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The ability to define the anatomical boundaries of
. . u » ‘ . g
brain regions that contain neural elements involved in . e f
b the mediation of stimulation-induced behaviours has been

N

impeded by the lack of information concerning the : }
distancé, from the electrode fip,,over which electrical )
stimulation fires neurpns. This experimént estimated ‘
the curren;—distance relation for rewarding brain
) * stimulation through electrodes positioned in the rat ., ' :

- lateral hypothalamus. Dual monopolar electrode

. assemblies were implanted in each rat; distances ranging

from 0.30 to 0.66 mm separated the electrode tips in

. the lateral dimension. The rats were rewarded for

0 lever depressions with 0.5 sec traing of cathodal
pulse-pairs. The-condiﬁioning pulée was applied through -
one{electroée and, after an adjustable delay, the test

+ pulse was directed thfough thé other electrode. 1In

the low-amplitude assessments, all of the ‘tested’

- - t-v sy



‘delay‘sw betweén the pulses resulted in a constant level

1

of excitation of the reward éystem, as measured by
ps;ghophysicél scaliﬁga%gthods. In the high-amplitude
tests, the effectiveneés‘of the stimulation'was greatér
~at the long delays between the pulses than it was at
the sgort delays. Tbe highest tested amplitude  that
‘continued to yield con;tant levélé of effectiveﬁess ~ )
across delays was taken as the current amplitude that \
resulted in aajacent stimulation fie1ds with tangent
. ©  boundaries. These amplitudes along witﬁ tbé :
correggonding intereléé%roge distances were ﬁseé‘to
sy ¢ estimate the constants of an equation which describes
} . the current-distance relation. The obtained equatioﬂ
- ' was: I - 100pA = (1500 pA/mm?)r?, wﬂere I represents
"the, amplitude in uA of a constant-current 9.l‘msec
pulse and r is the radids in mm of a cifcle, concentric
T with the électro%g tib, that éncloseé the directif

'

stimulated axons of neurons that participate in brain

3

¢

“ stimulation reward. , T .
: . )
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INTRODUCTION ' :

Thé’first step towards the uiﬁimate goa% of
understanding how minda;ﬂd behaviour emerge from tfe
the ﬁass of cells cglied the brain is to document
the brain-behaviour relations.’ Documenting .
brain-behaviaqur relat%@hs is c¢onceptually
straightforward; it amounts to specigying‘thehneural

circuitry that is responsible for the prdduction or

modification of any particular‘béhaviour. In practice,

. the work is demanding; once the neuroscientist has’

selected the organism that he or. she wishes to-study,

the task is to conduct experiments with the aim of

[N

learning the locations, inputs, connections, otitputs,

and functional inter-dynamics of the neurons that

.

compose the behaviourally relevant circuitry. -

One of the most powerful tools, especially
] 1
useful in the attempt to determine -the location of

L

circuit elements, is "the direct excitation of central,
\ ’

nervous ;issu%:with electrical pulses applied through
an electrode permanently residing in the brain. The
technique was introduced by Hesg (1931) and it has

enjoyed many applications in the last half-century.

The method involves chronically positioning the
i
uninsulated tip of a fine wire into a brain region

v

-
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that is suspected to contain members of the/neurel

circuit under'investigation. Attempts are then made
to elicit, or inhibit, the target behaviour by the
electrical activation of the cells in the vicinity

-

i .
of i&e elecé&ode site, By testing a range of

%

placements, some idea is formed about the spatlal

AN

behaviourally important circuitry?

) AF present, mapping the brain for the.locatiop of
circuit elements is not as fine a technique as it
could be: indeed, the strategy used resémbles the - .
abﬁroach taken in oil-finding expeditions. Once a

site is founo to‘contain oil——of, in the case of braip
stimulation,/to%modify’the desired behaviour—a
three—dimensiooal survey of the surrotinding region
ensues with the -aim of delimiting its bounéefies.

The gisadvenéaée suffered by the neulkposcientist is

that the relative'reso}ution offered bi the.stratfgy,‘“
'is poor oompared‘eo‘that needed by the geologist.
dxﬁflculty in flndlng the location oé an electrode

that has been lodged in the brain for some time.
Typxcally, the brain is removed and serial sections of

‘frozen or impregnated tissue are examined for the

damage produced by the presence of the electrbde. /

Y S g e 3 g B

organlzatlon of different elements belonglng to the .

The poor résolufion is not the fault of any .




The tip, or deepest extent, of thendamage-isltaken as
the central location of cells which, when excited by
stimulation through‘the electrode//;;EZFerly links in
. ‘the chain of neural events leading to the aitered

~/ behaviour.
Instead, the poor resolgtébn largely stems from( %

the inébility to specify the size of the region, around

theelectrddetip,:fhat contgins cells which are not

( | only sqécessfully depolar; ed by the stimulation but
also involved in the/préd ction of the target ~

behaviour. Because we do not know how far froﬁ an

electrode a behav1ourally ‘relevant cell or cell group

must be’ 51tuated in order to fail to be excited by

stlmulatlon at some particular intensity, the attempts‘

to locgte small brain areas containing critical ’

circuitry are necessarily crude. Undoubtedlf, the ’

N ' . po&er of mappihg studies would be greatly enbgnced if .

the researcher were able ‘o specify the size of the

Lo ‘ .stimulation field resulting from any given set of ,
‘ stimulation valu’es'{//l'1 . '

e
The idea/bf a "stimulation field", established

around the t1p of a monopolar elecgrode must be

“ cle/yfled The term. is used as an abbrev1at10n for

<

;ﬁe brain reglon contalnlng neurons that generate - >

. ////actlon potentlals as a direct comsequence of one
. i
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\
applied stimulation pulse. Any cell membrane that is
<4 . o .
brought beyond the threshold potential for firing'is

said to lie within the field; cells only,partialiy,'

IS

or not at ail, depolarized are said to }ie\ggJond
] 4 \

it.

lThe word field may‘conjure up a Ewo-dimensionél
image. Yet, the cur}ent radiates to the cathodal -
electrode tip in the tﬁree dimensions. Recail that
with monopolar stimulation th; indifferent, or
reference, eléétrode is distant from, and has a large ’
surface area relative to, the stimulati&g-elqctrode.
Might it not be prefegable to/use a term, such as
stimulation space, to properly reglect the:fact that
the’points at which action potentials are generated g
lie within agthree-dimensional enclosure?

L 2B
The answer to that question, based upon the

* following consideratiQn, is no. In Qnany, perhaps in

the majority of, applications of brain stimulation !

methodology, researchers examine cell groups which

.share a common trajectory of axonal processes. Imagine

that the tip of an electrode is embedded in a bundle

of parallel axons. An excitatpry pulse delivered

‘through the electrode radiates inwards from all

directiems/ The density of current flow is highest y o

at points closest to the electrode and the current
C, ) ,

.
\ '
' .

o g
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te ‘ -\ . ’ .
, density falls off, or thins out, at points more -
Y/( - ‘"distant from the tip. An axon that is situated near
‘ !
v ] to the electrode may experience a suprathreshold

depolarization over a relatively long portion of its
> . length. One that is more distant may underge

1]
suprathreshold excitation over a shorter length of
<

The point at which an action potential is

. * membrane.
R , &

‘ initially propogated is the farthest one from the

e}eétrode along thi’suprathreshold portlon of the.
membrane. Indeed,

| such points: one proximal to the synapse where the

-#— \:?Lhodrémic action potential is initiated and one

3

for any single axon there are two

+distal where the antidromic one originates. Thus, the

‘action potentials pfoduced by an applied pulse are
. conceived to be spatially\%rranged as a shell, not

necessarily of spherical shape, surrounding the
¢ v '
monopolar electrode tip.

] P .

. With a -rectangular cathodal pulse of short

duration, on¢ orthodromically donducted action
| .e ' % . .
. * potential will be conveyed to the synapse in each of.
s

the axons reached by the stimulation. ,Because the

fibers are organized in a parallel arrangement within

a bundle, an, adequate aescription of éhé set of
. excited cells may be developed by collapsing, or

projecting, the hal£<she11 which represénts.the

L s e e e B i ek e <k e A e % 94
n
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sites of ériéin of the orthodromic action ﬁoteﬁtials

6nto a two-dimensional plane orthogofial to the

fibers' axes and cohtaining the electrode tip. Thus,

despité the fact that actionlyotentials arg generated:

in a complex space around the tjp, an analysis of

the size ¢f the enclosedﬂ;ggion may begin with the

simpler concept of a uné-dimensional stimulation field. '

Note also that it is not strictly necéssary'for‘thé

fibers to be perfectly parallel. The samé

simplifi;atién may correctly be applied for axons that

‘are fannfﬁg away, or converging tow§£§§, each other °

as consecutive transverse pianes are examined. The

important requirement is that they'ﬁainéain relatively

constant positiohs within the expanding,”unchanging,

or converging bundle. L
A'final note on the idea of a stimulation field

addresses the implicit notion that a single circle

drawn around the electrode tip is an\accﬁrate ' .

reﬁ:esentation of the elements excited by a stiﬁﬁlation

pulse. I do not take issue with the view phatothe'

»;’ /
stimulation fie}d is circular; its shape is discussed

later. The point that is challenged, here, is thé; a

¢
v

single figure is sufficient. R
Different célls.have different current thresholds

for excitation; the current threshold is inversely

Al

%
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related to fiber diame£er (Erlanger & Gasser; 1937; . -
' Ranck,%1975; this point is discussed.is detail belbw) . '_,i :
A iarge myelinated cell quite far from the source of |
|
the stimulus might be excited whereas, in response to
the same ,pulse, a small unmyelinated -cell nearer’ to
the électrodé tip might receite only subthreshold
‘“depolariqation. The~effectiv% spread of excitation . ‘ i
cannot fealistically be repfesenteg with a single |
boundary if the surrounding tissue contains fibers of
varicus size and‘myelination.q A single pulse may
regult in several stimulation fields, differing in . '? ' L.
siie, dgpendiné upon the heterogeneity of fiber type
in the electrode's neighbourhood. N

The aim of this dissertation is to measure the

size of the stimulation field for fibers, coursing

through the lateral hypothalamus of the rat, that upon. \ C
electrical activation support'selffstimdlafion:behavioﬁr . |
(first discovered by Olds & Milner, 1954). The thesis

goes a‘little further ;n th;t an attgmpt‘is made to . . - ;
specify the parameters of an equation that describes |

i

the current-distance relation for*rewagding brain
stimulation. Specifically, the goal is to arrive at a' o ~N
an exbression that relates the current amplitude, or
iﬂﬁensity, of a 0.1 msec cathodal pulse to the

distance, from the electrode tip, over which the o ‘ RErE

N L

.an - ‘
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.pulse fires reward neurons. ‘Note that the term

relation is in the singular farm; the initial working

assumption is that'thp reward—relevant\fibers are '

~

¥
similar enough to each other to be considered as a

single type.
\
- The present endeavor does not stand alone nor is

-

it the fi;st'httempt to determine a current-distance

relation. Three different approaches havk been taken
towards the solution of such relations and each has
provided valuable information upon which this work

is-based. These approacﬁes and the essence of the

1nformatlon derived from them are briefly 1ntroi?ped

at this point-in order to place this the51s in

perspectlvé The experlments W1th1n each approach,
are subsequently rev1ewed in detail and flnally,

the 1logic behxnd the experlments of thls

dlssertatlon is explained. 4

The first approach to the solution of

i

current-distance relations has been taken by workers

in tﬁé neurophysiological domain. The strategy that

has been customarlly employed featu:es a moveable
stimulating electrode, often a microelectrode, that
is used to excite a targeted cell. Thresholds fof

exc1tatlon are documented for each of seve al

electrode bositidns and the relation.is derived
\ ) o . R SN

S
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®

from these internisity-position data pairs_ Because

the successful activation of the target is detected

by intra- or extra-cellular

. 2
recording, this line of

¢

investigation has produced current-distance relations

3 ! 4
that are specific to cells either with particular

conduction velocities or which are members of

well-known neural pathways.

The results of thesé'

"studies are in remarkable agreement in suppotting

I

.2 quadratic .form for the relation; the current required

\to-excite a cell is a function of the sduare of the

2

distance between the cell and the electrode tip.

c A

The second approach has been to use the

i

radiolabelled 2-deoxy-d-glucose method of selectively

[N

N
A e s S At e i, bS]
N i
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'marking cells driven directly by a stimulating

-

macroelectrode. Autoradiographi¢ material is examined

for heavily labelled tissue surrounding the locus of

\

the electrode tip. This method allows one to determine

\

the greaﬁist reach of the turrent for all of the cells

in the vicinity of the tip.

Because any particular

intenéity §xcites large cells farther from the source

than small éells, this technique would over-estimate'

.

. S ‘
the sizevo;\the stimulation field if the cells of

A
interest were the smaller

ones. Nopetheless,

information pertinent to this thesis is revealed by

an inspection gf\the material; the shape of the

\

J

<
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, ' 10
‘stimulation field around a monopolar electrode is
roughly circular.

The third approach is of special ‘interest to the :

« student of brain-behaviour relations. Here, estimates '

.of ‘current spread are based upon the behavioural output
- of the organism. Because of this, assurance is
provided .that the estimates reveal the effective

’

-spread for the cell; that are active participaﬁts‘in

.the behaviour under Etudy. '
Current-distance relations derived with this

third strategy are most useful to the psychologist.

Not often arﬁed‘with a priori knowledge about the

relative size or conduction velocity of the

behav;ourally relevant neurons, the behavioural /

scientist cannot extract; from the neuropﬁysiological ¢

work, an es;imate oflfhe sximuius spread fof his or

hér own preparaéion. The estimates of current spread

obtained with this apprd;ch are specific, not te—

cells qf a particularééize or witgﬁmembership in

: 1

defined neural pathways, but rather to cells

distinguished by their participation in a pérticular

behaviour. The present experiments follow in this

traditio;. “The current-distance relation is

developed for lateral hypothalamic neurons involved

in brain stimulation reward.

3"3!','4"'"h;"37'9‘ 7 Sy
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Neurophysiological éxperiments: Form of the Equation

Relating Current é;d Distance

¥ g

2

As has been- explained bx BeMent and Ranck (1969b;

Ranck, 1975), and is repeated here, working out the

current-distance relation, even with neurophysiological.

techniqdes, is not as simple as‘it may first appear to

be with a cursory consideration of the problem.” True,

»

all that is needed is a measuqe 'of the closest

dlstance to the target cell from the stlmulatgng .

' electrode and a record of the stimulation parameters

that are just sufficient to excite it.

wWith a

straight axon running at a right angle to the line

between the stlmulatlng and recordlng electrodes, the

distance could be calculated from the co-ordinates

used te position the electrodes.

4 . .
Practical problems, however, preclude the

e

possibility of simultaneously stimulating a neuron

and monitoring its local fesponse: The delivery of

@ 'stimulation pulse produces a recorded shock

artifact ‘'with an amplitude that is at least an order

]

of magnitude greater than that oﬁ the recorded

cellular response. Combined stimulation and recordipg

is usually accomplished by spatially displacing, along

the length of the axon, the positiong of the

—~electrodes. The shock delivered through the

Iy
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imulating electroégfis‘still strongly registgred
by the recording glec}rode but,rbecause of the
temporal delay resulting from the propagation of
the action potential from the stimulation to the
fhe neuron's response is detected long
‘after the shock artifact has dissipated. The problem

recording site,
of trying to detect a millivolt signal against a volt
background artifact is solved, but the solution
exacts a cost; the distanceobetweén the stimulating
electrode and the first depolarized region of the

neuron is no longer known. Somehow, an estimate of

this distance must be obtained.

The methods that are used to judge this distance:

vary from report to report. Howe;er, the basic
.strategy that is used to colldct the dat# is
identical. A recording microelectrode is employed to
'dirgctly or indirectly'ﬁonitor the success of attempts
éo activate a target neuron by pulses épplied throuéh
a moveable stimulating electrode. The position of

the stimulating electrode is varied either along
straight lines over the surface bf the CNS or dé@n
vertical penetrations. Current thréshplds, values

of intensity that 'are just sufficient to produce some

criterion response by the cell, are determined for

each position. Surface-stimulation studies are

¢

4
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discussed fifst; the obvious advantage of exciting
cells from the surface 'of the brain of spinal .cord
is that the tissue underneath is‘minimally distorted |
by the procedure. .
Landgren, Phillips, and.-Porter (i962) studied
the excitability of large pyramidal cells in the
baboon. They used a ball-tipped silver-silver
¢hloride electrode to deliver anodal‘pulses to the
surface of the motor cortex and the responses of
sénéle axons were detected with a recording
microelectrode entering the spinal cord at the fifth
or sixth cervical level. Once a cell was fouhd‘to
q§?pond with short, invariant latencies, the
position of thé surface anode was varied in the
attempt to find a point on the cortex which reguired

¢

the least intensity to elicit an action potential.

n

Presumably, this 1owest¥thr§sh®1d point corresponded
to the shortest distance between the electrode and the
f%rst-depolarized rggion of the cell; the excited
element must have been .directly below the electrode.
Frém this lgwest—thfeshold‘point, the anode- was
system;dfcally repositioned along linds parallel ‘and

. -
perpendicular to the central fissure and the current

threshold was measured at each'point. The procedure

continued ‘until ranges of +10 mm were tested from

\‘a
B ‘ :
“

s

|
|




the originai lowest-threshpld point.

A sketéh which reflécts'the essentials of their
findings wWwithout the burden of quantitative detail
is presented in Figure 1. (I promise to burden the
reader later ;n the text.) uTheylowest—threshold
point is centergd along the abscissa and is labelled

s ©

"0"™ on this distance scale. Linear departures from

14

this point are arbitrarily indicated as plus and minus

.signs. The ordinate linearly scales the current

intensity necéssary to register a response. As woulds
be expected, it takes more current to excite a cell
if the electrode is located some distance away from.
the cell. The important finding here i§ that the
relation, apparently, is not linear. A displacemgnt
of the electrode from the‘lowest—threshold point
requires a modest increase in current t& promote an F
actioh_potential} a similar change in position when
the eleptrode is distant from the lowest-threshold
point requires a large change in intensity. ‘The
p;rabolic shape of these results suggests that the

current required to excite a cell increases as a

_power function of the distance.

Usihg cathodal excitation of the distal branches

of cat climbing fibers of the cerebellum, Armstrong,

. Harvey, and Schild (1973) documegted a similar’
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relationship between cﬁrrént‘qnd distanCe. In their,
preparation, excitation was thought to'he

antidromitally conducted towatrds the juncétion of the
te%ect%ically activated branch and a companion

cellz:;ral The atrival of the‘action poteetial at ; N o
'.the junctlon would generate an orthodromically L

conducted disturbance in the companion branch which,
4 . 4

in turn, projected to a Purkinje cell. Thus, a’

successful surface:eathodal activation of one_branch ‘
of a climbing fiber was revealed by an excitatory . '

) post-synaptlc potent1a1 in the lntra—cellular record , :
of a distant Purkinje cell, ©nce a lowest-threshold

point was found, the exc1tab111ty of the branch was

examined along two tracks, one parallel to, the other
perpendicular to, the folial akis. 1In both‘cases,

the data fit the relatlon depicted by Flgure 1.

‘. These researchers took their data one step further

‘ El

-

by transfotming\the distance scale to its square and

re~plotting the results for five cells. FiéureA2' 31

2

illustrates, with arbitrary scaling, the resulting

graph for one cell.  Their points now fell along o
;traight lihes; this finding led to their conclusion ' f‘i'” ‘f
that the current density at any point was inversely =~ ..
Yelated to the séuére eﬁfthe distance. Stated o '

another way, the ""inverse-square" law_recommends

N
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that the current required to excite a neuron is
proportional to the séuare of the distance between qh

-

the electrode and its taréet.

Additional support for the, quadratﬁc,dgigzs\cf‘*/——\\\>\\

the relation is derived from the work of BeMent and .
Ranck (1969b). These rgseafchers solved the problem

of estimating the true distance between a surface
flectrgde and the neuronal target: h.This was achieved
largely by a céreful selectién of the test preparapionun
The long éxons_of thé medial part of the dorsal columns
hold a constant po;itioﬁf relative to the miéline and

to the dorsal surface of the séinal cord, over seve;al
cord segments. BeMent and Ranck employed cathod;l
surface stimulation to excite the cells at one cord
level and they recorded thé responses of single axons
with‘deep micrqelegtrodes entering at anotherﬁ as

much as 20 mm away. If the axon kept its relative
position in the coronal plane at ;he levels of both

the stimulating and recordihg electrodes, then the
co-ordinates that were used to find the cell with

the reéording electrode indexed, the dis%?née between

the surface cathode and the first depolarized region )

of the celli Once a responsive.cell was found, . L

current thresholds were determined for several

positions of the stimulating electrode. Here,

o /
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velocity in meters per second is six times the fiber

. from the deep-stimulation studies. As was the case.

the mapping was confined to points lying ‘in the

transverse'plaqe.

Two éf their findings are of special ihterest.‘
Germane to the issue at hand is the discovery that
the currentlrequired increases by greaﬁer amoﬁnts.as .
the distance increases. Because this work contained
accurate estimates ,of the real elec£rode—to;tar§et
disgances, these data offer strong support for the ’
non-linear nature of the current-distance relation. o T, | l
Of pertinence to a second topic is their finding that
cell;‘with fast conduction velocities had lower

current thresholds than those which conducted slowly.

Relying upon Hursh's (193) rule tyat the conduction

diameter in micra, these authors concluded that small
cells require more current than do laége enes.
Complementary information, towards the solution

of the form of the current-distance relation, comes

in experiments with surface ;timulation,.th§.§ﬁccessful.
activation of a neuronal éle;ent.is revealed by unit
records through a distant microelectrode fixed in
position. The main methodological difference is that

now a stimulating microelectrode, usually measuring o :‘

.
only a few micra in diameter, '‘penetrates the CNS. ’
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" the hypoglossal nerve fibers have dendritic trees

‘As the stimulating electrode was lowered, a parabolic

‘this corresponded to the electrode approaching’ the

. .

Current thresholds are,notéd,as the electrode occupies
different positions in the vertical dimension. The
electrode approaches the target from some point abo§e,
passeg nearby, and proceeds to poigis beiow éhe ce;l.-
Conceptually, there is no.difference betwegn.ﬁpé )
degp—stimulation Experiments and thése with surface o
stimuiation.‘ : “ o .
. % ‘ ( ~
Porter (1963) lowered microelectrodes towards the .
cell bodies of ‘the hypoglossal nerve in the cat. The o G
céLl's response was detected by electromyographically ' , !

monitoring single motor unit responses in the tongue. C . -

' . ’
fall in threshold current was witnessed; presumably,

A

level of the first excited region of the cell.

Further descent of the electrode was not, however, . !
N : '

accompanied by a symmetrical rise in the required

‘current. Rather, departugeé from the lowest-threshold

v

%
. \ ¢
level resulted in-a more gradual increase in L i
threshold. .

— ¢ : .
Porter accounted for the asymmetry by comsidering : o
the orientation of the target cell. The somata of )
fanning up towards the éu{face. The axon hillock

points down; it gives rise to a myelinated axon

d .

)
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that runs downwards, as it veers away.‘"As long as the

cell were approached from above, excitation would
; -
occur at tﬁe axén hillock (Ranck, 1973). As thF
electrode was lowered beyond the level of the hillock,
. the.possibility arose that the region first 9xcited )
by the stimulation would pass f;an the hilibck to the
. £irst node of Ranvier. Effectively, the result is
that the locus of excitation‘would follow thé’
electrode; the cbanges in,elegtrode;£o-élemént
distarice would therefore not be as great below the
levegl of the axon hillock as they would be above
)
Similar methods ,were used and a like proble@
was encountered in a study of the excitébility of
" branches of the lateral QestiguléspinAI’tract cells
in the cat (Abzug, Maeda, Peterson, & Wilson, 1974).
The stimulating electrode was lowered through a
lumbar segment of the spinal'cord,and current
éhresholds were noted at éach position. The
antidromic responses were recorded extracdellularly
in Dieter's nucleus, a suL-cerebellar~aggregation of
thelsomas of the cells. On the approach side, a
parabolic fall in current thre%?ol was seen but, as

' ,Yhe electrode passed beyon& the lowest-threshold

point, the curve was somewhat flatter; at times,

1

/ | /
oo
/ .
.
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_of excitation could account for thé aéymmetry of the

\ ‘ .24
8 + o

kinks appeared in the curve, Again, a changing locus

3

‘results but, because the branches lie in horizontal -

planes, the jumps in locus could not have been from

node to node. More likely, the explanation’is.that,

a second branchh‘perhéps even the ﬁain trunk, of the
same recorded céil was now brought within the reach ’

of the stﬁmulation. The second branch woulq now be
approached from above; the predicted outcome is that
additi¥nal lowest~threshold points would appeér in the
data. An inspection of the records of some of the cells
suggests’that this indeed was the case. AlthoLgh it was

not mentioned earlier, the same observation was made by

Armstrong et 4l. in their surface maps. Their

.

conclusion was that additional lowest-threshold points

reflect the activation of other branches of the same

L]

- cell, ' ' C

v N ~
Obviously, the part of the curve that is telling

is the iﬁitial'portion which corresponds to the
electrode's approach to a single, .unchanging locus of

excitation. Both in the case of Porter's approach to

hypoglossal somas, and in that of the Abzug et al.

descent towards spinal branches, the initial-portions

resemble the downward leg of a parabola (e.g. Figure

1l; negative side to zero). . '

“
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Instead of simply relying upon a visual appraisal
of the general shape of the resﬁlts, Marcus, Zarzgcki,
and Asanuma (1979) choée to submit some data to a
curve-fitting assessment. They analyseduthe data that
had been collected in an experiment which mapped the
numerous branches of monkey pyramidal axons (Shlnoda,
Zarzecki, & Asanuma, 1979). Moveable microelectrodé
penetrations had been made through several cervical |
levels and the antidromically conducted impulses had
been dqtectéd through recording electrodes fixed in
the moéor cortex, ' At each of the positions of the
moveable stimulatiﬁg electrode, . current thresholds
had been noted. The results of twelve penetrations -
were fit to two models, both\of which incorporated. °
the idea that the true distagées between electrode and
target followed the‘Pythagorean.rule% In one mo@el, f/
the current reguired to excite the cell was proposed
to be'a linear function of the distance and in the
other, the requiied intensity was stated to iﬁcreaseA
as the square of the distance. With lower
least-équare ;eéiduals as their criterion, M;rcus
et al. selected'tﬁe Qarasolic relation as the better
account. ' . . “ o

Jankowska and Roberts (1972) tracked the '

current-distance relation in cat spinal interneurons.

.M
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Fine stimulating microelectrodes penetrated the sixth
or seventh lumbar segments of the cord, aimed at the
terminal branches of interneurons in the ventral horn.

Extracellular recording electrodes were positioned

rostrally near the cell bodies. In the attempt to : f
ascertain the exact distance between the stimulating ’ st <
electrode and its target, they used cells which ‘l -
demonstrated lowest-threshold values of less than one .
tenth of a microampere. They argued that when the
threshold was.that low, the electrode must lie within
30 miEra of the first depolarized region of the cell.’

Given the relatively long léngth of the penetrating

. track (200 um), the 30 um distance was considered '

negligible and’ the vertical co-ordinate was taken as
a'good approximgtion of the electrode-to-element a
distance.
A parabolic relation best describes their data.
Théy, as.had;done heMent and Ranck (1969b), also
examined the relation between conduction velocity and
threshold and found that rapidly conducting (large) .
cells were more easily excited than were slower;‘ ’ ‘ ‘/
(sm&ller) axons. Except for the reiation between rate F

of conduction and threshold, the same techniques were !

applied to, the same rationale was used in, and a ' |

xys

e

simiiar, parabolic-shaped, current-distance relation ) h
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emerged from a study of Renshaw cells (Jankowska
& Smith, 1973).

Bagshaw and Evans (1976) approached the problem
. s "
py making several vertical penetrations around a

single target cell. Their preparation involved the

F) D
stimulation of cat and rabbit dorsal column axons

and the antidromic action potentials were detected
~in siqéle surviving axons of the dissected and
i . frayed sural nerve. They determined the location of
the target by transforming the datg of several
penetrations into concentric "iso-intensity" circles.
These appear as a series of differentially valued
rings surrounding the position of the cell. It
resembles an %rchery target except that the values
(currené thresholds) are higher in the peripherél
 - . rings. Thé bul}'s eye, of course, represents the
location of the electrically activated axon. Their
conclusion was that the relation developed from the
inverse-square law, that is, the currernt required to
e?citeia cell is proportional to the square of the
diétance, was correct for monopolar stimulation.
In that study, Bagshaw and Evans had approacheé
the locus of excitation not‘yith a single track but
rather with several penetrations pef cell. The award

for thoroughness was almost theirs; it goes, however,

S d——
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to Roberts and Smith (1973). Roberts and Smith used

dozens of carefully planned penetrations for each

~axon with the aim of getting the stimulating electrode

as close to the nodes of Ranvier as possible. They

worked wiég fibers belonging to the dorsal

. spinocerebellar tract in the cat. Stimulating

electrode entries were made at the first or second
lumbar level; records of single-cell responses were
taken in the third or four?hlyumbar segment. The
initial fewlpenétrations were lined iongitudinally,
parallel to the fiber under investigation, in the
attempt to locate the low threshold points that
presumably corresponded to the sites of the nodes of
Ranvier. Once two or more nodes were found, additional
penetratiqhs Qere aligned in the transverse plane at
these low threshold points; now ;he aim was to
approach, as closely as possible, the nodes. Their
findings support the two main ideas carried here.
First, the current-distance relation is curvilinear
and, second, the current required to excite a cell
varies inversely with conduction yelociéy.

Up to this.point, I have surveyed the reports of

workers who have determined the locus of excitation,

']

.and thus the critical distance between the stimulating

electrode and the first depblarized region of the

28
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" cell, largely by argument. We have seen the rationale

that a current threshold of 8.1 pA indicates close

proximity (Jankowska & Roberts, 1972), the notion

that the' target can be found by constructing circular

iso-~intensity profiles GBaggﬁaw & Evans, 1976), and
the idea that with many penetrations the cell may
almost be touched (Roberts & Smith, 1973). Each of

these arguments is compelling. Yet, there is one

current-distance study that stands out from all the

‘others. This experiment is distinguished by the

implementation of a very clever strategy, a strategy
which eliminated the need to argue about the distance
between electrode and target. With their method,
Stoney, Thompson, and Asanuma (1968) were able to
measure thé distance directly.
. These investigators exaq%ggg the excitability'of
: - .
cat pyramidal tract fibers. A large stimulating
electrode was used to excite the axons at the 1ev%l
of the medulla but this eleétrode was fixed In'plaée
and was not employed in the mapping per se. Mapéing
the relation was accomplished with a more complicated.
arrangement’comprising two paraliel microelectrodes
tﬁat tqgether entered the cerebral cortex. One of the

two microelectrodes was always used as a recording

electrode. The other, here referred to as, the

29
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stimuléting/récording"glectrodé,Awas used ﬁ% deliver

. N £

a pulse and, immediately’after, was electronically h
s@itched to a.recording‘mode. ,The microelectrode |
pair was mounted on ; special manipulator thak
permi&tpd Eonjoi?t positioning of the.pair‘and
independént driving of the stimulating/recording
electrode. The disfance between ;h§ fecording and
the sgimulating/recdrding electrodes .could at all
times be determined from the co-ordinateé u;ed to .
position them. The paii would be lowered into the
tcortex and initially the recording electrode was
deeper in pcéifipn than was the stimuléging/fecording

combanion. fogether; they were drivenwfh small steps

-

u?til a cell was, found, by the recording electrode,

Bl

to respond to shocks delivered thﬁough the fixed
medullar electrode. An inteési;y_for medullar
stimulqtidn.waé‘ﬁeleétéd which would reli;bly
-activate the celf: :

Now the experiment began. A cortical pulse
through the stimulaEing/recording mepbér of the pair 'y
could, dependﬁng ﬁ;dn_the intensity, excite the cell
tapped locally byigﬁjﬁrecordipg electere.. Whether
6r not the cell responded could not’ﬁe immediately
known because of the overwhelmingdshock artifact.

Soon after the cortical puls€, a second pulse was ‘ .

¢ )
A ) ¢ -

’ .
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édministered,rthis time ihrough‘the medullar =

- ¢ ! 1 -

: electrode.

Consjder the eveats. Suppose that the cortical

=

pulse; the first one, were sub~threshold for excitation.
. . -~ .
///)/ . No orthodromic action potential would be generated. v ~
The subsequent excitation at the medulla would produce

an antidromic action potential that would make its wéy, .

t

unimpeded, to the cortical recording electrode and a
. ‘ ' spike would appear on the record. Now assume that the
intensity of the first, cortical, éulse is sufficient

| to activate the 'neuron. Ap orthodromic disturbance
would begin to be cogduéted towards the medulla. ?he

¢ following medullar ‘stimulus would againQinitiate qﬁ

antidromic impulse but now the antidromically ) '

<ot i
e

travelliné impulse would collide with the orthodromic

.one, Nd abtion’potential‘would ?e seen at the v . ’

. v ke e
-

recording electrode. Thus, the éuccessful activation
. LY N

; . > of ﬁhe.celi byvthe cortical, stimuiating/recording

-

R 'electrode was revealed to these investigators by the

_absence of the reliable spike originating from the

medulla.

i \ . The procedure was repeated at several intensities

- of stimulation through thefco}tical electrode; the . .

point of transition, as intengity increased‘Lbetween

the presence and absence of the antidromic spike was

* L . Y

o
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deemed éhe current threshold. Thé indebendently

-

manipulable stimulating/recdrding electrode would be
lowered to‘a new position and a new current threshold
would be determined. Recall that, at all times, the : .

a

L\ : .distance between the stimulatiﬁ%/recording electrode

’

and the recording electrode (where the first depolafized

region of the cell is located) could be determined

]
£

[ <o  directly from the posij:ion’co-—ordinates.b
| . No comment has yet been made concerning the - _ ‘ |
dgecording aspect of the stimulating/recording
electrode. After a pﬁlée was passed through this
electrode it was switched to a recording mode. If tbe'?
_-pulse_pad failed tohlécally excite the cell, and ig
this electrode were close ehough to the target neuron, . $
then it too'wéuld detett the antidromic . action

‘potential. Of course, the amplitude of - this record

o] ' ‘ B
would vary (inversely) am,a function of the distance

to the cell. The amplitude would attain its peak when

the stimulating/recoraing,elsétrode was -at its closest

approach to the cell. <Conversely, the current

point; together, maximal recorded amplitude and

a v f e -

minimai current threshqld served to define the

' . -
closest approach to the cell By the stimulating/ -
5.

rgcqrdipg electrode.
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.. The results of this study’offer the strongest

empirical support for the idea that the parabolic

\ form best describes ‘the current-distance relation. A

a ~

happy ceincidence iévthat the pagabolic, or quadratic;,
. functign is also pfediétéd theo;eticgliy. Fhe

‘theoretical argument may be found in several reports

(Asanuma & Sakata; 1967{ Beaﬁ, 1974; BeMent & Ranck, ,
l969a);‘the development tﬂat is presented here most i;
closely follow; the one put fort y Stoney et al.-
(1966) . 4 \ ’ L

Neurons display stablf‘éurren thresholds. At-

threshold, the voltage gradient'(AV/Ar) across aﬁy

two points on the cell membrane is therefo;e constant.
Thé term AV is the difference in externai potential
established during the application of a con;tant'
current pulse and Ar is the difference in»the distance
from the two points to the source of the stimulation.

- In a volume conductor, the voltage, V, at any

distance, r, is given by:

- ' Vv = Is/d4nr

where I is the current ampli%ﬁde and s represents the

S

specific resistance of the medium. For any particular .

kind of preparation, the specific‘resistangg’is - C -

considered to be constant throughout the tissue.
A

'y ¥
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The voltage gradient, AV/Ar, is changed to its
point-slope form, dv/dr, and the first derivative of

voltage with regpect to distance gives:
AV/Ar = dv/dr = -Is/4mr?

It is understood that the voltage gradient at threshold
is a coﬁstant, as are s, the specific resistance, and .
the values 4 and n1. Thesedare together expressed as

\

" a single constant, k, and the relation between current

and distance becomes:

I= krz_

-

In the process of deriving the relation, the
resistance of the medium was included in k; the
constant is thus sensitive to this 'factor. The

constant is also affected by other factors such as

" the duration and polarity of the applied pulse and the

stimulation configuration, for example, surface vs.

deep, monopolar vs. bipolar, etc. (The reader is

.referred to Ranck, 1975 for an excellent description

of how these factors influence the current-distance

relation.) . ) b <

-
»

With the above variables held constant, k is
_exquisitely sensitive to the size of the target
axon.. Stoney et al. (1968) determined the value .

1

34
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$
of k and measured the conductionjtime of 12 of their
> . 4 '

tested units. The correlation between these measures
was 0.67, indicating that k increases as conduction
f time increases. fhé implication is that the
effectiye spreadbof current, or the size of the
‘stimﬁlatibn field, is greatef for large 'axons than

. it is for small ones. 1If, the relation between

b conduction time and fiber size is linear, then close .

to half of tHe variation in k is explained by cell

diaméter.

\ That the empirical grounds and the theoretical

; derivation converge in recommending the quadratic
'v . form for the relation is reassuring but an important
practical consequence emerges from this result. ' In

P - order to specify the cuE:?nt-distance relation for

a

~ . “ a particular preparation, it is sufficient to offer ™

a value for the constant k. The objective of this

thesis is to obtain an estimate of this constant. -




The 2-Deoxy~d-Glucose Method: Direct Visual Inspection

of the Shape of the Stimulation Field

Except in cases of extreme starvation, the braiq
derives its energy by intracellular metabolism of
glucose (Friedman & Stricker, 1976). The demand on
energy, and thus on giucose, is greater when g éel;
is firing frequently than yheﬁ it is relatively
guiet. Accordingli, glucose uptake into the cell

g |
is enhanced as the firing rate increases.

A structural analog of glucose, %—deoxy-g—glucose'
(2-DG), is similarrenoqgh to the glucose moleculé to
be incorporated into.the cell through the glucose
"uptake mechanism. Thé analog is nﬁf, hgwever,
similar eﬁough to participate in.subsequent metabolic
events. Consequently, if 2-DG is systemically

introduced, it coﬁﬁetes for uptake with 'glucose and

becomes concentrated in the neuraon. Rather high

ST

concentrations of 2-DG.woul§ be achievgdlif the dell
were firing at a rate‘wgll above bgselihe kSokolofg;
1977) .
Gallistel, Karreman, and Reivich (1977) injected
a radio-actively labelled form of 2-DG into rdts that
were self-administeging trains.of rewarding brain
<

stimulation t&rough unilateral electrodés placed in

the lateral hypothalamus. They reasoned that the

—
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neurons driven directiy by the stimylaﬁ@on would
fire at exceptionally high rates; thb'activity of
‘these cells would certainly e# eed that of their
unstimulated counterparts in éﬁ pposite hemisphere.
Qence,Ait was expected th;ﬁ/ se driven cellg wdaiﬁ
take up much more of the 2-DG label.
Following a bout of self-stimulation, the rats
were sacrificed and serial coronal sections of brain *
tissue were examined autoradiégraphically; The material
revealed a dark (heavily labelled, high uptake of the
,Z—DG marker) reéion‘surrounding‘the tip of the -
electrode track: Indeed, serial sections anterior ard
posterior to‘the electrode's poéition contained similar
" dark regions,‘relative to the unstimuigted side, thét
accurately followed the course of the medial forebréin
bundle. Quite apart from the obvious utility of the
métﬁod’in tracing the trajectory of ; directly
stimulated bundle of axons, and its potential for
marking the neural conseéuences of any sgimhlus \
Qresehted to an intact org;nism (cf. Kennedy,
‘~ Des Rosie?%@ S;kurada; Shinohara, Reiﬁich, Jehle, &
. Sokoloff,\1.76), the peértinence of the Galllstel et
alxmfsudy to this thesis concerns the effectlve

spread of current from .a monopolar ‘source.

The procedure could be repeated using

2 - .- P oty e
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experimenter-delivered stimulation trains fixed in
duration and in pulse frequency. Each animal would

receive a different current amplitude and the

N 1

current-distance relation would be worked’ouﬁ from

an inspection of the extent of labelled material
surrounding the electrodes. Such an experiment would
not cast light on the' effective size of the stimulation
field for behaviourally relevant cells; all of the
neurons near the tip, including those fhat do not
actively participate in the behaviour of inéerest,

will have been excited. ‘If the target behaviour were
one m‘piated by smaller cells, for which stimulus

spread is less extensive, then a measure of the spread

based upon a visual inspection of the autoradiographic

results would over-estimate the true, behavioufally

4 -

relevant, reach of the stimulatipn. Nonetheless,
such an experiment.would éefine.thg greatest extent
of current spread in the selected brain region; it
would serve tolplace an upper bound on the stimulus:‘
reach.

The finding of greatest bearing ﬁere is that of
the shape of the stimulation field. The sections
were taken'iﬁ the coronal plane and this plane cuts

the medial forebrain bundle, at the level of the

stimulating electrode, transversely. By'recalling“

38
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the comments on an adequate; two-dimensional, .
repregsentation of the set of fibers excited by a bulse,
one realizes that a coronal section at tﬁe level of th?
electrode tip shows the shape of the stimulation field.
The shape surrqunding a monopolar macroelectrode is
circular. True, the circular shape resul£§ from the
‘excitation of the largest fibers in the bundle but
there is no réason.to believe that a different picture
woj%d be.seen if the effects of the stimulation could
somehow be restritted to the smaller axons.

.The rationale for the present experiment, which
is presented in the section after the next, might
have opened by making the assumption that the shape
‘of the stimulation field is circular. The idea follows ,
naturally out of a consideration of how current radiates
ffom a point source. Furthermore, the notion is
"iﬁplicit iﬂ the neurophysiological work discussed
earliei. Unfortunately, the electrodes used ig
. behavioural work are very large. To treat them as
points is to push the argument too far. Thanks to
the efforts of Gallistel et al., the present work is

v

relieved of the need to posit the circular shape as

an assumption.

P 3
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Stimulation Reach for Behaviourally Interesting Neurons?

Behavioural Output Techniques:| How far does N

The theme running through this text emphasizes the

need for current spread estimates for neurons that'axe

markKed by their participation in a’'particular behaviour. .

-

-

In order to conclude, with confidence, that obtained
data reflect the spread for behéviourally relevant °
cells, gstimatesléhould be based upon the effect of
the é£imu1ation on the behaviourél output of the
organism. The stimulation's influence on all of the
cells in the vic{pity of the electrode tip becomes
transéarent when behaviourally based determinations
are made; the approach sees through the excitation
of non-participating elements and efféctively
focus%s the assessment to the influence of the
stimulation on the neﬁrons critical to the selected
‘behaviPur. The four éxperiments described here &
employéd the behavioural output approach. - |

L Wetzel (1970) prepared cats with éQfonicaz{;
indwelling electrode arrays, with closely spaced
tips, aimed at the lateral hypothalamic region. -

Each electrode was tested individually, that is,

. stimulation was referred to an indifferent return,

and a short train of 200 Hz, 0.2 msec, rectangular

pulses was delivered following the depression of a
<

et it
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pedal by the cat. 'AlthOUgh the amplitude ;f the
rewafding stimulation was not rigidly fixed, the range
of variation (400 - 500 pA) was narrow.

Her main finding was that immédiatéiy'adjacent

electrodes often gave rise to impressive differences

with respect to their ability to support

self-stimulation responding. The implication is

that current spread, for fibers of the lateral

hypoﬁhalamﬁs involved in brain stimulation re&ard,

A )

was fairly restricted in extent. Wetzel Qerself does
not offer a numerical assessment of the effective
spread; my belief is that she was keenly aware of the
guantitative limitations ilmposed by the missing

information on the distribution of reward-relevant

. fibers around.the electrode tips. A crude estimate,

ventured on the basis of an inspection of her

~histology, is that the reach was well within one

millimeter. This ball-park figure is in perfect
agreement with a similarly made appraisal of the
stimulus spread revealed by the 2-Dé me thod
(Gallistel et al., 1977), adjusting for differences
in pulse width. ' o -
Wetzel's experimeht h@s recently been rgpeatéd -

in rats (Steiner, Bodnar, Nelson, Ackermann, & Ellman,
;958) and thE'authors\?f this report claimed to have

N . A )

4
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dispelled the myth that effective current encompasses
A\\' the rat cerebral‘hémisphgre. :

Wise (1972) lowered moveable stimulating L
electrodes (Wise, 1976) towards, through, and beyond
rat lateral hypothalamic regjons which, upon electrical
activation, givé rise to\éa{an and to drinking
behaviour. At each position in the series of small '
advances, the current thresholds for the elicitation
of eating and drihkinq were noted. It should be
immediately apparent that this strategy is identical
to that employed in the neurophysiological approaches
towards single.axons by vertical microeleétrode
penetrations. The chief, and important, difference
was that now the effect of the stimulation was
monitored behaviourally.

Because the behavioural outcome was thought to
depend upon the activation of many cells distributed
over a finite fegion, a perfect, parabolic shaped,
relation betweeﬁ current and electrode travel was
notlpredicted. wise constructed several péégible
arrangements of distribution of behaviourally relevant
tells. He showed, by argument, that as long as the
electrode were enclosed by a region c;ngéining an

even distribution of eating (or drinking) fibers, a

- fair length of the electrode's excursion would

-
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witness repeated lowest-threshold points (see Case
I, Figure 2, page 547 of that paperii-

Four of the six animals showed this pattern. A
sudden drop in threshol& was %bserved’%n one move oﬁ
‘the électrode and this low threshold was seen over,

severél subseéuent descents. As suddenly as it had
dropped, the threshold rose with the next move. The
abrupt changes in thre;hold and }he large number Sf
consecutive lowest-threshold points’;re consistent
with the ideas that, for the fibers involved in
eating'and in drinking, first, thé size of the
lstimulation field §s small compared to the size of
the steps (0.13 mm) and, second, it is also small
re}ative to £he size of the region that contains these
behaviourally relevant cells. On the basis of these
data, Wise suggested that 25 HA of sine wave c&rrent
(rms) excites cells within about 1/8 mm and 100 uA
reaches'cells 1/4 to 1/2 ﬁm away.

Using an acute preparation, Poteéal, Blau, and
Miller (1980) lowered'macroelectrode’afrays towards
the motor ﬁucleus of the facial nerve in the rat.
St;mulation pulses.wqre passed through the electrodes
at each of the one-millimeter-spaced positions in the

. track and,the current thresholds for the production

of just noticeable vibration of one or more

- -
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. target wés smael;

w3s needed to.produce vibrissal vibration. (I
. . { . g

- they suggested. in their discussion that»current%§; A
. ' *+

hmighE be effective as much as 4 mm from the electrode

"was mentioned before‘that mgving a macroelectrode o

- - S 44

ﬁibrissae were recorded. The steps were large and the

tﬁé resulting data show U-shaped
N ¢ . :

fu#::éz?s of curreht threshold against extent of
od

g

elect e travel. The average lowest-threshold was

.71 yA and at a point 2 nm higher 365 pA, on average,

discuss here, as was done for'ﬁhe paper by Wetzel,
only the results obtained 'in their monopolar

dbnfigurgtion tests. The fixed stimulation values ¥ l

were: 0.1 mse¢ cathodal pulse duration, 50 Hz pulse

frequency, and 2 séc train duration.)

/ These authors did not offér a quantitative : . .

assessment of the purrenthistance relation. Inétead; . v

tip.. I have taken'this to mean that a target as | » )

distant as 4 mm from the tip could be excited if one

were to raise the current intenéity to a high value.
' h LY . .
Doubtless, ' lower current levels would \sp'read less. ;.
Their reluctance to venture strong conclusions’, : -
e . . . ~ . . . )

about their.data was based upon a thgughtful, and c

-

correct, analy%}s of the factors inyolved in assessing oy
. - N o~ N - v ~ Pf A N ’ N

current thresholds for’a:behaviourél consequence. . IE B oo %{
. : I )

towards a neural target, the excitation of which

-y
5
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_yields a behavioural change, is a situation °
ana{:@ous to. the meurophysiological penetration

towards single axons. The anaiogy stops at that

conceptual level. The current thresholds measured

7

in the neurophysiological’experfments weretthresholds
for the elicitation of an action potential in a‘heuroﬁ/i
following a single pulse.. In the behavioural work, .
it is the threshold for the production of a particulér
response by the orgénism that is measured. The key
proﬁlem stems from the fact that behavioural qptcémes
© are rarely obtained with single pulses. A train of
pulseg must be delivered and the presentation of a -

train is accompanied by two additional s;imulatioﬁ

variables, pulse ffequency and train duration. The

®

: 'strength of a behavioural response, at least in the

. -over time. The result, mentioned by Potegal et al.,

* case of self-stimulation, is known to be monotonically

related to these two parameters (Edmonds, Stellag} &

-

Gallistel, 1974; Gallistel, Stellar, & Bubis, 1974);

'

présumably, all stimulation-induced behaviours are

mediaéed.ﬁy neural circuits that integrate excitation

W . ’ PR :
is .that current thresholds for the elicitation of a

-«

behavioural respoﬁse are not absolute; low current
thregholds are observed at high pulse frequencies’

‘

and high current thresholds are’witnessedTat'low ' .

L

‘[;
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.fiequeﬁky stimulationg(see Animal #3, Figure 2, Page

- 771 of the Po&egal et al. paper fox a concrete

example) . ‘ ,' »
Stated succinctly, very little has been learned
abpout the curfentédisﬁaﬂcg relation from experiments
on stimulétionrproduéed 53havio r. Even the methéd
holﬂing the greates proﬁise,‘t at of moving4£he
electrode through a brain region th;t supports"*

stimulation-induced behavioural changes, is beset by

3

too many unknowns. Before .using|the method, one
\ P

3

- must have an accurate picture of the spatial

s .

sorganization of the target cellsf both in terms

Qf boundary and density. Even with these known, the

o

method still cannot offer absolute measurements

. . ;
without some estimate of the number of elements

- that must be excited in order to see a behavioural

ghangé. At best, that method can offer only relative

assessments. Some other technique®is required.

. 46
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Rationalée . C
Overview. The aim of this research is 'to determine

: : . 7"
the current-distance relation for the excitation of
neurons, coursing through the rat lateral hypothalamus,
that participate in brain sé‘mulation ;e@ard. The work

follows in the ‘tradition of behavioural4output

~

studies; that the relation. is specific to reward cells

> -

. ; N,
is assgped because' the dependent measures are derived

from self-stimulation responding.‘ The rationale ‘*for

. the experiment is presented in the following six

paragraphs and the reader is urged to inspect"Figure

¥
3 while working through them.

Two monopolar stimulating electrodes, prepared’
. . .

and fixed together so that the distance between

" their tips is known, age positioned into a brain region

that supports self-stimulation. The electrodes are
oriented so that the imaginary line joining their tips -

lies in a plane orthogonal to axonal traffic. The

-,

preparation is conceived to establish two a&jacent L

-

- stimulation fields which may, if the stimulation
'émplitpde is of suffigient strength, ove?lap. In

‘other words’, at relatively high intensities ‘there are:

> A

somé neurons, lying in the intersection of the two

circtilar stimuLafion fields, which maylbe excited by

a pﬁlsg delivered through either of the two A

~

-

v - oy .
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‘Bffectiveness of pulse-pair stimulation as a function
of test intensity and delay. Left: representation of

electrodes and stimulation fields. Right: anticipated

results. Top: low intensity Vith no overlap in

stimulation fields. Bottom: high intensity with some

overlap in stimulatioh fields.
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electrodes. For these cells, a pulse applied through
one electrode will tempo fil§ render them refractory.
to stimulation passed th éugh the other.

Consider the even associgted with the
Présentation of twokequai—in—currentéintensity pulses,
each with its own electrode destination, with a delay
'interposed between them. Following the application
of the first pulse, all of the célls within' the first
field,fby definition, will be fired including, of
course, the cells lying in the intersection of the two
fields. If the delay between the pulses exceeds theé
refraétory period of the cells common to.both fielﬁs,'
the second pulse, delivered throhéh‘the Adjgcent
electrode, will successfully fire all of the cells
within its proper field. .If, ﬁoweyer, the delay is

\

too brief, the second pulse will find the common B

-

) ‘ ] . .
cells refractory to its influepcg. As a result, it o

}

will be less efféctive'in‘contributing to the rewérding

- effect of brain stimulation. The c¢ells common to both

stimulation fields will have firedqone volley per

: pulse-pair at short inter-pulse intervals whereas they

will have suﬁplied two sets of discharge at the .
longer delays.  Thus, in this hypothetical situation
in which we have established large“stimﬁlation fields P

with sufficient overlap, the delay between the pulses

LY




!
i
|

is a critical factor in determining the reward

~efficacy of the pulse-pair.
Consider now the events at lower curiént

intensities, intensities ‘that produce two small

»
)

3

. 4

‘neuron is exi%ted by pulses through both electrodes;
excitation delivered through one electrode does not

influence the excitability of ‘cells lying within the

field of its companion. Now, no matter what delay is ’

interposed between the two, differentially destined,

. ! .
pulses, the same total number of firxings is achieved
with each pulse-pair, With this,ihaginqd situation of

small, non-overlapping, stimulation fields, theldéiay

between the pulses ceases to be a determining factor

4
e reward efficdcy of the pulse-pair.
i

' The basic plan Es to peéform a series of

@ modifiedg}efractory period determinations. The
l modi'ication is that whereas conventiénal tests émploy
L the Nresentation of pulse-pairs to the same e;ectrode,
| §

% the Writical tests of this thesis feature the
: ; ‘ i
++ spli fing of.the pairs to different electrodes. An
I : S '
i\inte Eity is selected and’ the relative effectiveness
l .

of th'e pulse-pairs in producing reward is determined

4

%
ifor ajrange. of delays. If the function relating

'

‘
v
'

effectiveness to delay is found to possess a I/:

° '
v .

., stimulation fields wifh no overlap between them. No'

51
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rising step as delay is increased, then the
stimulation fields are deemed to be overlapping. If,"
at é'lower intensity, the function is flat, then the
stimulation fields must be independent. By inspecting
the\eﬁfectiveness-vs.—delay functiohs ove# a
systematically selected family of test intensities,

two groupings should emerge: First, at the low

intensities there should be a set of flat

effectiveness-vs.~delay functiopns. sécdnd, at the

higher test intensities the functions should posses
a step.

Such an outcome is a;ticipated by considering
that; beginning with the.léa intensités,:sﬁall;
non-over lapping §ﬁimqlatioﬁ fields exist. As highéf
and higher intensities are tested, the boundaries of
the stimulation fields approach, touch, and finally
intersect each other. The point of transition, along

the intensity scale, passing from a flat to a

step-like function is then taken as the current
. ¢

. intensity at which the boundaries of the two

stimulation fields are just touching each other; with-

equally sized stimulati;n fields,'the point at which .

they meet is half-way between the electrode tips.
Repéil that the'intérelectrode\distance is

known. -The value-of current intensity that !

EO—
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separates the flat and step-like functions is
. therefore the intensity that just reaches reward cells
half the interelectrode, distance away from the

electrode tips. These values form one co-ordinate

pair towards the plot relating current and d;staﬁéé.

T

‘Additional points are obtained/EX/tegfigé additional
reparatiéns; an attem /ig/ggée to provide, each rat
.with a differeﬁE/Z;;;;Zjectrode distance.

'Two final_ topics need elaboration. First, in
order to get an accurate estimate of the
current-distance relation, the pfeparatiéh calls
for the positioning of the electrodeé so that the 1line
between the tiés is aligned at a righﬁ/angle\to the
-longitudinal axes of the axons responsible for the
behaviour. The orientétion of these fibers must Se,
identified. Second, becausé tﬁe data have as an.
ultimate basis thé behavioural output of the organisq,
some comments must be made concerning the scaling
methods employed in this'fegearch: Since this‘work
features both conventional and modified(refractory
period determinations, the comments on scaling are
inciud;d'in a brief survey of behaviourally b;sed

refractory period determinations.

Orientation of the reward fibe:ﬁ. There is

-virtually no disagreement concerning the alignment

53
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of.dirqctiy stimulated reward—relevantAagdnS at thel
mid-hypothalamic‘level in ‘the r?t. The consensus is
that the fibers lie along the longitudinal body axis.
Olds and Olds (1963) provided the earliest data on.
this question by showing that'electrodes located in or
near to the trajectory of the medial forebrain bundle

.‘
support high rates of self-stimulation at rather low

.current intensities. Similar data were obtained wpen

the intené was to examin? the role of the nigro-striatal
bundle- (Prado-Alcala, Kent, & Reid, 1975),” one of the
many constituent pathways of the &edial forebrain
bundle (Lindvall & Bjorklund, 1974; Ungerstedt,
1971). ' ) " '
Additional ;upport'for a rostrocaudal (or

caudorostral) orientation comes from investigations .

designed to determine the actual direction of

~conduction. Was the important, information conveyed

¢ Toa

rostrally or caudally? ‘Eléctrolytic'lesions disrupt
self-stimulation résponding when they are made either
posterior ér anterior to the location of a stimulating
electrode (Valenstein, 1966) and the same equivocal

reshlt is obtained with reversable lesions

. accomplished by the infusion of the logal
~anaesthetics procaine (Nakajima, 1972) and

xylocaine (Stein, 1968,. 1969). -

[y




Szabo, Nad, and Szabo (1972) aligned the tips of

bipolar electrodes parasaggitally and examined the

s effect of reversing the polarity of the stimulation.

4 They obtained parallel rate-intensity curves with the
cathode-anterior condition displaced towards' the

This finding is consistent

e ’
with the idea that the stimulated axons send their

. lower current intensities.

impulses rostrally. However, the‘opposite view, that

. the directly stimulated fibers con&ey information
caudally, was forwarded'by-German and Holloway (1973).
They measured the rate of reéponsq for trainsiof
reward%pg pulse-pairs, the members-of which were split
between two eléctrodes located in opposite hemispheres
aﬁd at different anterior-poéte;io: levels. Their
assumptions were ;hat the simultaneous arrivalkof
rewafding impulses at some common integrator pfoduced

" the highest reward value and that the highest reward

would yield the highest rate of response. Their
finding was that the highest rates were obtéingd
when the more a;terior“electrode was given the first
pulse; their conclusion was tﬁat the important

oot | directioﬁ of conduction.w:s caudal kseé Yeomans and

\ Koopmans, 1974 for a critical appraisal of this study).

Whether the stimulated axons send information to

-~
! v
® < . v
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mid-hypothalamic electrode site is still uncertain
but the direction of impulses is not important for
'tﬁe preéent work. The important point, over which . - .
there .is no controversy, is that the axons lie aloné

a rostrocaudal line,

By far, the strongest support favouring the
'rostrocqudal axonal.line stems from the experiments
perfofmed by Bielajew and Shizgal (1980; Shizgal, \ | .
Bielajew, Corbett, Skelton, & Yeomans, 19805; These “
investigafors implanted rats with two electgodes, one
aimed at tge verital tegmental level of the medial ‘
- ﬂforebrain bunéle and’ other aimed at‘a mRre cn ‘ -

<
rostral point, about 3 mm distant, at the level of

the ventromedial nucleus. Trains of pulse-pairs were

B T R e e as T T

used to reward lever depressions ?y the rat and the R

N ' . two pulses in each pair were delivered to different N

N

electrode desiinations, If the trajectory of the . )

reward. fibers. were such that some axons passed through

both htimulatioﬁ fields, then, at short delays between

the pulses, the orghogromically conducted volley of °
. action’botentials generated at the proximal electrode

would collide with the antidromic set initiated at " o
the distal p;bbe. For fibers within both fields, one .-

set' of action potentials would arrive at the synapsés.

With longer delays, which would permit the action

.
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potentials and theif associated refractory wakes to
pass the second electrode before éhe application of
the second pulse, two volleys of action potentials : o
would rgach éhe synapses. .
Unambiguous evidence for collision was obtained

- N /
in these experiments. At the.shorter delays, a
- : ' ;

~

constant- low-valued effectiveness of the stimula£ion Co e
was seen. When the delay was increased beyond 1.2
. | .
msec {(Mdn.) an abrupt_iigg in effectiveness occurred
and further increases in delay continued to yield this . , “
constant, high-valued; level of effectiveness. That
the rise oécurred as iéte'as it_did rules out the
- possibil;ty that refractoriness was beihg measuréﬁ;“
fééovery from refractogxiness in seif-stimulatfqn tests
© is first seén at a deiay of 0.4 msec and it is complete s
. by'abodt‘l.g m;ec (Miliaressis & Rdmpré, 1980; Rompré ‘
& Miliaressis, 1980; Shizgal .6 Skelton, 1980; - Yeomans, .
- 1975) . instead, 'this étep in:effectiveness was taken - . . °
to reflect a £rue collision of ortho- and ahtidfﬁmic LT ’

g

impulses in an uninterrupted, reward-relevant,

4

collection of axons. : : . .

Taken together, the results of these studies * - ) »

. . unanimously support the idea that the di;ectiy Y

stimulated reward cells are aligned parallel to the

- " lpngitudinal axis. In order to .use the o ‘

=7
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interelectrode distance as a direct measure of the

' sépaﬁfﬁion between the centers of the two adjacent
'1stimulétion fields, . the electrode pair must be [ o

positioned so that\tﬁb two tips lie-in the same

.coronal plane. ' . N )

©

Behaviourally based inference of refractoriness.

The study of' the excitability cycle of a single axon

. involves a fairly direct procedure. Two electrodes,:

<

, one stimulating and the other recording, are placed
at difgerent points along £he'axon's léngth. A pair
6f stimulating pulses is applied. The fi;st pulse
is termed the conditioning (or C-) pulse; it is fixed
‘at‘a jusF-suprathreshold amplitude for the production
‘'of an action potential. The'sgcond'stimulus is called

‘.the test (T-) pulae;oit is presented after a variable
delay (C-T'intgpvqi) following“the onset of the

Crpdlse, {At any, particular .C-T intervalf attempts'a}e
fﬁade ﬁo obtain two recofded action potenéiéls per L
pulge-pa;rfby varying the amplituéé o% the T-puléeu

| Théiphases of excifability-fn an axon following

the application of a C-pulse have been reviewed by )
- ' g . .
Yeomans (1979) andﬁthey{a‘re outlined here as well.
- - “a X ) e
Two stages are well known but as many as four -

2
°

successive phaseshave been identified in some cells

. 4 . . : :
(Wq;man & Swadlow, 1977). The earliest is termed .

‘

- ]

- s .
i 1
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the absolute refractor§ period whiéh lasts S . .
approximately the duration of the acé?ﬁn potential.. . .

During this period, ¢he cell does not fire in response  °

to'a T-pulse no matter what intensity is set. The

a

next phase is d¢alled the relative‘rgfractory period

during which the cell is excitable but the amplitude J

of the T-pulse must exceed that of the ijulse in order : _

to Be effective. A supernormal perigd follows in'some

L cells. At.this stage the axéh i; eicitable not only - . e
by T-pulses equailén«amplitude to the c-pulse but

A

also by somewhat less intense T-pulées. Finally, a

- lcng—lésting subnormal period may bé seen. A T-pulse' .
equal in;amplitudé,to the C-pulse hay fail ‘to-excite . A

the membrane; an increase in intensity of about 5%

e

. . is required for an action potential to occur.

In 1964,°Deutsch introduced the idea that the

behavioural odtpuk of a sélf-stimulating rat might- ¢

. }eflect.the‘post—stimulagion excitability

. characteristics of -the directl§°sthulaﬁed neurons *
9 ' . Iy

that participate in brain stimulation reward. " In

V'other‘wgrds, the behaviour of the subject was -used as

.the barometer indicating the deéree of recovery of

o )

these’ reward cells. In the first experiment, -rats C

3 . ‘y
. . N .

_were rewarded with trains of pulse-pairs and‘only the "o .
5 . \ * ) .

c-T interval was systematically varied. Deutsth .

N .
|
- v !>4
B , 3
' . N ‘ . f
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. /{ ‘reasoned that as the C-T interval was gradually

v

‘increased, thevT-pulse would find progressively fewer

0

cells réfractory to its stimulating effect. The

[ R~

resultlng 1ncrease in the total number of flrlngs per

stlmulatlon train is analogous, from the rat s

r

viewpoint, to the neural %ffects of increasing thel

v

frequency of single, evenly timed, pulses. Over a

s . 5

narrow range of pulse frequency, -increases in this

' variable enhance respohse rates; accordingly, Deutsch - .

predicted that as the T-pulse was delayed by greatér

and greater intervals, the fates,of response would T

o 4 “ - .

climb. Co o '

. . This prediction was borne out. Self-stimulation
rates surpassed operant levels at a delay of 0,9d

msec and maximal rates were obtained between 1.1 and
S ' , "
1.3 msec intervals. A praference test was also

. performed. .Here, rats were offered the opportunity to .
select between stimulation trains with variable C-T
) ~intervals and a stanéard train with 0.7 msec delays. '

A shift in preference away from the ‘standard was first

seen when the alternatlve was set at 0.5 to 0.6 msec:

o
¢ 3

. and, beyond 0.7 ‘msec, the selection was random. .In
' Y
a third experiment, Deutsch assessed refractorlness by .

a

: susing a voltage-séalihglprocedure."A,drop in the

-~ :
- k)

[ voltage required to sustain criterion performance o .
LN ) . '

- . . . ’
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began at delafs of 0.5 - 0.7 méec and it reached a
low plateau at C-T intervalé of 0.7 - 0.8 msec.

From & qualitative st;ndﬂ the results of° these ‘
experiments spppo?t the idea that the output of thé
organism might index the physiological events occurring
in the behaviourally iﬁportant neurons that are excited .
by the stimulation. From the quantitafive vantage,
however, the disconcerting‘aépect is that the ranges of
C;T interva%s, s;anned by the changes in behaviour which
presum§b1§ reflect recovery from refractoriness, differed
from éXperimenﬂ to experiment. -The riging portion of the
rate changes occurred over the intefvai 0.9 - 1.3 msec,
prefefencés-shifted over the range 0.5 - 0.7 ﬁsec, and

vbltage thresholds changed between 0.5 and 0.8 msec C-T

intervals. 'In each case, one or another form of self-

" -stimulation was used as the. dependent measure. Why

wereidifferent ranges of‘refracfory périod seen?

. Yeomans (1975) supplies the answer. In addition to
documenting the réspgnse\rates ét different C-T intervals,
he. also exam¥ned the influence of varying the C-C
ihte;val (period of the waveform, equivalent to the
reciprocal of pulsé—pair frequenéy). The 56 to 95

different combinations of CsT by C-C intervals were

tested in. a random order and Yeomans assessed the

W b

results in two ways.
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a

In the first method, the data (rates of response)

.were arranged as if a series of rate vs. C-T interval

experiments were performed with each experiment
conducted against a different background C-C interval

(or frequency). At long C-C intervals (low frequency

7

/

of ‘pulse-pajrs), the entire range of tested C~T

intervals prodﬁced no responding. In a like fashion;

variation of C-T interval against g high-frequency

background of pulse-pairs failed to influence the

rates of responding; now the rates.were maximal at all

delays. ~When the effects of varying the C—f interval
wére assessed-at intermediate ffequencies, the rates
of response followed the pattern seen by Deutsché in
general, the rates were 'low at'short‘C-T interyals)
and they Qere high at the longer delays. Moreover,

a clear trend emerged over these intermediate~frequency

.

" tests. The. range of C-T intervals containing the

rising portion of the rate vs. C-T curves “

-

systematically drifted towards the lower C-T interﬁaié
as the freéuency of pulse~pairs increased. K The .
important implication éf this finding is that
different refractory period eséimates arecobtainéh
depending upon the background test frequency émployed.

This result ‘weakens thé.value of refractory .

determination’s based entirely upon response rates.
i

8
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In the second methad; Yeomans re-arranged the
data and now preséﬁted éhem as if each C-T.interval
were held constan£ while the ffequency of pulge-pairs
vgried; This genérated a family of roughly
parallel ogives on the rate vs. frequenc& plot: The
single-pulse condition, iﬁ which the T-pulses aré
absent, was located farthest to the right (indicating‘
that highest frequencies were required for performance
by the rat). The double-frequency conditibn, in which -
the T-pulées were tempofélly siﬁuateq midwa; between
the C-pulses, was positioned farthest to the left
(lowest‘frequ;;cies were needed to sustain the rat's
interest). The rate-frequency functions for the
different C-T intervai conditions lay Setween these
extremes. | ’

For its heuristic-valué, I mentioh he;e that this?
methpd'of arranging the data bears a coﬂcébtual

similarity to the method used in phérmacology for
—the assessment of dose-response.effects. Drugs that

»possess a modest efficacy are represented by ogives
diéplaced to e right in the percent;effect-ys..
log~-dose graph The mqre potent drugs; ogives are
‘found in the left-handuregion of the graph. 1In

orﬁer tb compare potenciis of diffeient drugs, the

pharmacologist derivéé’pdint—eatimates of dose.

a
e L

Noboe
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Graphically, this is accomplished with 4 horizontal

line, arbitrarily positioned at, for example, fifty

pércent”effect. This ‘line cuts each drug's ogive ' ‘ . ‘

and the abscissa at the cut point is termed the

.EDg, (Effective Dose needed to produce a 50% effect) .

-1t is presumed that when doses of different
coméounds produce the same degree of effect, provided
that the ogives are parallel to each other, then the’
proportion of the receptors 6écupied by the
different agents is constant. | , . | . l '
In the same way that constant percent-effects
are inferred by the‘pharmac6logist'to reflect the
same éfoporgioﬁ of occupied~r¢ceptors, Yeomans
proposed the foliowing. He began with the idea that
" the vigour-of béhaviéur (ratg éf respoﬁding, running
s ) speed, percent preference, etc.) is mondponica&;y
\ﬁglated'to the excitation delivered to tﬁe nervous
system. He then proposed .that when one observes the
same, ingermediate-between-zero?and-ﬁaximal; levél‘of‘ ' - : ..
pgrformance'thén this-levei must have been the result
of the sdme degree of excitation delivered to tﬁé.

_nervous syétem. “In morg graphic terms, the idea is’

that a horizontal line across the family of

' rate-frequency ogives cuts these curves at ; S

equivalent-stimuli points. The‘points are _' . y

LA N ' . L '
‘

; N
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equivalent in;Ehe sense that they each supply the
X .
same degree of neural excitation. ' ‘ -

K

The method used to scale-the effectivenessof

@

the T-p&lse, rg}atlve to that of\&he C~-pulse, was

™

derived by considering how electrical stimulation:®

3

affects a bundle of axons. Both pulses are applied
at the same inten;ity; the saﬁe'stimulation field
would be produced by either pulsé presented alone.
The field contains a:constant number of excited reward
cells and this Number of axons is represented by N.
Each C-pulse in the single-pulsé condition fires
" these cells once 'and so the total excitation produced
by the train is given By the product NC where C
répresents the numﬁer of C-pulses. When the train
dphtéins both C- and‘T—pdlsés, some of the cells that
fire in response to the C-pulge will fail to respond
to the T-pulse. That only a subset of the N cells

fire a second time is reprg§ented Sy an Effectiveness
term, E, which_is applied as a proﬁortion scalar against
N, the number of axons fired by thé C-pulse. The total
excjtation delivered towards pltimafe post-synaptid
integration in ; ttain of pulse-pairs is-given by NC

+ ENT where T stands for the numpég'bf g~puuées. The
‘number of applied T-pulses always equals the number

‘of adm;nlstered C-pulses so the term may be

65
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rand pulse-pair, conditions respectively. Both sides.

66
rewritten: NC + ENC. ‘ o =

Recall that when different stimulation

o

configurations produce the same level of behaviour, '/

it is assumed that the net neural excitation must be
. ‘ ' i .
the same. Suppose that one were to cut, at the

_arbitrarily selected level of half-maximal response

rate, the rate-frequency ogives obtained in the
single~pulse (SP) ‘condition and in- one of the

pulse-pair conditions (C-T). Perpendicular lines are

drawn, \from the cut points to the.abscissa, and

_point-estimates of the frequencies required to produce

half-maximal response rates with each condition are -

« o

thereby obtained. Because the excitation produced

at these 'values is presumed to be the same, the

4

following equalit§ is asserted: )

“ NCgp = NCo_g + ENCq_o

J

where the subscripts SP and C-T refer to the number of

pulses, and pplse-bairs, delivered in.the single-pulse,

of the equality are divided-by N and it is re?prranged
. :
to solve for E: : M g L

e

E = (Cgp - Coop) /Coup ® (Cgp/Cop) = 1.0 7 B

- S . .
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The quantities on the rightehaqd.side are all obtained.
afrom the data. The terms Cgp angd CC_Tufespectively‘
are the number of single-pulses and the number .of
pulse-pairs required to sustain a haif—maximal rate
© of respondiﬁg by the rat. With trains of stiﬁulation-,
fixed in length, pulse frequency may be readfly’used'

instead:

0

o

c o B = (Fgp/Fog) -1

e

where Fgp and FC_T‘afe the single~pulse and pulse-pair “
frequencies, ihterpolated between obtained data
points} which would support half—maximal responding.
The degree to which cells have recovered from
réfractoriness is scaled by E. When it s equal to
‘«zefo,'none of the cells excited by the C-pulse. is
activated a second time_b§ the T-pﬁlse. When E is
equal to one, every oné of the neurons fires a second
time. Values of E intermediate betweeﬁ zero and oﬂe
reflect proportional degrees of effect of tﬁe T-pulse
:eiativé‘to the power of the C-pulse. When Yeomans
applied this method, the data from six different
electrodes:(fivé rats) éonvefgéd in demonstfating
earliest recovery at 0.4 msec and a piateau aéhieyed

at x.i-msec. The use of this method in other

laboratories has yielded the same estimates

¢ , . -

-
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(Miliaressis & Romp}é, 1980; Rompré & Miliaressis,
1980; Skelton & Shizgal, 1980). |

Yeomans" scaliqg nethod is used in the
secondary experiment of this thes}s. Individual

refractory determinations are made for each electrode

of the implanted pairs and at each of the current
amplitudes used in the primary exgefiment. These
estimates do not contribute directly to the

current-distance relation; rather, thejir inclusion

offers a check on the interpretation of data from the

main experiment. At the higher tested intensities,

‘steps are expected to appear in the effectiveness vs.

delai functions. These steps are thought to reflect
recovery from ref;éctoriness in cells that lie
between the two electrodes. If so, then the ran;es
of C-T in;erval spanned by these steps must match the

refractoryzperiod estimates in-the individual tests.

The secondary experiment-is designed/to supply these

estimates.
The assessment of effectiveness in the prlmary
1)

ekpe:l%ent is accomplished with a modified version of
l

the E calculation also proposed by Yeomqﬁs (1979) ..
The modlflcation was recomnended for the 51tuatxon

in which the C- and T-puilses were presented through

the samegglectrode but at different current

68
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amplitudes, thus producing stimulation fields of
unequal size. fn the piegent case the amplitudes afé
the same but the pulses are destined to different
electrodes. Although thg field sizes are imagined to
be' the same, one field may contain‘moré,behaviéurally
related cells than the other. The modified n

effectiveness determination takes this potential'

discrepancy into account.

° 1

‘Howfit does so is perhaps best described by
starting ;ith a rephrasing of the task pérformed by
fhe conventional cémpgtation.,'When equal-in-#mplitude
stimuli are passed through the same eleclroée, both the
C-pulse and the T-pulse atgack=the same ‘stimulation
field, The caiculation of E is viewed to ahswer the

question: " on a scale of 0'to 1, how much’ of a

rewarding effect does the T-phlse contribute relative

to that offered-by the C-pulse? When equal amplitude

pulses are directed throéugh difﬁe:en£ electfbdes, the ..

' Lo
C-pulse may find more (or fewer) behaviourally

relevant neurons within its reach than does the

.

T—pulsé. Seen in this light, the question answered

- by the modified version, presented below, is: On a

scale of 0 to 1, how much, relative to the maximum
that it could offer, does the ‘pulse applied to the

pbOfer field contribute to-the rewarding effect

i

o

- [
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-The- numerator on the right-hand“side is the'ppnvengional

'hedon;c impact that does a stimulus applled to the
‘richer field. ‘- The subscripts PP (Pulse-Pair)‘are added

‘ as a remlnder that this. effectzveness does not alwags '

: 70
established‘by the pulse sent to the richer? -

(shizgal, Note 1). ' Ce
’ ft
. In operational terms, one field is deemed to be.

B

rither than its partnez if tﬁe‘targeéed behaviour is ' e

obtaihed.with a lower single-pulse frequency. The = N
single—pulse'frequenciee needed to yield criter{pn: - o
performance are denoted with the subscripts SPLo T
(Lower) and SPHi (Higher) and reefect@vely relate to . s
the richer and poorer stimuletion fields. ‘Tﬁe . ‘ ‘

S
modified calculation is: o LN \ ’ ‘

v -~
) Ct

/F SPH1

- Epp = (Fgppo/Fop) - D/ Pepio

-

effectiveness calculation for any particular C-T v a ’

interval assessed against the single-pulsexcoﬁqition' s o
applied to the richer field. The' denominator agts as <o
a_ correction factor adJusting for the fact that each

>

pulse delivéred to the poorer fleld carrles less '

A\

s

refer to the power of the T-pulse.

To summarize, th%rplan is to perform a geries of -
. . o
doub1e~pulse tests. In the main experiment, the , .
P .

pulse-pairs are split between two adjecent électrodes‘ .
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_value of intensity and the corresponding’

¢ .
N [

- 71
in order to detect whether some of the’ rewarding:

effect of the brain stimulation is being conveyed

: E f

via cells enclosed by both stimulation fields.

Evidence for such overlap in the stimulation fields
should be obtained in the high<intensity tests and

it should be absent in the low-intensity tests.

"

The intensity that separates the tested range into
two:portions, one with and one without evidence for
overlap, is taken as the intensity at'which the

dtimulation fields just meet each ‘other. That

, > f 4

halfrinterelect;ode distance form a co-ordinate

4 .
'

pair towards the solution/of the., current-distance g

relation for'rewarding brain stimulation.. .

° i -
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" Subijects. and Surgery T ' .o

v

Twenty-three male hooqed rats, ranging.in welght

from 370 to 590 g, were surqrcally prepared for,this

i

. investigation. 'The'rats/were housed individually in

. Al , N v V' N ‘ -~ (4
,stainless-steel cages andxthey had fodh and water

S 5+
available at all tlmeé” Clrcadlan llghtlnb was 0
adjusted to a\12/12 hr cycle with:llght onser:ar\

- DS

07:0Q hrs. : Rt
s N v ’

- The rats were anaesthetized with Nembutal (Abbott

o

Laboratories, 60 mg/kb intraperitoneally,) and’%hey
¥
'were lnjected sﬁbcutaneously with 0. 9.£§ Ptrqplne 2

sulphate to lrylt the accumulatioh of f1u1d in a1r

pdssages. The head was flxed in a stereutaxic

~

1nstrument with.the upper 1nc1sos bar set 5 mm above"

X the center of the ‘éar bars. ’The co-ordlnates used to

AN

‘dlrect the elect ode assembly to. the lateral .

hypothalamic reg;on were: 1. 0 mm behind bregma, 1 4 to
1. 7 mm left of the mld—;;ggltal suture, and 8.0 mm belbw

_ the cqrtical surface. The lateral co—ordinate, whlch
varzed fram rat to rat, refers to a point’ mid-way

'between the two electrode ﬂgps. Four or £ivé 30 .

bsta:.nless-ateel machine screvs served as anchors for

>

B

SN
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"Wire, ieading/to'the indifferent: connector, was
w£§§ped>arouqﬂ at least three of them. |
Electrodes y ’ ' cf;/f‘ )

W,

-

, The electrode assemblies were constructed from

v

" short lengths of straightened stainléss-steel wire (254

um d1a ) doldered to Reli-a-tac pluqs (Amphenol) and T

insulated with three to five coats of Formvar, (General.

2

Electric) Y ach'assembly consisted of a pdir of ' :
i)

=4, ¢

5 electrodes flxed together such that the electrode

shafts were pdrallel and equal 1n length * ' S o

-

Th;s was achieved by plac;ng two rlght-angle )

. .
~ A
[ . . b,

, bends close<to the‘connector in one’'member of each

pair. . The two electrode shafts were -then trassed ot ' '
bee e each other between small blocks ‘cut from a = ST -
* . e . f- o'~
penci eraser and a drop of epoxy was used to fix them. S ;
epoxy was setting, small ;djustments 1n the ‘ ;

While t

hd

dietance

Once the epoxy had set, the electrode pair

etween the tips were made by hand. - ;

8 .

cut to len th (about 10 mm) and "the tips were ground

&wae . -
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center) and with exposed surface areas that were
uniformly.0.05 mm?. ‘ : ' '

Apparatus : ‘ ) ‘ .

, ]

The test cage was made of th{ee white plywood walls

and one plexiglas wall which permitted the experimentef*
. ‘

to observe the rat. The walls were 38 cm high and the
dimensions of the 13 mm grid floor were 36 by 30 cm.

Two LehiPh Valley rodent manipulanda were located

PR . . 7

opposite each other, centered on-the narrower wooden
wells. Both levers extended 25 mm into the'chamber and

their top surfaces were 4 cm above the floor. o - e
.‘ A*
Throughout the experiment, only one lever was used.

¢ o -
Stimulation was provided by a dual conﬁfant—current

@

source (Mundl, 1980)\which was continuously adjustable ) .

to 1000 yA. The two channels were cross-linked such

- . -

hat when. one channel was deliveging'é pulse the other i'

e o . b

as forced,inﬁd a high-impedance state. -This feéture Ty

ssured that the. curren% return was always through the i
] - AJ i R

" indifferent electrode. Although the ‘stimulation was .
always monophaszc, another feature of the ‘ - * :f

consti?t-cuggent unzt prevented the temporal

i - AN . - N

Duaacgumuia of . charge at the glectrode tips. Wheh' B TN

“‘ Yoy g

neithel nel' was. called upon to deliver. a pulse, “- 't u) - ot
v & [ ~"_ .t

‘béth elec rodes were shunte\c} to ground throu"n 560 ohm " T e

W

resistoré
e v
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. Procedure

by reading the vo gage dfbp across a 1l-kohm resistor

in series with the current return.
\

\

A

The Paradigm.

for the faﬁid accumulation of rate-frequency_datd.
Each depression of the lever produced a 0.5qsec

train of 0.1 msec cathodal\pulses as long as the
response was made while no train.was being delivered.
The. control equipment automatically advanced through

A\

\
a descending sequence and each frequency in the

v ’ . : ,
_The paradigm employed was designed

75 .

seqqgnce was made available ‘for efght‘stimulation trains. .’

[

The ‘steps from one frequency to, the next were roughly .

0.l§log unit }h d¢ize; each presented frequency was’
aboutSQ% of‘the.prev?ghs~ene; For example, the first
eighg stimulg?ions were delivered at 104 Hz#f&hé pe;t
S‘Et 80 Hz, 8 at 64 Hz, then 52, 40, 32, and so-on.
The ranée‘of test frequencies presented was\gelected
‘on an individual basis dependihg upon the rat ;nd the

values of the other stiﬁulation parameters. The

selectlon was gulded by the attempt to obtaxn maxlmal

rates of respanse at least at the first two, and e
‘ n

preferably over the fxrst three, presented ‘

‘

fkeﬁuencles.

¢ Y

|t had been found that with this sequence. and (f

with attempts to obtain ceiling perfﬁ‘rmmce. it 'the
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three initial test frequencies,lrats working for
lateral hypothalamic stimulation would take . about
one-half min to progregs through to a frequency thaﬁv
they would not self-administer. Accordingly, an
automatic timef, which controlled réﬁets to the

initial frequency of the series, was adjusted to a

60 sec interval. Thus, resets to the inital fregquency

.

occurred at one min intervals irrespective of the rat's
» . ‘

behavgor. This reset, -which except in early training

sessions always occurred at a time when the rat had

quit responding ahd was lying quieily in the test cage,

was ldudly signalled by the concurrent Qesetting of

[}

a Gerbrands cumulative recorder.

'From the rat's perspéctive,’ here anthropomorphized

in the interests of clarity, the paraidgm ran as

L follows. A lbud noi;e indicated that -lever

t .
depressions would be rewarded with rathe# strong

stimulation and thié strong level could be eérneé,
eight times. Continued résﬁ;nses producéd a weaker,
sét of eight,available stimulations but these were .
stil) worth workiﬁg fof. Prdgreé%ive decrement§,%h

stimulatioq‘stfength continued in this™ fashion and,

eventually, the bffefpd reward was too low té work
for. The rat would quit réspondfng altogether.
] .

About gne~half min wdgld elépbe,'tﬁe lqud noiseé Ce

w> "
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would occuy again, and the sequence of events would - -

be repeated. : ' -

The Trial and the~Dependent Measure.” The control

S T o B R SIS e e P
- -
[y
B
s

' v . -
equipment automatically accumulated the number of "

\ .

. responses that were made #d earn, and. the amount of

time that was spent in earhing, each set of eight

CRTE e

stimulations. All test conditions were presented in . f

three consecutive passes through the sequence and thus

——
T
.

a trial lasted three min, The first min (or pass) . X - /

served to familiarize the rat with the newly adjusted ) ,"

- ] , - ' . /‘
.. stimulation settings and the last two were reserved for | ’?V

the collectionh of data. These data were converted ipto
] ) » t ¢
rates of response and the rate-frequency data’ pairs

were used to determine the frequency required to:

o
a

' sustain a~half-maximal rate of response. g

t

All of the‘aSSessmentSpr refractoriness in this

\ - ' investigation are based upon-a single type of ' 1 .
. ﬂ o . i . .

, dependent measure, the calculation of‘which is here 4

o ' described. It is the frequency, interpolated between i
. E.. ‘two' observed rate-frequency'points, which

e

tﬁeoretieglly‘wouid support a-ha1f;mexima1 rate of f T

i

respense if it were presented to theerat. Its ~ ° ¢ .

shOrtened”namJ is required frequency and it is’

o

. ’ abbreviated as F followed by a string of subscripts

)

¥

1

- ¥
.

14

]

I . indiggfing thefexact condition tested, It- . [J* ¢ . o

- -
#
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XXX
other reports (Bielajew & Shizgal, 1980; Shizgal

corresponds to "frequency thresho}ﬂi (er FT_..) in

. et al., 1980; Yeomans, 1375). ' .

The method used to determine the reguired . :
frequencf is illustrated in Figure 4. In the figure,
rates a;é plotted as a functioﬂ df.tegt frequencf'for
a sequence bégiﬂ%ing at 80 Hz. Note, first, that the
abscissa is logarithmiciand, second, . that it iss'
inverted to reflect the descending sequencelof
presentea frequencies. The highest of the rates \ i
'obseryed in the first three test frequencies is -
desig hted as the‘maximum rate. This rate is ﬁalved
and t/; new value is designated 1/2 MAX. The |
required frequency is found by interpolation be£weenn
the two rate-~frequency points boundfng the .
half-maximal rate. This‘ingg;polétion is graphically.
represented by the horizontal 1/2 MAX line reflecting
down to the abscissd. The abscissa is taken as the

required frequency, in the graghlc example 1t is

38 Hz.

\

Stimulation Conditions. Six different stimulation

configu;ations or conditions were used (Figure.5).
Two sxngle-pulse conditlons, designated 31ngle~pulse-

«-lateral (SPL) and medxal (spM) , cqnaisted of

.pulse trains with equal-tempbral‘spacing between «,”‘}
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The basic dependent measure. Rates of ‘lever

depression are plotted égainst frequency of

bra%n stimulation. .;Required frequency is’

interpdlated at half of the maximum rate.
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The pulse conditions. S, Single; D, double; ' ot

P, pulse; L, lateral; M, medial. Th& '

clusters designate test conditions and. the « - -

single letters refer to &lectrodes. ' '
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each pulse. Lateral and medial refer, of course, to

~

@

i o

the position of the destined electrode. The

single-pulse coqg;tions were used to measure the’

required frequency of the individual electrodes and
these frequencies, inﬂturn, wer; used as standards
against which the effectiveness of aouble-pulse
stimulation was assessed. (The terms double-pulse
and pulse-pair are used interchangeably in this
text:)“

In the four double-pulse configurations, trains
of equally timed C-T pairs were delivered. Oniy five
tegted delays were interposeq between the onsets of
the C-pulse and the T-pulse and £hese were: -0.2,
0.5, 1.0, 2.0, and 5.0 msec. Two of the four
double—pulse\coﬁditions, double-puise-lateral (DPL)
and medial (DPM), we;e useé in fhe convention;i
assessment‘bf refractoriness of cells at the
individual electrode bl;cements. fIn these two
‘conditions both the C- and the T-p&ase were applied

to one electrode. )

The last two double-pulse conditions were used

“to detect the presence of cells, refractory to

' . [}
‘stimulation, that lay between the two electrodes.

Here, the C-pulse was @pplied through one electrode
' I . .

.and the T-pulse was delivered through the'othgrq

. . . [
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The order of presentation of pulses was fully

coun£érbalanced: in halé of the tests the C-pulse
was passed through the lateral electrodé (double~
-pulse-lateral-mediai, DPIM) and; in the other half,
Gthe’C—pulée was delivered through the medial

. electrode (DPML)."

L Training. After a post-operative recovery periqd .

of at least three days, the rats were screened for

.self-stimulation. The,animals we:e.cohnécted, placed Lo .

into the test cage, and allowed to explore it for '

"three minutgg. At first, the equipment was set up to " -«
deliver éingle pulses, 300 VA in intenéitf and with v -
an initiél frequency of ib4qu. Any lever: dépressions - B )

during the three min explofation period'were

reinforced. ' *

Conventional shapiﬁg procedures followgé with the
modification.that shaping was restricted to times when
‘the three hiéhest frequencies were available. The
'curfent amplitude was adjuéted early in these bouts ,:
" of shaping tbwa#ds the goal of getting the rat to
o self-stimilate for about the -first 30 sec of each

N minuté—long‘run. The sécond_élegtrode was similarly

tested., - RS e v,

C ' Once the rat demonstrated proficiency in this L

paradigm (indigated é:y, repeatedly quitting’ at about .’
o e R S
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A

'
|

s

)

the same frequency and by répid returns to the lever
féllowing the signalled resets), the.equipment was

switched'inte an alternating mode. Now, each electrode

1 k4 o -

was tested for one three-min trial &nd the machine

alternated back and forth’between electrodes. The

N

training se551on contlnued in this manner unt11 two

N .

. hours had elapsed since the rat had first been

'intreduceg\into the chamber. At this stage,'rats that
failed to self-stimulate for pulses delivered through

either of the two electrodes were discaqded: 4

r

Rats that responded for brain stimulation through

both electrodes in the initial screen were, after-a

delay'bf at least one day, given énpreliqipary’
frequency-intensity workup. . This involved , '

documenting the required frequency of single pulses
: .

for each electrode over a wide range of test

intensities. tThe»iﬁﬁeneities ranged from 100 to 1000

‘pA’and“they‘were preh%nted in approximate 0.1 log unit

Pl

steps. Specifically, they were: 100, 125, 160, 200, °
250, 320, 400, 560, 630,\800, and 1000 uA., .
Appropriate adjustments in the.initial frequency were
made, again, with the aim of having the rat quit
responding about half-way through the minu%e-lpng .

sequences.‘ For examplep the initial frequency fOt. i

7

208 nz:
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an amplktude of 800 ud migﬁ¥ have been accomagniéd
by a starting frequency of 32 Hz.

The 1nten51t1es were tesged in an ascendlng order
and consecutlve trials alteé;aéed between electrodes
The f;equency—lntén51ty workup began with one
electrode being tested At 100 YA in one tr%al, the
second trial was'a 1ob LA tes£ of the second €lectrode,
the third was ylZS LA test; of the first electrode,
and so on.. Alternatlng trials contlnued until all ll
1nten51t£ss hqﬁ been applied through both electrodes

This preliminary frequency-intensity workup

served three‘functions. First, it provided additional
éraining,tolthe rats in the test paradigm and it
exposed the rats to a variety of parameter AR
combinations. Secona, it offered taq the experimenter
a guideline for tﬁewselection of initial frequencies
in subsequé%t tests; often, with increases in
intensity, debMitating motor gffécts would be

récruitgd by one or the other electrode. BecAuse

‘there was no “way to easily predict the influence of /

- v .
rate-reducing fiotor effects on subsequknt tests
involving pulse-pairs split between the two

eiectrodes, rats demonstréting motor effects of brain

13

stimulation were discarded. n L

. 1 o
Tesf Sessions; Primary Experiment. The primary

v
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;

test sessions included the conditions DPLM and dPML"

electrode, -

o

in which the prﬁlse was applied to 027

ard - the T-pulse‘to‘fhe other. Five cqnsecutive -

\ i .
trials,,oné for each.of the C~T delays, formed a

i Ay

e Te A

"block" and each session contained four blocks. Two
blocks featured “DPLM. tests and ih ‘the other two the

. pulses' destinatidns were reversed (DPML). The four
. 2
blocks were préceded,.followed, and separated by two

single-pulse trials, one each of SPL and SPM. Each ‘ :
: ‘ ' ' ]
session began after a 10 min warmup during which the rat

was presented with‘alsample of the forthcoming conditions.

An e

The entire session thus comprised: a 10 min wqrmupi
period, 10 single-pulse trials ?5 each of SPL and SéM),
‘and 20 double-pulsg trials (2 of‘eaéh compination of
C-T interval and destinatjion of fhe C¥§ulseyx

[}

. . l . . .o L
each trital lasting three min, a session requiring no

With

repetitions of trial (because of either. experimenter
. -

error or auditory disturbagge of external origin)

lasted- one hour and forty min. No rat received more

.

than two sessions in a single day. ’

- ’ i

Equal intensity C-pulses and T-pulses were used

throughout. Although the overall design called for o ’ |

|
variation in stimulus intensity, each session featured

a constant value for this variable. Tested

- intensities werefbaried,from session to session but

e

[

°

T A AR
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the éhanges‘iﬁ amplitude followed no s§steﬁatic
:’phttern. Instead, the selection‘was guidéd by an

explofatory intent. If, é£‘some intensity, 3 rét had

demonstrated a clear step in the Epp vs. C-T function,

indicative of overlap in the two stimulation fields, N

i

then the next session would be held at a lower
intensity. Alfernatively, if previously obtained

functions were flat, higher intensities were then

tried. All values of intensity fell.within the réhge

!

described for the frequency-intensity-tésts{

Furthermore, the values used were corisecutive in phat'

sequgpge‘ Thus, if 'one rat demonstratgd flat Epp ‘s.
“ ‘~¢-T funbtions‘af 160 and 200 uA, and unequivocal steps

at 400 and 500 uA, then this animal would be tested at

v \

all the intermediate intensities as ,well. The )

~

amplitudes .tested would be: 160, 200, 250, 320, 400,

L)

and 500 uA.

"It had been anticipated that the magnitude of the
) 3

steps in the Epp vs. C-T functions would be small.
This anticipation was based upon the consideration
;hat, relative to the total area eﬁcompassed by twoi
equally sized, non—canbentric, circles, thé area
ihtérsected by'them is small. Accordingly, two
sessions were devoted to each teéted intensity in

‘

the primary- experiment. fThis gave four replications
‘ pery

B [ - - gme e
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,0f the primary conditions and since, for any. chosen
C-T interval, DPLM and DPML configurations should
produce identical eXcitation, .these two conditions

were cqllaésed, giving a total of eight replications.

: . Test Sessions; Secondary Experiment.” The

secondary experimental sessjions contained the tests

o

— in which c- and T;pulses were both applied to the
same electrode. The experimental protocol he;e was . -
[ . * identical to that of the primaryssessions.: The
% , distinction was that now the'DPL and DPM
J configurations were hseﬁ. The four bloqks were again,
/// preqeded, separated, and followed by SPL and SPM
/ trialg and these sessions‘too]follgwed a ten min
i ‘ warmup. The intensities at which these tests wére
conducted matched those used in the primaryvsessﬁons
Qﬂuithe order of presentation of the different
amplitudes was.similér but not identical. Only one

.

session was held at each intensity and thus each

~

condition was performed twice.
i

Test Sessions; Common Features. As much as was

[ . -~

experimentally possible, both types of session

. ¢ - i °
P . contained fully randomized or counterbalanced orders

E . of presentation. The order of blocks was .
g : counterbalanced; if, for'exaﬁple, a conventional
refractory session began with a-block of .

)

R I . e .

t




W ) N double~pulse tests of the medial electrode, then the -

follpw1ng session began w1th tests of the lateral Co .

electrode. Within a sesslon the blocks alternated . a C s
' between electrodes or, in the case of C- and T;pulses ,;
"with opposite destinations, blocks alternated between

which electrode ‘received the C-pulse. The order of

) A
presentation of C-T intervals within each block was

pseudorandomly generated with the 1mposed provxslon

-that the four blocks of a session began with

. . different C-T interval trials.

Within each session the curxent;intensity was
. held constant and egual for botﬁ electrodes.
Throughout the expefiment the followingﬂvariables
, ; .
remained ghchahged: Monophasic cathodal stimulation
was used; the pulse duration was always 0.1 msec;

3

and the duration of the ttaine of stimulation was !

1

T ey e s e

fixed at OlS sec.

: Histology

At the.end of testing, the rats were injected

A with a lethal dose of Nembutal and transéardially,

[ et ST P

perfused, first with saline ‘and then with formal ,
saline. Each rat's head was fixed into a | i

. stereotaxic inegrument at the same angle that was : N
used for di&gery and the £rown was, cemented to a

y screw held by the instxument's manipulator.‘ The - .

[
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2 ‘ I
dorsal part of the -cranium, to which the Crown was

attached, was carefully Seperated from the rest of:the
, . S ‘
= skull and the entire electrode a&Q?mbly, including

the attached island of bone, was slowiy raised away

®rom the remainder of the head., The brain was. then

2 ‘ extracted -and stored in fof;§272§aine for- at least x
. - : [

one day. L -

. , The tissue was frozen and seriél sections were
cut in the corcnal plane. The forty-micra‘khick
.after the sections had dried, they were remoisteneé‘
and examined'throuéh a projection microscope.
. ' Tracings were made of the median seetion coﬁéain%ng
damage due to thg presence of the electrode tips.
e Histological ver%fication was not possible for

one rat (#388). About a month after testing had
LIS 3

been completed, this animal dislodged its crown.

]
'

sections were mounted on gelatin-coated slides and, T~




e D

~ found to have correc%}y oriénted. electrodes; examination

RESULTS - L
\ .
Five rats completed all phases of the experiment.

The others Qéie rejected for failing to meet the o %,

. . A N -
imposed criteria for inclusion. These failures

.
b

comprised: rats that would not self-administer -

stimulation deliVvered through one of the two electrodes 4

. . ’ <
(a frequent occurrence with the larger interelectrode
distancesg), animals demonstrating motor effects of ' J
the stimulation, and rats not meeting.an® additional

e . ‘r“_J
requirement that was based upon an inspection of ~—

the single-pulse data collécted during the primary .
X : !

sessions. The criterion was that, at each of the’ . ‘,
tested intensities, the single-pulse geguired
frequencies for the two electrodes had to lie within

0.2 log units of each other ((F /F ) <1.58). . Tt

) SPHi" " SPLo
The rationale for this criterion is presented in

. ! . «
Appendix II. For those not familidr with the

<

°

idea of a counter model (Gallistel, 1976, 1978),
Appendix I cutlines the notions that are prerequisite

to the content of Appendix II'. Figures 6 to 10 show the

.

single—puise required frequencies for the five animals. ' ’ ’

.

.The four rats for which verification was possible were

of the histological material revealed that both of the

~ t

N , .
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electrode ti%s‘werg always locatqd in the same
coronal plane (Figure 11).
The results of the individual refractory

determinations appear in Figures 12 to 1l6. Each

figure is dedicated to one rat and it includes the

: o
‘refractory estimates at each of the intensities that

were tested in the primary experiment. The interval
between the.C—pﬁl;e and the T-pulse is sﬁowq albng
the abscissa; for clérity of presentation, a
.logariéhmic scale was used. The effectiveness of
the T-pulse is plotted along the linear ordinate.
The data obtained in tests of the laéeral.electrode
rare represented by filled circles and the open circles
co&respo?d to tests of the medﬁal electrode. One
point could hot be det?rmined. In tﬂe 100 uA éest
of the lateral electrode of Rat 379 (Figure 12),

th? required frequency for ;hé 5.0 msec de lay was
estimated to be in the vicinity of 100 Hz. To make
this aésessment, pulse—péir frequencies of l6b, 128
and 104 Hz would have had to be administered’bué
 the five msec delay would, at these frequencies,
position the T-pulse beyond the halfway méfk ipwihe

C~C interval. No attempt was made to measure this

s

Overall, T-pulse effectiveness was lowest at

~ -

6.
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0.5 msec delays and the rising portion acHievgd a

..plateau at 2.0 msec. In some cases gains in

effectiveness were witnessed beyond 2.0 msec (e.‘.

Rat 388, 320 uA test of medial electrode, Figure 14) .

&
The few exceptions to the general pattern of having

the rising portion located:between 0.5 and 2.0 msec
did nét appear to follow a trend; there was no
systematic tendancy for their occurrence to be
associated with'é Qgrticular anima}, electrode, or
rénge of intensity. The location éf the rising

i

3 . Lo . .
portion, given the coarse resolution of these data,

‘is in perfect agreement with refractory estimates from

other laboratories (Miliaressis & Rompr&, 1980; Rompré
& Miliaressis, 1980; Skelton & Shizgal, 1980; Yeomans,

1975) .
" In many cases, delays of 0.2 msec engendered
b M. ~ ) )
effectiveness values that were higher than those seen

at 0.5 msec delays (see, for example, Rat.398;

<

lateral electrode test at 250 yA, Figure 15). This
14 ‘

-enhanced effectiveness at the very short delays is

" not the result.of refractory failure; instead, it is

[

explained by a temporal summation of partial
depolarizations in reward cells that lie just

beyond the stimulation field (Deutsch, 1964; Yeomans,

'1975) . This, "local potential summation" has beena\”

.
. .
Yo e e e o : © e e = w1y ey - T T § o e e
nAT S e T T L R S R ; X
* NEER AN S MO AN - . '
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parametrically investigated and the reader is
.\ 'v '
referred to Yeomans, Matthews, Hawkins, "Bellman and
‘ -~
Doppelt (1979) for more information.

The data derived from the primary experiment, in

which C-pulses and T-pulses were applied thréugh

adjacent electrodes, appear in Figures 17 through 21.

The format .is identical to the individual reffactory

graphs. The ordinate is'labelled differently, as

s

Pulse~Pair Effectiveness, to reflect the distinc;ion
in the techniquel The distance separating the
electrode tips is indicated for each animal in ghe
boxes containing the rats;hidentification numbers.
The igterelgctrode distances'ranged from 0.30
nm (Rat 379) to 0.66 mm (Rat 388). If the logic
behind this eXperiméﬁt is correct, then the steps in
the EPP vs. C-T delay functions should occuruatllow
‘intensities with small interelectroée distances and,

they should emerge at comparatively higher

intensities with the larger distances. A vigual-

‘scan of these data suggesfs that this did indeed

occur. The functions obtained with an interelectrode
distance of 0.40 mm (Rat 386, Figuré 18), appear to

<
fo?g§s steps at and beyond a test amplitude of 200

S~

A whereas those witnessed with a 0.54 mm diszshce

v
(Rat .398, Figure 20) are flat at 200 -and 250 ua;

1117
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" consideration‘of the post-stimulation excitability
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L .
‘the step is not seen unitil a 320 uA test current was

1

used. ’ Y

/ . a1t A
The E__ vs., C-T %ﬁnctlonslwere individually

PP
probed at two points, 0.5 and 5.0 msec, with planred
comgarisogi (Student's t~statistic; o;e—tailed alpha
set at 6.05) in the attempt to determine the lowest
intensity pbssessing a/zéliable'step. The decision
' to use only two of the five C-T integvals for the
comparisons was guided by ‘the following rationale.
The‘mﬁgnitude of the step was predicted to be small
and thus, the detection of a reliable step
necessitated thé greatest sensitivity available. It
was reasoned that if the probes were restricted to
' \

the two points that were likely to demonstrate the

largest se%aration in E values, then the power of

PP
these tests would effectively be enhanced.

The selection of.the two poin£s to be used was
based upon a visual inspection of the results of the
secondary, individual refractory, eXperiment.‘ The
0.5 mséc,délay was chosén a§ the con&ition that

.

would yield the lowest E ., values at times when the

PP
§timu1ation fields intersected each other..
Effectiveness le¥els were lowest overall at this

delay in the individual assessments. Although a
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cyeleiof a single neuron'would lead to the selection
of the shorter 0.2 msec delay, tests at this
1nterbal sometlmes resulted in E values that were
elevated because of summetion in the subliminal
fringe. It was suspected that a similar subliminal — /
summation might also occur in -the primary experiment,

thereby engendering somewhat elevated EPP measures at

the 0.2 msec tests. Plateaus in T-pulse effectiveness

3

'were usually witnessed at 2.0 msec delays but, in some

cases, additional increases in E 'values were seen
with the longer 5.0 msec delay. Thus, if the

stimulation fields overlapped at some tested

intensity in the primary experiment, then  the
cdmparisoh that held the greatest poten&?al for
detecting the resulting refraéﬁoriness would be

one.between the EPP~values at 0.5 and 5.0 msec L

intervals. . ‘ ' . '
' The results obtained with Rat 379 were found |
° ’ . a

, o . .
to possess a step in the 160 uA test, for Rats 386 , C
and 400 the step-llke functlon é&rst occurred with

the 200 uA amplxtude, and an Lntenslty of 320 uA

was requlred before evMence for, between-electrode -

refractoriness was witnesgsed for Rats 388 and 398.

n

PP
veé. C-T functions promotes the interpretation e 4

* ° . b .
That these intensities produced steps in the B - | | :
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that ghe stiﬁulation fields had already intersected
each other at these values of current. The task at
hand was to estiﬁate a current intensity that
produced non-overlapping fields, the borders of
which 'were just touéhing each other. The approach

taken was the one that made the fewest assumptions

i

about the homogeneity of distribution.of the reward

fibers surrounding the electrodes; the fields were

\

deemed to be tané%ﬁf at the next lowér test intensity.
The one assumpéion that is Fade by this decision is
that the changes in stimulus spread, with 0.1 log
unit increases in amplitude, are small enough to

provide the resolution needed by the present
Q
technique. ‘ ‘ T

t

These new values of current, condeived to result

in, fields that just meet, were termeq:;?'critical

intensities" and they are listed in Table 1 under

¢

Crit’ The critical intensities

‘along with the corresponding interelectrode distances

were used to estimate the constants of an equation
tﬁat reiates current and distance. The
intereiectrode distances were halved (recall that
the fields are iﬁagined to meet halfway between the

electrode tips) and 2 linear regression of the

.critical intensities onto the squares of the

130
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halveq distances was performed. With intensity
scaled in microamperes and distance in millimeters,

the slope of the line was found to be 1500 pA/mm , °

“the current intercept was 100 uA, and the correlation

coefficient was 0.86 Ip<.05). This line, the data

points, and the 90% confidence corridor are
graphically presented in Figure 22.

,' The .data underwgnt one additional step. 1In order
to judge indiquEglffluctpation in the current-distance
cOnstant’(k = 1500 pyA/mm?, overall), an estPmate of k
was made for each rat. The y—interceé% of 100 pA
(imagined\to représent a threshold currenf'for

neurons right at the electrode tip) was used as Id in

the equation:

0 oum = ‘2
ICrit ) Io kr®.

3
-

' 2
Crit apd r

values, and the relation was solved for individual

Each animal suppiied its own set . of I

current-distance constants., These constants, too,

are listed in Table 1 and are under the heading.k.

N

e
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Figure 22 ' . .

Current-distance estimate. Least-squares regression

. .

of current onto square of distance yields equation

:

I -100pA = (1500 pA/mm*)r?. Dotted lines represent

90% con@idence coriidor._ '
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DISCUSSION

. LN

« It appears thaF the technique employed in this‘
thesis 6ffers a viable approach to the estimation
of current-distance relations for the behavioural
consequences of brﬁin stimulation. In the case of
each prepé;étion, the lower end of -the tested
current range produced flat effectiveneés vs. delay
functions and.the higher levels‘resul%ed in step-like )
functions with the 1oﬁger delays being more effective

.«

than the shorter oneé. Furthermore, rats that had

" been prepared with larger distances separating their -

electrode tiﬁs requiréd higher levels of current
to demonstrate bgtweehAelectrode refractoriness
than did rats implanted with smaller tip separations.

In the final J‘alysis, the data were found to fit

3

well with a parabolic expres;ion for the relation

between current and distance. o '
Specifically, the current-distance relation

for the diréct excitation of reward-related neurons

in the lateral hypothalamic area was estimated to

be; \ . ’ l
I =10QuA = A(1§oo uA/mm?) r?

whére I is the current amplitude of 0.1 msec.

2 Ly
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" making two main points: Fi;ét, a positive

cathodal pulses in pyA and r is the radius in mm of a

circle, centered at the electrode tip, which encloses -

the stimulated axons. ' The form of this equation

dlffirs somewhat from the one develoPed in the

~ introduction. The empirical results and the

theoretical considerations found in'neurophysiologica;
étﬁdies converge iﬁ recommending ‘that intensity is a
scalar function %f the square of the“distqnce:

I = kré, a form which holds tha£ the current intercegt
is equal to zero. ‘In contrast, the rég:ession «
analysis perf&hged on the present data yielded a
substantial positive intercept (100 uAn whicﬁ is

represented by I0 in the form: I - I, = kr?,

“

Compared to the intensities required to-span
moderate distances (from Figure 22; 150 pA stimulates
cells about b.z mm from the tip), the obtained
intercept is large. Fﬁ;thermore, the 90% confidence
corridor constructeé about the regression line fails
to include zero as a candiéate value for the current
iptercept. These data do not gracefully fit the
scalar funcéibni how might this apparent discrepancy
between the ﬁeurophysiological recommendation and

the -obtained relation be resolved?

o

. The following argument resolves the issue by

4}
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. T~
“intercept.is meaningful, not only in this
determination of the relation for a behavioural
effect of brain’stimula£ion, but also in the case’of
attempts to estiﬁaté the relation for unit
activation. Second, the value of the current
intercept is bound to be high, compared to effective
intensities, when large stimulating électrodes are
used. Because of its relative magnitude, it cannot
be considered. to be negligible in behavioural work
done with macroelectrodes. ‘
Tbé purpose;of.the current-distance rélation is
" to h;p the intensity required t6 excite a neuron to
the distance bekween it and the stimulus source. A
)
strict interpretation of the scalar function forces
the conclusion that no current is needed to stimulate
an axon that is at no distance from the el;ctrode
tip. The arrangemen£ is imaginary; spatial‘
cont%guity of the electrode and its target cannot
be achieved. Nonetheless, the scalar form offers

the unrealistic limit of zero pA as the distance
N .

shrinks towards zero. Surely some current must be

passed through the electrode to bring the imagined //

cell to its thresholg'for'the generation of an
action potential. Provision for this initial .

depolarizing current is made by the inclusion of

N
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the current intercept, I, (akaike, Fanardjian, Ito,

Kumada & Nafhjimé, 1973). The meaning attached ‘to ,4—‘
‘this constant is tHat it represents a Fixed guantity |
of the applied energy that is used 'to r;ise the
contiguous cell to thresﬁold.k
Clearly, the intercept is meaningful
irrespective of the nature of éhe investigation; it
does not matter whether it is the response of a
cell or that of an ofganism that is being measured.
However, a consideration.of the experimentél
sitgations, focusing upon the sizes of the
stimulating electrodgs, reveals why. this current
intercept may be negligible in the neurpphysiological‘ '
experiments and important in thelbehavioural ones.
‘Typically, étimulating microelectrodes K
measuring abopt ten micra across are used innunit
recording work whereas behavioural studies are
conducted with macroelectrodes often 250 micra in '
diameter. With area proportional to the square of
the radius, the area over which current is dispersed
differs by tﬁree orders of. magnitude when micro-
and macroelectrodes are compared. If the same
amplitude pulse is delivered through these two
elecfrodes, the cell closest to the microelectrode

. [ g 4
will experience a current density that is about

A
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electrodes that are typica
. s

“ l§9
one thousand’times‘greatér than that felt by the
neuron closest to the macroélectrode. This
difference in current density achieved by the two
types of electroede party explains why current -

c . :
thresholds in neurophysiological experiments may be

- lower than one tenth of a microampere whereas tens

- . ~ W
of microamperes are required to witness behavioural

5

effects of stimulation. ‘

" The intercept, I_, takes current density at the
tip into account; it rgflects the amount of current
needed to depolarize a cell imégined to be spatially

contiguous with the electrode tip. The point stressed

here id that a great deal 'of current must be passed

— .

through the macroelectrohe before fully depolé}izing

levels are achieved. Perhaps in the case of -
stimulation'through microelectrodes, the-intercept
is too small to be of consequence to the
current-distance relation. With the 1ar§e
\LH/meioyed-in o
behavioural work, this factor cannot be ignafed.

The slope, k, of the regression line was _found

'to be 1500 pA/mm?2. Using t?e obtained current

"

,intércept of 100 pA, individual values of k ranged

from 900 to 2100. The spread of these current- ‘

-distance constants compares favourably with the

.

-
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range seen by Stoney et al. (1968) in-assessing, the

« : 1 \
' excitability of individual pyramidal tract neurons

e e v r———c RYS R w0 o SR T -

(272 ~ 3460 pA/mm2?). Of course, very little

between-preparation variation is predicted in the

present work because these estimates were not

derived from the ac;ivation of single axons. Instead, ) )

L
? : 0 ! "

these data were based upon the' excitation-of a o, T,
v ) . . <
population of fibers. Presumably, individual .:

extremes ih excitability at the cellular level are . ’ ,
overwhe Imed ih population asséssments. ‘. ' ‘ A b

Departgges of individual k yélues from @he )
overall estimate might be explqined'b} two potential
sources of error associated\wigh the techniqhg used
here. The first one stems from the unknown

s 4

-location of the behaviourally important neurons

relative to the electrodes! positions. In

presenting the underlying rationale, it was assumed

that both electrodes would be situated within a ‘ :
region contain%ng reward heurons or, at the very ‘
least, that the two electrodes would straddle such
an area. In bothlca;es, any diminished effectivenéss '_ | .
of ghort’q-T intexvals in the primary experiment were

thought to reflect a refractoriness of neurons that :

were properly situated between the two éﬁectrode

tips. Another possible arrangemggt, however,lof .

@ .

“
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electrodes and targets, is to have the electrode
tips fall sh§rt of ‘the mark. The supposition

. established here is éhat ﬁoﬁelement of the reward
§uberate is straddled by the two tips; instead,
~;'tldle‘targe\‘;s %re imagined to iie somewhere below . | .o

both électrodgs. (Thé&altqrnate case, having tyé ' .

neurens stréddied b Fhe‘elecgfoae shafts with the J
Ny -

tips’somewhere be ow,‘isaequivalent.) In such

. ‘siﬁﬁations, an assessment df the effective reach of | ‘

. the current, b;sed upon the interelectfode ﬁistances; =
N A\

would-seriouslg underestimate the true stimulus

. spread. If such an arrangement existed in one of

the animals, .its individual current-distance

constant would be higher than.the rest. This : , .

- source’of error is therefore biased. : R /

It is nofed that the experimental desé%n, - . ‘ , .

} . ¥

vﬁiqcofporated a safeguard against all but tﬁé‘ L .

infrequent occurrence of this potential errd%; The AN

. -t

rats had been tested at ver§‘low intensities as N -

part of the initial frequency-intensity workup.

[N

+ ' These low eurrent anmplitudes, as it turns out,

élésely.appgo;ched the obtained y-intercept. The
" s Q] . ‘i C .
..intent was to verify that»behéviou&ally:relevant

» .

cells were to be found in close proximity ‘to each CL A

v of the gléc&fodes.' With the parsimonious idea °
, . » - a . i '
[ 4 . ’ # o
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. that if each electrode were‘near to fewerd neerons
then the»sgece %ﬁtween the tips would also include ‘
such elements, the safegugrd offered adequate
protectlon against this error. I leave it as a

. -y .

exercise tc;the readerfto construct spatial

distributions (f reward elements for which the : ‘ J

safeguard fails. o, . ' i ’ '

The second possible souﬁce of error results from
the method that'was used to determine the criticaﬁ
intensit& for each animal.. In brief, the lowest

intensity with a reliable refractory effect was found’

and the next lower test amplitude was selected as Lo

a
=

the criéical one. In faét, there are two separate

« facets. to the error associated with this procedure. -
The first is minor and it emerges from the 0.1 log
unit progression of the test amplitudes. Although‘ S

diéerepancies are smail over the ranée employed -

here, infensftiee that follow equally sized

’excﬁrsions'on a logarithmic scale do not give rise . N T

* to equalh/sizeddifferences in a quadratic
progression. The non-lineér‘relationship is
ill\Ltrated by worklng backwards from the obtalned

zyburrent-dlstance equatlon. Increa31ng the 1nten31ty

. from 160 to 200 pA is calculated to enlarge the’ - ' . N

radius of the stimulation fleld by 0.058 mm. A"

P i
Foris v
. w@&!
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similar 0.1 log unit increase from 320 to 400 A

T e e T

. \ N . M
- lengthens the radius by 0.064 mm. Once evidence
for between-electrode refractoriness was observed,
o ,'the néxt intensity down was chosen as .the one

pggducing tangent stimulation fields. The degree

to which the radius would shrink depended upon the
f : value of the test intensity. Compared\to\the . A
i magnitude of distances that were being assessed

)
‘ - ,(0.15 to 0.33 mm), the errors of estimate -

L) . \

b ' introduced by this problem are thought)to be ~ : : '
insignificant. ' ‘ .

The second facet concerns the inter-animal

. concordance on just how much overlap is required to

measure between-elécﬁrode refractoriness. Ié the
distribution of feWaéd'peﬁrons is exceptionally
dense between the electrodes and relafively sparse
elsewhere, tﬁén a’tiny intersection of the

a

stimulation fields may suffice to yield a reliable

PINGNAC S WARCT oy SRy -

effect. If, on the other hand, the situation were

«
’

reversed a?d a_comparatively sparse density were

pésited to exist between the tips, then'a large ° .
b\ " degree of overlap would have to be established. 1In
both cases, the amplitude imagined to produce

- tangent stimulation fié;ds would be.chosen b .

N .

dropping down one step in test intensity. 1In .

[
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the former Ease, the result may fall short; the

selected intensity-may, in reality, produce

stimulation fields that dq not reach each other.

.In the latter case, the result may be too large; the

‘chosen intensity may actually generate fields that
continué to overlap. This source of error is thus

conceived to be bidirectional. How powerful its

" influence would be on any particular estimate is

difficult to assess. However, if'the aﬁgument that
the error is unbiased is correct, then the overall

current-distance estimate would'not be seriously
affected. . on
\-
\

7

All together, these sources of error do Rot
ithoduce serious problems. to the technique. Where
systematic biages may exist, their occgrrehce is |
izirequent (abseﬂce of critical neurons between‘theg

eléctrode tips) or their influence is small (different

reductions in r depending upon the value of I

crit)'
Where the source of error may be more significant
(var%gtion in thé degree of overlap ngeded for the
detection of between-electrbdg refractoriness), it

is thought to be unsystematic. It'is parenthetically
noted that the magnxtude of this unbiased source :

might be further reduced if addltlonal measurements

were focused in the range of intensities over which

R e
[

- b . .
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the between-electrode refractor{ness emerges. This

would include smaller differences between tested " .

intensitiésf test amplitudes that properly followed

a quadratic progression, additiohal E—T.intervals,

and more replications per point. The refinement is -
costly in terms of the experiment's duration but the

returns would justify this expense. For the present/

the results of this experiment are thought to offer

an excellent first approximation to the current-
-distance relation for rewarding brain stmulation.
The application of the obtained relation is

\ .
here descrivea with a pair of ekamples. Following

‘the brief illustration, a more lengthy discourse

plains why some constraints must be imposed upon
its use. The equation may be arranged in ways to.

suit two purposes. In the first, it is written:

I = (1500 pA/mm®)r? + 100 pA

i

» '
. and it may be used tv adjust the intensity of the

stimulation in order to generate aepredetermined

size of stimulation fielé. For example, if I wished
to excite reward neurons of the lateral hypothalamué
that lay within 0.3 mm of the eiectrode tip, 0.09 mm?

o
would replace r?- and the calculation would reconmend .

a sgtting of 235 yA. Addition and subtraction of-

-

%
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" here.

f/—
. A ’
one standard error of estimate (25 uA) to this '

recommendation yields the values 260 and 210 uA

respectively.
. . ', . . ) .
.The second arrangement of the terms:

5
s r = ((I - 100ua) /(1500 pA/mn2)) %

allows one to determine, post hoc,. the size of the

stimulation field achieved by some already tested

amplitude. 1If, for example, a test intensity of 300

HA had been used, substitution of 300 pA for I offers
that the excited axons were witfiin-a 0.37 mm radius

of the electrode tip. If a unit standard error of
n

‘estimate (0.0145 mm?) .is applied against r?, the

torresponding high and low assessments of spread
are 0.38 and 0.34 mm. o : o
This éstimate of the current-distance relation ™

may not be used in all brain stimulation experimenﬁs.

A handful of constraints must be imposed upon its

application. ¢ The type of electrode used, the nature -

of the stimulation émployeﬂ, the brain site targeted,
v - ’

and, of course, the behaviour under investigation

are all critical variables. The restrictions

qsbociated with each of these factors is discussed

'

Ide&ily, the electrodes used should matéh the
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ones used in, the present experiment. The first of

two concerns is with the electrode configuration:

—— %

’ 'Monopo;ar stimulation.was assessed here and the
results of this work cannot be applied éo the .
bipolar case. The second deals Yith the shape of the
tip. The electrodes were 254 migfa'in diameter and
they were in§ulated';igh£"down to their flatten%d
tips. The key factor to be controlled is the éqtal

:; .afea of¥bared metal at tﬁe tip: changes. in the exposed
area affect the value of Io' the current intercept.
A procedure that must be avoided, if one intends to
make use of the present relaqioﬁ, is the removal of
insulétion along the terminal len;th of the
electrode. Even one gquarter mm stripped of
insulation at the £ip would gltgr the bared area by
a .factor o% fivee
J'The relation was developed Qith the use of
.'rectangulaf, mqnéphasic cathodal pulses of 0.1 msec
k | iiurati’on.p Bo.‘th‘ ti)é polarity and the du'ration‘of \

the pulses are'crit;cal. Excepé in situations

" where the electrode is positioned near cell bodies
on the side distal to the axon hillécks, cathodal
stimulation is more effective (has a greater reach)

-than is anoaal (Porter, 1263: Ranck, 1975)."

Cathodal pulses are about twice as effective in

Y

3
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lateral hypothalamic self-stimulation as well, up

to pulses of 5 msec éufation (Matthews, 1977). This
two-fold greater power of the cathodal puise should
not be. taken to‘mean that the radius of excitation
is double that of the anodal pulse; the more 1ikely
explanation is that the cathodal field encompasses
twice the area of the anodal one (Gallistél,

1976) . , ¢ |

. Pulse duration and cu?rent 1nten51tylare two
variables whlch like other pairs of stimulation .

" varigbles, trade-of £ against each other. ;ncreases
in pulse duration are compenéated by decreases in -
intens;ty and vice versa. This trade-off.ié a
general broperty of nerve cellé and strength«duratidn
relations have been speéificalfy docqﬁented in brain

.stimﬁlation reward (Matthews, 1977; White, 1976).

Unlike other pairs of ﬁutuall§ cqmpensato;y ‘

stimulation var bles, maniphlatigns in current

intensity and pulse duration affect the same

‘mechaniem. Consifler two neurons, one immediately

out81de of it. BWYth cells are depolarlzed by an

W

the duration.of the pulse., If the pulse were

.

b
|

, «
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prolonged a little, then the one outside: would, too,

surpass ifs threshpld for the generation of an
action .potential. . Prolongiﬁg the pulse dﬁra%ion
has the same result as increasing tﬂe current; the.
stimulation field is enlarged.

The present work featured 0.1 msec pulses. This
value had been selected primarily for its éopularity
and partly for.its efficiency (Bafry, Walter &
Gallistel, 1974). The recommendation made here is
_that the same duration be used by workers wishing

s

to apply the current-distancg relation in future
studies. Dala that have already been collected with
other pulse durations may be,aséessed for effective
distance, howevér, if the employed intensities
are Qerrected for duration. The reader is referred ,
.to Matthews (1977) forﬂthe streﬂéth—duration
function in'brain stiﬁulation reward; ) '
Although the.point‘has répeatedif'béen made
lthat the relation is specific to cells involved én
rewarding brain stimulation, it must be ﬁnderstood
that self-stimulation obtained fromla brain site
dther than the lateral hypothalamus.does not
.immediately qualify for analyéis.by this

current-distance relation. The behaviour may be T

thé result of excitation of axons that differ | .

.
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in size from the fibers of the' lateral hypothalamug;

"tﬁe‘relations that would describe the spread for
other self—stimulat}dn sites might pdssess different
values of k and Io. The present relation may be
used directly sy researchers investigatihg lateral
hypothalamic’self-stimulatioplprovided that the
recommendations concerning electrodes, stimulation
polafi£y, and pulse duration have been followed. 1In
the case of 6ther brain régions, éome assurrance
rust first be obtained that the characteristics of
the underlying eléments %Atch those of the
behéviourally linked cells in tpe lateral.
hypothalamus. My belief is that it Qouldlsuffice
to demonstrate that thé recovery from refractoriness
profile is similar to the lateral hypothalamic one.

That the brain site is critical should not

be hastily 'interpreted to mean that other
stimulation-produced behaviours seen with lateral”'
hypothalamic placements will follow the
self-stimulation current-distance relation. The
relation will be obeyed only tj,the extent that the”
' subservient cells pO;SéSS électfophysiological

' properties that match the characteristiqs of the

neurons responsible for self-stimulation. Again,

the rule of thumb ventured is that the

:
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refractoriness éf'the substrate be documented. B
Investigators whq' for one reason or éqother,
have been cautioned away from using this relation
‘difectly have, of course, the option of determining
the current-disﬁance relation that is appropriate
to their own needs. With only minor modification
of the procedure, the relation for any . (
stimulation-produced change in behaviour may be
" determined. . -
Ihe'immediate impact of having such estimates
touches attempts £o 1ocaté the elements of brain

n

circuitr& involved ‘in stimulatioq—induced
-behaviour. Mapping studies are afforded an extfa

)measure of‘resolufion; the boundaries of brain

regioné cbﬁtaining behaviourally related circuit
elements may be delineated with a little more

precision. This mgch is obvious and T do not wish

to belabour the point. Instead,lthe discussion .
~orients to the value of éhese-esti@ates towards more
delicate aséessments. When,merable electrodes are

used to probe brain rég{ons in within-animal designs, ’
the.siopg of thé threshold changes (over distance
movéd),is determinéd byr;wgfimpartant factors. One .» -

[y

is that the stimulation|field includes more and-

- . ’ -

more elements as the electrode approaches 'its -

—
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target. The second is the distribution of the
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critical elements. The distribution might be

perfectly homogeneous with abrupt-.demarcation or

.there might be irregularities of density. The

simplest hetefogeneous distribution, and .the one

that best illustrates the problem, has a dense core
P .

. of critical fibers and a gradual decrease in density

és one'mbves,away from the center.: Untii now, the
relative contributions ?f distance gnd dis;ribution
could ndﬁ be distinguished. With gccurate h
current-distance estimates married to mo&eable
electrode mapping, the. couple holds the promise of
assessing rélative densities of axons within the

.
boundaries. I(myself am looking forward to their
tepth anniversary.

In itself, this thesis has not advanced our

understanding of bréin function. Specific

contributions to brain-behaviour links have not been

- w s

made, nor have new analytic methodslﬁgen introduced.
Instead, the contribution of this work has been to

sha?pen; if not to hone and to polish, the edge of:

an analytic tool that has served us faithfully for

b

one-half century.

a
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APPENDIX I

3
1 s ‘ -

This appendix describes a property of the

-

.
reward system that is likened to a counter. The

counter model stems from an observation made by
Gallistel (1974) when he re-evaluated the results of
a parametric assessment of rewardiﬁg brain stimulation
(Edmonds, Stellar & Gallistel, 1974). He found that
when.values of leSe amplitude and pulse number (fixed
train duration). produced critérion performance, the
products of these settings equalled a constant. For'
efample, if criterion performance were achieved with
one set of values and the intensit; were then doubled,

the 'criterion performancelcould be accurately .

.+ restored by halving the number of pulses (or pulse

frequency) .

The constant product was defended by the reward

®

system over a Very largehrange oflindividual’
combinations. This suggested to Gallistel (1977)
;that a.neural network, somgwgere downstream of the |
directly stimulated bundle of neurons, integrated
excitation by simply Eounting the total number of

: arriving action poténtials. As logg as the de;ivgfy

arrived over the sahe period of time, the integrator

did not care how the impulses were packaged.. Teh
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(Matéhews, 1977).

.be small.

axons mlght each condugct 50 action potentlals for a -

total of 500 or twenty-five channels mlght each carry
20 firings, again, for a total of 500. The ‘
intégrator treated these as equiQalent‘combinationéh
An important implication of this property
concerns how rewarding effects are sca}ed. Each
stimulation pulse is trq%ted to generéte one actiﬁn
potehﬁial in each suprathreshold neuronidprovided that
the pulse duration is ﬁot longer than five msec
The number of pulses‘%ﬁag must be

]

administered to produce criterion performance

4

- accurately ‘reflects the relative number of fired

axons.. When mény pulses are needed, the number‘of

channels activated by each pulse is inferpreted to q
" When only a few puiéeé suffice (through
the same electrode), the number of,firéd n;urons.pgr'
pulse is understood to be greater.. To ﬁhﬁ extent
that an- actxon potent1a1 in"each behaV1oura11y
relevant axon provides the same contribution to the

integrator, an gxpreséion of the effect of’the

A /.:v
-stimulation in terms of number of pulses ‘(or

' L]

équivalents sudh-as. frequency and éeriod)d

quantifies’ the number of excited channels.

-

2o
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the sole purpose of developing this argument, lét

- number of cells lying in thé. intersection of :the

4

APPENDIX II

This appendix outlines the rationale for the

rejectién of animals possessing large between-electrode

" differences in the single-pulse required freguency,

assessments. The criterion was based upon a i

. consideration of how the measurement of a step in the

» 2

.E vs. C-T function suffers when the two stimulation

pp, V°

fields dlffer in their contrlbutlon towards self- -
—stlmulatlon behaviour. The need to impose it 1is

explained’with‘the development of an examplé.

1

. R K]
- Suppose that at some intensity the overlap in the -

two stimulation fields were such,tﬁat 20% of the poorer
field's reward contribution was derived from the
exc1tat10n of the ceL&s common to both stimu? atlon

flelds. Suppose further that”the 51ngle-pulse

est;mates of required frequencyvdifgered by a-factor

of two. ((FSPHI/ SPLo) - 2) A pulse delivered to .

[}

the richer field supplies twice the rewardini effect

- P ) !
+ " . . .

given by a pulse applied to thé poorer one. Por

' ]

’ N,

thls two-fold difference be interpreted to,mean that
the number of -reward cells in the poorer fleld (N)

is half the number found .in the r;cher (2N) The

-

two fields is~répre§énted byIOzZN:

o ' ‘ ' . v ! 4 167
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A single pulse applied to the richer field
: ‘ T
_produces 2N firings and one delivered -to the poorqr,

. N action potentials. A pair of pulses split.bétween,‘

the electrodes, with an ipterposed'delay‘that is °
5 'sufficient to allow the common cells to recover from
the first pu}ée, results in’'a total of 2N + N = 3N
firings. ﬁpen ﬁhe délay'is shorte:,'so that none of

the common neurons has recovered, the corresponding

count is 2N 4+ (N - 0.2N) = 2.8N action pdtentials

! per pulse-pair. At the constant level of half-maximal

-

behaviour, the products (number of firings per
pulse-pair)ai (required frequency of pairs) at all ~

. C—T'intervals are.equal.(see Appengdix I for background

. N . 4
on this assertion). With F and F' ‘standing for the

required fréguenéies’qf pﬁlsg-pairs in the fully

o

. recovered and fully refractory situations

respéctivel&i‘the'following relation restates the
point: - - R o h/;o

S ) g 3NF = .2.8NF'.

. Dividing both sides.by N and cross-multiplying to

"eigminé}the,reldpioanetween.F’;nd F' giQes:

- ‘o ob ~N

F/F' = 2.8/3 =0,93.

.
.oy .v o

.
~t
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This result indicetes‘that the req\ired frequency
in ‘the fully recovered ccnditlon may, be expeéted to
be about 93% of the value obtained” when all p0551ble
cells are refractory to the second pulee ‘

Thrf dlfferche of 7% ex1sts at the requ%red:
frequency ﬂetermioation 1eve1;‘the aoplication‘of
the EP cqlculation actually yields the values 1.0
at fuf%a recovery and 0.8 for’fuil rEfrqctory

51tuat10ns, in agreement W1th the first supp051tion

."that 208 of the poorer field's cells weré common. |

If- the same argument iwere applied to a Situation

* -

with three times as many c%lls in the richer fleld

" the result would be a 5% drop 1n requ1red frequency
once/all cells had recovered Again, the EP;‘
calculation promctes this to a 20% effect but this*"

is not the level at which the’dependent measures age

|
obtained. The worry is thes a 5% effect 1s beginning

to enter the "error»of measurement” region” Thatz

measurement errors along with real effects areg

promoted bw-the . E,, calculation adds no consolation. )

el

The problem is anticipat 4 to arise when a.

. ’ ' - B
large discrepancy exists between the two stimulatxop

"

.fields"in thearelative densities of reward neurons.

-

. The best estimates of relative density are the

L 4

s .
.

’

Y G

\
\

H

single-pulse required frequencies. animals vere -
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_retailned in the study if their electrodes possessed
less than'a 0.2 log unit dlfference in required :
. < . B
frequenCy ((FSPHi/FSPLo) 1.58) at .each of the ,
tested intensities. This criterion had to be met. )
even when the 1nten51t1es were low enough to = .
-result in flat EPP vs. C-T functions. .
( . ) . . \ _l 'n-
N v . <
1y o r ) . - '




