebel and D. Novin (Eds.): The neural

basis of feeding and reward. Brunswick, Maine: Haer
Institute.

swadlow, H. A., & Waxman, S. E. (1978). Activity-dependent
variations in the conduction properties of central axons.

In S. E. Waxman (Ed.): Physiology and pathobiology of

central axons. New York: Raven Press.

Swett, J., & Bourassa, C. (198l). Electrical stimulation of
peripheral nerve. In M. Patterson and R. Kesner (Eds.)i

Blectrical stimulation research techniques. New York:

Academic Press.

J————

SN,

: TR



o A S

P

[N

4 v ————t gt S o

2 e v b -

NI it e b 1y s o s

e e

151
Szabo, I., Lénard, L., & Kosaras, B. (1974). Drive decay

theory of self-stimulation: Refractory periods and axon

diameters in hypbthalamic reward loci. Physiology and

Behavior, 12, 329-343.
Szabo, I., Nad, E., & Szabo, C. (1972). Pole reversalg and

o N
hypothalamic self-stimulation: Ascending spread of

rewardiné excitation. Physiology and. Behavior, 9,
Takigawa, M., & Mogenson, G. (1977). A study of inputs to

antidromically identified neurons of the locus coeruleus.

Brain Research, 135, 217-230.

Veening, J., Swansoﬁ; L., Cowan, M., Nieuwenhuys, R., &
Geeraedts, L. (1982). The medial forebrain bundle of the
'éat. II. An autoradiographic study of the topography of

the major descending and ascending components. Journal of

Comparative Neuroloqy, 206, 82-108.

Waxman, S., & Bennétt, M. (1972). Relative conduction

a

velocities of small myelinated fibers in the central

nervous system. Nature, 238, 217-219.

Yeomans, J. S. (1974). Behavioral measurement of neural

temporal excitabillty changes including refractory

periods: A re-evaluation. Unpublished Doctoral thesis.

Yeomans, J. S. (1975). Quantitative measurement of neural
post-stimulation excitability with behavioral methods.

Physiology and Behavior,ls, 593-602.

Yeomans, J. S. (1979). The absolute refractory periods of




152
self-stimulation neurons. Physioiogy and Behavior, 22, .

911-919.

Yeomans, J., & Koopmans, H. (1974). On tﬁe directionality'of

—_—

medial forebrain bundle fibers mediating

self-stimulation. Science, 183, 102, ——

Yeomans, J. S., Matthews, G., Hawkins, L. D., Bellman, K., &

. . Doppelt, H. (1979). Characterization of self-stimulation
neurons by their local potential summation broperties.

Physiology and Behavior, 22, 921-929.

Yeomans, J., & Mercourig, N. (1983). Refractory period

estimates vary as a fuhction of current and éleqtrode tip

surface area. Canadian Psychological Association

meetings, Winnipeg, June 1983.

¥Yim, C., & Mbgenson, G. (1980). Electrophysiological studies
-9

of neurons in the ventral tegmental area of Tsai. Brain

Research, 181, 301-313.

‘Ir

N e e e W S g me e e S o Ao 3 i Aot o AR e b s o p AT X e - e e ev— e e s b S ARTSKI NI W

.
W’ aviipena i 1o e 4 o

.5 ki e

.
A T sarr

Y e

[RERWARTRY

itar .

e e e

P i

.



ko

wr

3
.
.
e
“
]
(%
’
.
.
B ¥
-
-,
¢ .
N
L e .
v




