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Recent psychophysmcal experlments have .
Y
characterlzed the~med1al forebraln bundle (MFB)

-\k

.
,1(
-
.

stage of the neural circuit responsible for brain. -

2

stimulation reward (BSR). ‘These, infeyred aﬁéractev—

. S . ) . L -
istics, which include recovery from refractoriness

that begins at about 0.4 msec. and usually ends by

1 .
and 8.0 m/sec., may play an lmportant role in

determlnlng whlch neurons are dlrectly re5p0n31ble

for BSR.

. Fleld&potentlal recorq;ngs were * obtaxned to
L 3 - " 1 J
dlrectly assess the plau31b111ty of the behav;ourally

derived 1nferences . Stipulating, and Pecordlng

electrodes were almed at MFB ﬁargets that support
N

1elf—st;mulatlon (38). In this manner, electro-
. - ~ L . -
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,and to see whether the recorded potent::als had the . /

: BN §
phy81ologlcal estlmates of refractory per:.ods

were collected. Recovery began at a medlan value

of 0 b nsec. and ended at’ a' median value of" l 5 mseo

Estlmated conductlon veloeltles ranged be't:ween 2 7 ' -
#hd 13.1 m/sec. The\close correepoodence‘ between

the behavn.oural“and electroPhySLOIOglcal estlmates

¥

prov_:.deS» firm support for the plaus:l.bn.ll-ty o_f the

psychophys:.cal inferences. . @

A x:.ll:x.ary experlments Were performed to’ test‘

the fidelity: of the recordlng apparatus, to

.

dlstlng ish field potentlal records from artlfacts -

propertles of,compound act:Lon potentials. ‘The test

, for fidelity' .consisted of' replicating classic

© _studies of -hippocampal field potentials. ‘The T -

¢ .
records ‘contained all of the main features of the

e

3

:c}emo'nstrated that, in a dying subject,. the

‘compound action potential gradually wened while the

classic potentials. To distinguish the field | B

potential resi)onses from'artifac’ts, T demonstrated
that reversal of S't'imulus polarity causes reversal

of artifact polarity, :although field potential

polarity is not affected. Furthermore, it was .

-

ooml?onent, of the record that we referred to as-the’

artifact remained. Finally, the field ootentials ‘
et ° ‘ - ‘ » b N
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INTRODUCTION °

r " o ' L

‘Physiologica; psychology is a reductionistic dis-

cipline that attributes organized behaviour to the
Ty

activities of specific neural mechanisms. In order to

study thls link between- neuroPhy51ology and behav1our,

it would be useful to electrrcally stimulate a partlcular
neural 01pcu1t ‘and observe the behayloural consequences: ‘
Hooever, the electrical activation of functionally‘
specific circuits &ﬁ the central nervous system can oe
difficults 51nce the ‘neural substrates for a number‘of
dlfferent behav1ours are often in close prox1m1ty fo
each other. One)requlres a geans by which the substrate -
for a oe;ticulaﬂ be%aviour may be?distinguished from the
many neural circuits that may be actlvated by the

P
stimulating pro;e. Psychophy51cal methods have been
oseo Fo characterize the neural c1rcu1try mediating

stimulation-élicited behaviours so that a'%articular )

) Y ' &
substrate may be identified’by means, of electro—ﬁ
LI

‘physiological and neuroanatomlcal experlmEnts WwThese

psychophysical methods are igferential in nature, The
purpose of the. present study is to use electfophysio—u
logical recordings to directly assess the plausibility of

such inferences. . N

, . P )
Brain Stimuldtion Reward ,

' Most psychbphy51cal studies that 1ncorporate

Il

electrlcdl stlmﬂlatlon of the braln have been carried <

a

out in the SSlparadlgm. The reasons for thls are both

o




o

substantive and practical.. It has been argued that

, studies of BSR may shed 1ight on the neural bases-of

i

The Linkage'Problem

’
motivational and learning ‘processes (Gallistel, 1975).

Subjects actively seek out brain stimulation and, when
.glven a choice, may prefer it to conventional rewards, .

-

X
such’ as food and water (Routtenberg and Llndy, 1965)

Furthermore, they retain a record of the magnltude of/ .

previous brain sflmulatlons, as reflected in- subsequent
~ & O

responding (Galllstel Stelldr and Bubis, 1974). ~One

- can algg summon support for Qhe conténtion that B3R and

conventlonal rewards share atcommon neuraigga51s‘

Hoebel (1968).ha$ shown that gastric loadlng'and food
;deprivatioﬁ can influence SS responding. R
From the practical point of view, it can be seen

~ that. the, BSR phenomenon lends ltself raadlly to

psychophysical methods. Stable respondlng at hlgh
operagifrates is obtalned at manﬁ\SS sites. FUrthgr-
more, responding is re51stant to satrhtlon (Olds, 1958)
+and ;ubigé%t show good thres£old discri&ihétion

(Gallistel, 197u).

“The' MFB is well known for its anatomlcal S

/

éomplexxty It is actually a cg}l7ctlon of, bundles

¢

with as many as twenty subd}ﬁ1s1on§ka1euwenhuys,

Vening and Geeraedts, 1981).

«‘ -
% e

Pl
g *
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Therefore it is not sur@rising that stimulation of the
?
MFB produces a(gnde variety of effects mcluc\:mg locomotion

(Rompre and MJ,l:Lar'essw 1980), ‘tor tmtches{htthews,

"1977) changes in endocrine functlon (Har'r'ls, 1948)" heart

rate and \lalood pressure (Perez-Cruet, McIntyre and

" Pliskoff #1965), predation (Flynn, V?egaé, Foote and

Edwards, 1970) escape behaviour (Bower and Miller, 1958;

Rdb’er*ts' 1958) and nociception (Rose 1974). In fact,

multlple behav10urs can Pe”f;ult fnom st:.mulatlon by

m%.ns of a. smgle electrode (Matthews, 1977 Bower and ‘

Mil] 1958 Roberts, 1958; Rompré and Mlllaressm 1980).

, Thus’; q:.fflcultles arise in l:mk:mg a given effect of

stlmulatlon w:ﬂ:h the activation of a pax*tlcular' substrate

located near the electrode tip.

' The~ Psychoprysmal Approach

/ As a means of dealmg with the linkage problem,

[2)

technique for estimating the refractory periods of the

’ di:r‘éctly stimilated neurons respdnsible for BSR. These
v T

o L PST
estimates were to be used to Jinterpret electrophysicjogical

studles of net.trons dlrectly dr'lve.n by electrodes sup ing

L

" SS. Only - those ﬁ‘leural elemen‘ts whose electm

]

Ijeut§ch (1)9) was the first to employ a 'standard psychophysical



‘ ones could be consn.dered candldates for the flrst stage of

B o - :
physiological estimates matched  the psyohophys:Lcally derived

the neural cu*cultr'y under'lylng BSR. It was hoped that,
by- us:Lng a large number of psychophysically derived

char\acterlstlcs the pOSSlblll‘ty of a false 1dent1flcatlon
could be reduced. *

The psychophysical, approach draws inferences from
behavioural data {'eganding the directly stimulated neurons

that support BSR. How is it that neural stages intervening

'between the directly activated stage and this electrically
: . N

_elicited behavioyr can be disregarded? N

Behavioural output has been showﬁ to be a mpz\notonic
function of stimulus input for BSR (Ednoﬁds, Stellar and

Gallistel, 1974). For each discrete stimlus input

. (eg. current level) there is one and only one output

(eg. mmnlng speed) over a reasonably wide working range.

This monotonic relationship must hold for all mter'venlng

.stages. Unlike _tr*aﬁ“sfnr’mations such as j.riyer'sion or

exponentiation, compensatory cfmanges in later stages cannot
remove non-monotonicity; once introduced, its effects propagate
through all ‘subseclue.nt stages (Gallistel, Shizgal and Yecmans,

1981).




‘Psychophysiéal experimenté employing,trade;ofﬁ

designs are dependant upon thi's monotonic relation-

0

hip between stimulus iQ%ut and behavioural output.

A

-
[

£ pairs‘of stimulus parameters afe.traded off so
that behéviéural output remains cénstant,~th;
?existénce of this mongtonicitybdictates‘that,tﬁe

. Optputs of all interposed stages are‘held constant.

Therefore, regargless of the number of 'intervening

stages, trade-off experiments may, in principle,
bﬁ used to characterize the directly stimulated
' \\ > «

stage by detefmining'which combinations of
Qarameters result in constant behavioural output.’

Relebant Psychophysical Results

AS

Yeomans (1975) has modified and improved thé"
method developed by Deutssth ﬁiesthmme;x&%gcu#y
periods from behavioural data. The resﬁl£ant
equivaient stimuli procedures iﬁbolve.ﬁgg/tpadiﬁg—

. , , . .
off of the numbef of pulse pairs per étimulaﬁign
train and the. pulse pairlintérval (C-T interval).

;Aé this interval is shontened, the secon? or test
(T) pulse has é progressively diminisﬁed effect
probably dﬁe to the refracfory state of the
.directly(stimul@ted stage. fhe action pqtentials
' —»f’ost due to regractoriness must be repiaced by

. . v
!* increasing the number of pulse pairs in order to

“



) ‘ . E ‘:' ) () .
hold behavioural output constant.: The magnitude of -
the refrac{ory effect can be estimated from the

size of the required increase in the number of

pulse pairs. .

N

If the conditioning (C). pulse‘and the T pulse

‘ are applied, to MFB sites that support SS by means of

. N - ) .
siparateq ipsilateral electrodes, one may again
) o

| 53

Dserve that at short C-T intervals, thé maintenance

\ o . _ .
. o%xsonstant behavioural outpaf requires an, increase
in the number of pulse pairs. This reduced paiped

1

pulse effectiveness is thought to be due to collision ' /

\

between antidromic and orthodromic action potentials

travelling alohg the same fibres, so that at short -

\

C-T intervals one pulse of- each pair has little

effect on behaviour (Shizgal et al., 1980). The ,/'

abrupt, step-1like rise in the effectiveness of 'the
N\

. T pulse as C-T interval is imcreased thus suggests

. L8
] . R i .
that there is a direct akonal connection between

the two sites oVstimulus application. Since th

\

time at.which the step occurs*is.the sum of the

* A
conduction time between stimulatdon sites and th

//

refractory period of the neurons undefgoing

»

from the.results cf these pulsé pair experiments.



-1

'Wise, 1976; Franklin, 1978), several of their

-

*pulse pair experiments outlined above can be

shmmarized.as'fqllows: ‘a) The directly stimﬁlated

e%ements responsible fdr SS recover from refract-
ofiness over an interval of approximately 0.4 and
1.5 msec. p) There are direct anatomi7al g

connections between SS sites extending’3.0 .mm

\ dlong the MFB. c¢) These neurons exhibit conduction

" velocities between 1.8 and 8.0 m/seé. (Shizgal et

al., 1980). d) A number of investigators have

-

i

suggested that catéchol ine (CA) ~ containing
neurons constitute thé/i?;st staée of the BSR
Circuit (German and Bowden, 1974; Wise and Stein,
}969). While there is substantial evidence
implicating these neurons in BSR (Fouriezos and .

properties are incomPatible with the notion that
CA elemgnts constitute the di;2ctly activated
subpopulation. CA neurons have appreciably
longer refractory periods and‘lower condfiction
veloc}ties than the Behaviouraily characteriaed
elements (Yim and Mogenson, 1989; Maeda ang
Mégenéon, 19803 Deniau;‘Thigpry and Fegéf,%iQSd;
German>.Dalsass and Kiser, 1980).

Field Potential Recording: Rationale

The geometric implications of the collision

f



e

.

1
A

i

-expériment lead one'to'expect that stimulation ‘

S
within a 3 mm‘segment of the MFB would e11c1t a - L Ny

propagatlng wave of action- potentlals that could

be recorded elsewhere 1n that-segment and perhaps

beyond. This would allow for electrophysiologichl

estimation of refractory. periods and conduction . -

velocities in neurons driven by'stimulation,at—SS .

.sites. . The electrophysiologioal.estimates could

'then be used to assess'the plausibility of the

. behaviourally derived inferences that are the
‘ . N

A

\

\‘ 1’
. ds their diameters (Llifas and Nicholson, 1974%),

basis for rejecting CA neurons as the first stage

elements subserving BSR.

-

Macroelectrode ‘field .potential records,i

thch represent summed actlon potentlals could be

e%pected to contaln contrlbutlons from a 51zeable

fraction of the axons synchronously activated by

MFB'stimulation. .Since the relative impacts of ' \

1 N - » ) R

neural subpopulations upon_these records are a-

direct function of the number of elements as well
\ .

a

.

even small fibres colld make a sizeable impact

upon‘extﬂacellular field potentials. In contrast,

’ i
-

unit reco ding’ methods preferentlally register R (

I3

cell body Ftlon potent;als,vﬂuchqxﬁultzn R

larger currepts thdan axonal spikes. ‘Dne.diﬁficulty



- ' ' L / . - .
associated with field potential methods concerns

the-interpretation of'records that can reflect the‘

sum of dlfferent types of neural 51gnals arising.

from multiple sources. To fa0111tate 1nterpretatlon'

.of the records obtalned in this study, a, serles of
a8

o

Fﬁ“control experlments was;mrﬁnned

Field Potential Recording: Interpretatioh

For theoretical and empirical preagsons.

¢

(Tasaki, ‘Polley and Orrego, 1958; Lorente de No,

19479 one would expect that extracellular ield

I . - ¢ N

a synchronously flred homogeneous bundle of flbres

B Awould have a trlpha51c appearance (Figure 1)

’
'

This pattern can be explalned w1tb reference to the,

electrochemlcal events unoerlylng thelpropagatlon of
. . " N . . v
an action potential in a single.fibre\y ) .

_To,a'monobolarrrecording electrode ‘located

sufficiently near an excited axon, the propagating_

‘ } \
actioﬁ potential can appear as a series of

. voltage changes that are roughly proportlonal to

the transmembrane current (Lorente de No, 1947).

A‘suprathreshold st1mulus~results in the

’

propagation of a perturbation corresponding to
. sodium influx and’ appearing, from‘the'extra-,
cellular viewpoint, as a negative-going poteﬁtiai

- potential records of action potentials generatea by
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or cﬁrfent sink. Its arrival at the recopdingt
, electrode is preceded by éﬂpositiVe—goiné
poténfial, a curren*t gource. By défipition, o ,
current flows from sources to sinks. 'Thereque

‘ o : . NG C e
this butwardeirected current must flow to > ) '
_complete the extracellular limb'of the local. -

circuit initiated,by fﬁe current entéring at

-fhe.ﬁrevious nbdéﬁs). A second squrce‘féllows'

the‘§ink and can be .attributed %olthehrepolarizing

current that‘in'maﬁy/éells is Ape to pofaséium |

efflux‘(Ranck, 1979; Llinas and Nicholson, 197¢{;
oIt figlé potential recordings were\madé

" from é.homogéneous axonal popﬁlation, fﬁq¥;w0u15

reflect a welghted sum of individual field

¢ -

potentials whose contributions would be proporticnal
' . , ) 2

to their distances from the recording electrode: !)

.(Nicholson, 1979). The time course of the

| Qoltage changes in the multiple element record
would-beAiéentical to that observed to arise from

a single_eleménT, glthéugh thé absolute’magnitudeS'
of the variéus phases in thé compound record wouig'
Se expected to be lafgen;' On the otheg han@, if
‘the aééﬁvétéa neuronal populaticn in the vicinity

\ , )
ofﬁthe‘recérding probe were heterogeneous with

regard to fibre diameter, individual neurons



B [
Y

would exhibit .different conduction velocities

,;and their action botentials would arrive at the

'reﬁording elecfﬁode out f phase. The degree of

this dlSpePSlon over tlme is a direct function:

Of the dlstance of axonal conduction between ‘the
"

: point of action‘potén%ial‘initiétion and the

' reccrding locus (Erlanger and Gasser, 1937) .0

Field Potential Recording: Experlmental Scheme
. If ,the Lnferences drawn from the psycho~4, Co
jthSlcai data are correct, they define the

piopefties that neurons driven by rewarding

R .

3

'stlmulatlon must possess in order to be considered (r“\;/—~

as candldates for,membershlp in the directly
 stimulated substrate respbnsible for BSR. The
experiments that follow investigated'the .
jblausib}lity of these inferenceé'by reccrding R ‘
fielc potentials at MFB 1loci through which the , /\‘
,behaviourally characterized sucstrate is thought
to’pass; TheSe potentials were evoked by.
stlmulatlng at other MFB smtes thought to contain
the -axénal extensions of this netral subpopglation;
Elcctfophysiologicgl refradtofy period and
conduction velocity és&imates-wcre obtained and
compared to those attrlbuted to the flPSt étaée’

-,

elements responslble for BSR.on the ba31s of .
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K . ‘ ' " ‘MATERIALS AND METHObS a\
PR Subjects e o ; \\ ‘ I
} , . ! t

'Eleven male hooded ,(Royal VictoriéQ and eight male
o i \ .

N albind (Sbrague—ﬁawley) rats obtained frém\Canédian
| | ‘Br;eding Farms and welighing 350—600g.at the time of
.fecording served as subjeéts. The& were indi;idualry
housed in hanging wire mesh cages. Rat chow andxtap ~.
water were avallable ad. llbgﬁhm and’ 11ght1ng in. the
\‘animal colony‘was programmed to, provide a 12 hour
light/dark cyciei . | . / .
Electrodeggonstrucfibﬁ R »

- ‘ . P

Twisted bipolar electredes fashioned from 178 um

Dimel insulated nichrome ‘wire '‘were used for stimulation
and recording, except for subjects MFB 1 and MFB 2 in
which twisted tripolar electrodes were used. The

. squabe—cut tips of the bipolar electrodes were éeparated

V

about e 75 mm in the dorsal- ventral plane. Approx1mately

0.25 mm of 1nsulatlon was rémoved from the longer pole,

whether the electrode ‘was to be used for stlmulatlon or

recording. The, shorter bcle waé baféd of'insplgpion to
the same extentvif it was part'of a £e¢ording electrode |
and about 2.0-fm was removed if the electrégé was to be
used for stimulation. ‘In aﬁiﬁals implanted with

' tripolar.electrodes the shortest of the three wires

remained unused. The two poles that were used were cuft /

?
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square and insuldtion was remdved to the same extent as’
3 \ . - t

:
! A ‘ -~ ,

he previously described bipoiar electrodey.

£
1

\
. Sirgical Preparation

. o \
.Ahimals were anaesthesized by means of intra-- y
“ . s . 7 . »

’

toneal injections of urethane (ethyl carbamate) at
' . '

‘B‘h ‘

X ‘ . \
skulA\and the underlying dura was removeds The exposed

o . ' , v . t '{*{A i
cortical surface was kept moist by means of repeated . ’

) o . . . . . s
appllc\tlons of 1sotonic saline. An uninsulated stainless

-

) steel wire was wrapped around several stainless steel
\ jeweller's screws which were embedded-in the occipital

6kull plate.

Electrical Stimulation and Recor&ing - '

‘Rats were placed” in a #1204 stereotaxic
» instrument (David Kopf) with the incisor bar.-elevated to ‘

5 mm above the interaural line. With the exception of one =
2 .

L subject , electrodes were lowered toward at least two

of the félloﬁing MFB loci in each subject:

. ‘ !
1) lateral preoptic area-(POA): é

' . 2.0 mm anterior to bregma 4 '

Y . i . \

. " 2.2 mm lateral to the midsagittal suture -\
~ - ! o .

S 8.0 mm below dura
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. 2) lateral hypothalamus. (LH):

!

' 0.4 mm posterior to bregma

! 1.7 mm lateral to the midsagittalisutufg '
8.0 mm below dﬁfq 1 '
3) ventral %egmentgl area (VTA):
[3.3 mm Postérior to bregﬁa hd
0.7 mm lateral to(yﬁe miagag;ttaldsuture
’ 8.0 mm 'below dura
In HPC QQ\Etimulating and fééording electrodes
* Were aimed 4t the perforant .path region of the entorhinal
Cortex and dcnt#te granhie cell layer respectiveiy.‘
The followi;ﬂ levei skull éodrdinates dere/obtained
from Douglas and Goddard (1975): k//%
© 1) perforantlpath; l )
. .2 mm posterior to'brzgma

4.1 mm lateral to the midsagittal suture -
0.3 mm above the intefaqral'ﬁlane '
2) granule>c911 layer:
ff,o mm posterigr to bregma .
1.0 mm lJateral to %he midsagittal suture
2.0 mm below tthe interaural plane
Monopolar stimulaf%on was éppli%d fy»means of
Grass Sk stimuiatops, Grass SiUu‘stimulus'iéolatioh

units and Grass CCUL constant current unifg, The

- L]
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* final records. To accomplidh is each pole of the

18

stimuli consisted of c¢onstant current rectangulaf
pulses or puise bairs delivered at 2 to 5 cps,;; the

polarity of the pulses was usually cathodal. Current

|
°

-return.was accomplished via jeweller's screws embedded in

. the skull. The .preparation was grounded via 'the shorter

i

wire at one of the stimulating electrodee. "Stimuli weére
moeifored'on a Tectronix 502 oscillescope by reading the
volfage drop across a precision 10 Kohm resistor in
series’wi£h~the preparation. Electrodes not usea fon
stimulation were used to obtain field potential\recerds.

[y

The tip of the longer pole of the recording'electﬁode was
to record bgth the etimulqs eptifact and éompeuﬁd action
potential while the /shorter wire wds to ‘record enly the
.artifact. The signals from the two iree were conditioned
-in an attempt to equate the stimulusj artifacts; the '
conditioned signal obtained at the Herﬁer\wire was’ then

subtracted from its counterpart obfained at the longer

wire in an attempt to remove the/artifact from the <

recordlng electrode was led © an 1nput of a head stage,
con51st1ngfo£ a dual FET in ut operatlonal ampllfler
(Texas TLO82CP) configured as a voltage follower and 7

located within 3 cm of the rat's skull. The two inputs

from the head.stage were led into a dual preampllfler

) de51gned to improve common mode rejection at the

v 'l - i ) -

N



» :19.

) \
differentiel amplifipatign stage.that combined pre-

~amplifie;:* outputs. ' Because of the low likelihood that
the two recording elecrodes were atlisepotential loci,
the preamplifier was  designed to pro&ide‘ineeﬁendanfly ‘
variable gain'for‘the two input signals.’ Since Bnain
tlssue ~attenuates high frequency signals and because the
two recording electrode tlps were not nedessarlly
‘equldletant from the stimulating eleetrpde,'lndependant
- low pase filtering of the fwo heaestage outputs was
provided to edmpensate for differences‘in tﬁe shape of
the artifact recerdedlffom the two tips.. Gain and
filte? controls were adjusted 'to achieve the smallest
sized arfifeet,of the same shape{as the stimulating
puises. Preamplifier outputs Qere‘leq to e'Tektronix
" 3A9 differential amplifier with high and low pass
filters set at 10 cps and 1b geps resbeetively.
Differen%ial_siénals were monitoreg on a Tektronix: 565
oscilloscobe and stored on either a Hﬁgheslilo storage
bscilloecppe‘or a Nicolet EiplorerhIiI digital storage
:oscilloscope. Oscilloscoﬁe displayS‘were'photogfaﬁﬁed‘bn
Polal?loid type,47 film with a Tektronix C27 camera. R
Histologi' |

Upon completlon of recordlng sessions electro—

lytlc 1e51ons (500 uA DC, 10 sec.) were made throﬁgh“

vall electrodes with the longest pole serving -as the,
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"anode and a skdll scfew astthe catwode. 'Subsequently,

anlmals were glven 1ethal doses of pentobarbltal (IP)

<

and perfused 1ntracard1a11y using 100 ml of 0, 9% L

+ N

saline followed by 100 ml of 10% formaldehyde saturated

with potassium ferrocyanate._‘Reactlon of the ferro-

.cyanide with iron ions expelled from the anode produced

L

a. blue reaction product at lesmon 51tes. 40 um
- .

'coronal sections of the frozen brains were éut, and, in

N

the v1c1n1ty of the electrode tlp loci, every second

sectlon was mounted on glass, slldes. Unstalned sectlons

_were m01stened w1tn,water and then examined under a

projection'hicroscopefto localize electrode tips.

- N
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PROCEDURE :
. - - [
During recordlng se581cns, anlmals remalned flxed

’

.in the stereotaxlc instrument and a suff1c1ent degree of’

anaesthesia was maintained by means of O.S—I.Q ml

- ’ ~

boosters of urethane (120 mg/ml) or 0,5 ml of diazepam
> Lel S

x;(S'ﬁg/ml)‘ Electrodes were positioned 1n the braln
uSLng #1460 electrode manlpulators ‘and #1260 electrode
carriers (Dav1d Kopf) . . B -

The longest'pole of'the'recording electrode was

lowered to 0.5 mm dorsal to its target. With the
‘recording electrode stationary, the first stimulating .

electrode was'advanced'into the brain and the previously

’

described Stlmull were applled at an 1n1t1al current of
500 t031000 uA.. Stlmulatlon—evoked fleld potentlals
‘Wefe‘monitored as the longest pole:of the stimulating‘
'electrode aporoached itﬁntarget When_potentials eith

" the" characterlstlc trlpha51c shape of extracellular

‘recorded action potentlals (Lorenté de No, '19u47) and:
an amplltude of at least 100 uV peak to trough were
encouptered w1th1n 1 mm of the target, thelflrst
stiﬁulating eléctrode was left in olace. This:procedure.

( 'was repeated with the second stimulating electrode

o

Finally, T attempted to’ optlmally position all three

7e1ectrodes. If stable potentlals of appr0pr1ate spape

and amplltude could not be -evoked by a given stlmulatlng
) . - i ‘ . 4 ) . 1 .
D

—
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electr'ode witﬁin 1 mm of its' stereotaxit t‘a,rget using
currenfs as high/ as 2000 uA, the electrode was ueu:ally
. repositioned in the antefior-ﬁoster;ier plenes‘ and/or
medla]\ lateral planes (devuttlons from the orlglnal

~

coordlnates dld not exceed 0. S mm) and then drlven

!

again into the brain.

4

Conduction Velocity Estimates

A

Conductlon veloc1ty estlmates were obtalned by
leldlng the interelectrode dlstance by the response

latency (see Appendix 1) .~ The interelectrode distance,

. ¥
" .the distance between the longest Ppoles of.the “"

stimulating and recording electrodes, was measured

directly upon careful removal of the electrodes, after

| 3
>

~record1ng sess:.ons and/or calculated from the stereo-

‘tax1c coord_lnates. The 1atency was calculated from the .‘

"field potential records as the time interval between

stlmelus artlfact onsét and the vertex of the trough of

.second phase, of the fleld potentlal ThlS po:Lnt in the
’

fleld potential record was chosen for Latency measurement

since it corresponds to the apex of the spike, or ‘

depolarizing phase, of an intfacellularl'y I;ecor*ded action |,

poténtial (Lorenté de No, 1948; Tasaki, Polley and
. . ’ ' i - ’*‘\ .. (
Orrego, 1958) which is.traditionally used in intra-

¥ ’ ,
cellular response latency measures. . tLo-

"'l
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Refractory Perlod Estlmates

Palrs of equal amplltude 0 1 msec. duration pulses‘

>

© were applled to a single stimulation site at inter-pulse

.

palr frequencles hot exceedlng S cps. 'The -interval

between C puls;a/o/set and T pulse onset (C- T :mter*val)‘

/,/

was gradually 1ncr~emented beglnnlng w1th intervals as

short as 0. 2 ‘msec. and ‘cer*m:.na‘clﬁg‘_J at up to 3. 0 msec. The

v
i

size of :mcremem:s varled between 0. l and 0.5 msec The

be inning of recover from r*ef-ractor*lness was taken to be
g g

~

. the shortest: C-T interval at whjich a stable response to

’\

the T pulse.could just be observed. If the record

2

‘,produced at the next shortest C-T interval showed no

ev1dence of a T pulse response, the estlmate for the
beglnnlng of . recovery was the- mldeln“t between these two
inter-pulse intervals. (see Table 1). The estimate fqr,
the compleéion of recovery from refractoringss was taken
to .be the shortest C-T interval a't which ' the response to
the T pulse was observed to be identical in shape and

amplitude. to the response evoked by .singlé pulse |
. N VA

stimulation. If the preceeding C-T interval produced a

field potential response to the second pulse that was less

than about 756% of this aniplitude fromthe first peak to

the trough and/or was merkedly different in shape, the

.
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- .. . TABLES 1A, 1B

.

Data sets- for all nineteen subjects.

w

lists those experiments in which the VTA was the

Table 1A .

recording site. Tables 1B.and 1C list those in

v

.~ which the recording electrodes were aimed at the LH
T e - N

column of

and ‘the P‘O@ res'pectively. Thé first

conduction velocities was based on measured inter-

electrode -distances, the second column was hased

'

s

‘on calculated interelectrode distances (see Procedures).

Conduction velocity figures are in m/sec. and

’

, refractory period estimates are in msec. The data
‘upon which’ cbnduction'_velocity\ estimates were based
e ’ oo : \ Lo~
appedr in Appendix 1. - Asterisks refer to the fact

thag collisiop was observed in tha{ subject.

,

4
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estimate of the end of recovery from refractoriness was

.- taken to occur between the C-T interval at which’ complete

'\,

recovery was observed and this néxt shortest C-T interval. ' -
) \ .

CoJflision Tests ~

- .
' - 0 »
a o -

ThlS experlment requlred that both stlmula'tlng

| electrodes evoke crlterlal responses at the recordlng
site. Pulse pa:Lrs were applled and the C-T 1nteﬂval wasf
varled, as in the refractory per:.od experlments except
that the flrst pulse of" each pair (the C pulse) was
applied to the site proximal to the recording electrode,

{ , ‘ i

whereas' the second (the T pulse) was applied t6 the

distal site. : R < .o

Auxili\:‘h\ag‘y "Experiments
1) Stimulus Artifact Recording '.( S v

Stimulatirg and recjo'rdingu electrodes #ere placed in
a 50-ml c&-pao/ity beakeér of O.g%ﬁs}iine. Pairs of} 190 wmsec.,
dura.‘l:.‘i.onv pulses were applied at 1000 uA current strength
The C pulse was anodal and the T pulse was cathodal. C-T°
intérba;ts of 50 and 100 usec. were‘ employed..‘. The

artifaets were displayed on -a storége oscilloscope -and

. .
~ .
¢ . A

photographed .
2) Dying Rat Record ) , : / -
After injection of a lethal® dose of pentebarbital, <

ajsuccés'slion"'of responses to 100 usec. caj:hd’dai’pulses

)

.

. ' PO !
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were applied £o the LH region of MFB 1l4. The current -

intensity, was‘80‘0 UA and the stimulation frequency was

K 5‘Ic.ps.‘ Recordings of evoked activity were made by means
e . » * ) 't * . \ ,
of an electrode aimed at the VITA region at approximately

0

* 20 .sec. intervals until cardiac failure was noted. A

final record.was made 2 min. post mortem. IS
3) Hippocampal Recording S
®

The previously described bipo'lamstimulati‘ng and-

recording electrodes were aimed at the perforant path and

dentate gyrus granuleicell layer respectively. The
stimuli were 100 u\sec.' cathodal pulseg of 525 uA intensity
delivered at.a freouency of 2 cps. ‘ The‘response we;s '
v1sua112ed on a storage osc11ioscope and photographed
. 4). Anodal\’Cathodal Comparisons
N Blpolar electrodes almed at’' MFB targets were used
to apply the same stlmull as -in the other sn.ngle pulse
.. recording exper'iments except that an’odal as well as g\
c\athodél stimuli were used. Récordings'of responses\ to
‘ahodal and cathodal stimuii of the same current \strength’
were‘\;e'cor'ded on_the samé photograph to- facilitate
corgp ari\s\o.n . |
5) ﬂxte ity Séries i -
IS : . 4
The usdal electrodes and cathodal stimulating pulses -

were ‘employed to evoke a series of MFB responses to

pulses ranging i1 intensity from threshold level .(llttle

il
4
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‘or no visible differentes in the amplitudes of the three

. Tesponse phases between the last and next to last records).

/

Each series was récordeé on ﬁhe same photograph.
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s ‘ S RESULTS 2

.Superimposed Single Pulse Records - .

Figure 1 represents five superimposed singlé
pulse records following the stimulus artifact. which
resembles a large, positive-going spike. Note the

invariant latency and constant shapé of the triphasic

potential. Beyond this -triphasic portion, less stable
deviations from baseline are evident.,
(\\\ *  Conduction Velocity Estimates

TaBles lA; 1B anq 1C include conduction velogity
~es’t\imates for the. four different stimﬁlation/recofding
cénfiguration;. Tn some cases,, i;térelect£ode |
distances 'were estimated néther‘than meaéured because
the‘elecFrodes Qere'benf\durihg removal from the brain.
In cases where both measurement and calculafion cdgld..
be used,:fhg resd}tant éonduction velocity estimates,'
were fairly similarvw Nonetheless, ghe highest
e Lo
onduction velocities are fOung in-instancés when
only estimated (calculated) interelectrode distances
~were available. ‘Figure\2 indicates an approximately
normal His%ributioa of combined condqction‘velocitiés
Qith a high degree- of oveplap.Betweén'velocity figﬂres
, baéed on estimated (célqulated) and directly’measdred

.r

.interelectrode distapces. Velocities baéed on
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that between the LH and VTA.

°estimates»for the beginning and :end of recovery from

‘. “distribution, although this'may be due to thg limited -

- - ’ . ' N

. measurehent of interelectrode distance rangé from 3.5 to.

?.8 m/sec. with a median of 6.3 m/sec. while the
velocities arrived: at by emplpyiné calculated distances BT
exhibit a range from 2.7 to 13.1 m/sec. with a median = B

of 7.8\h/see. (see Figure 2). 1In animals for wnich

N

dlrect dlstance measurements were avallable and both

\

POA 'and LH electrodes'evoked crlterlal responses (MFB 2,

MFB ll’and'MFB 13), the‘estimateq conduction veﬁ;city

between the POA and VTA placements is greater than

Refractory Period Estimates ‘ ) -~ . '

The means (fstandard error of the mean) of the
' ! 1y

refractorlness for the VTA LH and POA stlmulatlon , »
sites are 0.45 (%.08) and 1.1% (%, 11) "0.55 «£.03)
and 1.47 (*£.08) and .73 (¥.05) and 1.84 (£.13) msec.

respectively. Examination ef Figure 3 reveals that in

- the LH stlmulatlon case, the beglnnlng ‘and end of

recovery ‘from refractorlness appears less varlable -

,than in the other two cases. Note the strong, negative.

,skew in the 'end of recovery portlon of this hlstogram. l o

In the dther two histograms, both the beglnnlng and end , ‘ -

of recovery portlons seem to exhlblt a rectangular

sempie sizes. The widest.scatter of refractory period

,
)
.
.
R - - . . . .

. . - . - N -

. . . . . . |
L § . , C . ’ -\

! N ‘ .



.

- J-iVTA (3B) and PQA\§3é) stimulatipn."CPOES‘hét

~ v
JOd
»
‘
1 s
- _ .
.
' .

/

' FIGURES 3A, 3B and -3¢

N .

Hiéiograms of ‘the beginning and end of recovery from

réfraptorineés‘fgr neurons activated by LH (3A),.

;

indicates the end of recovery estfnates. .
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-Collision Tests ‘ .

39

eséfmates is observed in the POA stimulation data. It
waé often difficult to obtain useful field potential.
records by stimulating the POA even after ﬁulfiple
penetrations. The,baucity of VTA refractory’ period
estimates is mainly due to the fact that this site
was by far the mosf»reliabie recordiné electrode
target and therefore was rarely used for stimulatiqéf
Figures 4A, 4B, 5 and 6 are typicdal examples of
single "sweep field potential records evoked by
stimulation of LH, fOA, and VTA respectively. The
paired pylse record for the sﬁortest C-T iﬁ?ervals
resemBles\yhe C pulse oﬁly records except for fhe‘

presence of a second artifacts In contrast, records

obtained at the longer C-T intervals include two o

. responses, one following each- artifact. As the C-T

interval is increased, the T pulse response region of

the record grows increasingly similar to the single
. 2

¢

bulse responses, Two examples of LH records are

a

included since the majority of reéfactory. period records.

were of thisrtypg. o

* Evidence for collision phenomena was observed in

six animals (see Tables iA and 1B). The collision

interval (the -time span over which T pulse effectiveness

SN

goes from minimu~ to maximum) was not estimated due to

s
~

¢

¢
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Refractory' period effects in neurons driven by LH- R

.In both figures, the top trace récords

7

' stimulatioﬁﬂ

‘the response to a éiﬁgle T pulse, the bottqh trace ‘

records the response to a single C pulse and - .- )
- - . - ’ . . '

remaining traces are.records of responses to single - o

péirsnéf pulses.'”Thé ﬁumef;ls to the left of = ;
.traces indicate the cérrequhding C-T intervang "The S )

fécopding eiéctrode'ﬁaé aimed at fhe'VTAI"L i B

Sﬁgﬂegtsv ' MFB 9 (Figure HAS | ‘ - - g
7 e U MEB 11 (Figre v . o N
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* FIGURE 5

H

Refractory period effects in neurons driven by POA

‘ ‘ . «
stimulation.  The top frace records the response to a
single T pulse énd the bottom trace records the , (,

n

response to a single C pulse. The remaining traces
record responses .to-single pairs of pulsé!( The
numerals to the left of these traces indicate the

corresponding C-T intervals. .The recording electrode

was aimed at the VTA. -
Subject: MFB 11 , L
Calibration marks: vertical: 100uV a
: horizontal: 0.5 msec. ~
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. FIGURE 6 - _
hd . s ‘ 1

*  Refractory period. effects in‘nehrons'dfiven by VTA

]

2 1

stimulation. The top trace records tAe.fesponse to a
. single T pulse and the bottom trace records the
response to a single C pulse.f The remaining traces
P )

record fesponsés to single pairs' of pulses. . The

i
'

- numerals to the left of these traces indicate the

: ’ L T, .
corresponding C-T intepyals. Thé- recording electrode
N . <! - .

was a%med at the LH.

Subject: MFB'6

Calibratiéon marks:  vertical: 100uV

horizdntal: O.S'mseé.
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\ case, the twc compound potentials are separable ‘ )4

A

former case. The clearest collision series is

! 4e

5

difficulties in eeparatihg late events due to C pulse

. stimulation from those'dﬁe to T pulse stimulation in

" the paired pulse-reeords..rThis problem was more

A

. ' ’ o
severe in collision'records than in the refractory

peripd traces because the responses to the C gnd T

pulses were usually very different in amplitude in the

presented in Figure 7. As the C-T interval is
decreased, the response to the T pulse in the C-T
record becomes progressyVely dlmlnlshed in relatlon

to the T only responge (uppermost trace) In thls

i

because’ of the length of the collision interval- relativef’

~,

‘to the durations of the responses.

o . : . {

. ﬁesults of Auxilliary Experiments , S

l).Dyiné Rat Records .
Figure 8 indicates that the field potential decays
as the depth of anaesthe51a approaches lethal levels,

The bottom-most record taken two mlnutes-post—mortem,

is a nearly pure artlfact It .cah be seégn that “the:

fleld potentlal record in the llVlng animal was
superlmposed upon this artifact.

| '2) Stimulus Artifact Recording

'Flgures 9A and 98 indicate that artlfact polarlty

is determlned by stimulus polarity. Furthermore, L

3

¥



lthe LH the site of C pulse appllcatlon and the POA,

.response is always visible. . The recording electrode

.Subgect PT 1

. "FIGURE 7 -, o

\

v

'Colllslon effects ‘between neurons dlrectly connectlng

~

tHe site of T pulse appllcatlon. The tep trace iswa .

recorded response to ‘T pulse only«stlmulatlon. The

numerals to the left of single pulse palr traces

1ndlcate the correspondlng C—? 1ntervals.“ No C pulse

\dnlyﬂresponse is presented since it is the T pulse
“‘that is blocked during collision and the collision

"interval is sufficiently long so that the C pulse

1

)

was almed at the VTA. o - T,

Tlme,marker: ‘%ﬁ?ps. _ ) S -

A
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FIGURE .8 A ‘
~ - . . +
, . - . . .
. R . " . 3 , . f

o
1

;» Field potential records from é,dying Subfect.‘ The

.sEimQJatiQAK:;;EET‘wgs the LH and réFordings,wgﬁe
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, - when the C-T interval is shorter than.the- duration of
the first artifactual response, the two artifacts

' ' . o

summate. When the C-T interval is about half the

“duration of the artifact (Figure 9B), about.half of

- : . each artifact remains virtualiy unaltered and the .

ovéerlapping halves sum.

3) ‘Anodal/Cathodal Comparisons

7
, .. _ Flgure 10 indicates that a reversal of the polamty
." . ‘
C T of the stlmulatlon used to evoke a fleld potential-
does not result in the reversal aof tthe polarlty of .

the i"ecopded response. Howeveiﬂ, the'anodal «response

amplitude undergoes attenuatlon of all three phases.
Note also the reductlon in response latency desplte

] the absence gf‘ changes in the time courses of the

°

three phases in the anodal record.
) Intensity Ser’ie's

- . -

A 1nten51ty is increased, overall r‘esponse

amplltu e in. Flgure 11 1ncreases, except for the

-

highest nten81ty record. This response has the

éame amplrtud‘e as“the next highest intensity record’ -

»

except that it 1ncludes addltlonal ‘late c‘omponents.r

,.The latency of the trlphaSJ_c response is invariant.
o . A small positive- g01ng, late c¢component of abbut

’

: : . 1. 5 msec. lateéncy emerges at 200 uA and beyond;

)

e second late component.‘occurs at 800 uA.

- , - P

v



\/ :‘, i ’
: . /
S ' - ' \ e S, - ) y
(RN i s ’ . ' & ‘ ! 5.4 - -~
v C, ' v ! - ) N , ’. 7
C PV -FIGURE 10 : e
s e . o ' ' ' ¢ N ’
i g ) ) ~ . ' ,
. Equal intensity responses to anodal and, cathodal - ‘
. stimuli. | Cathodal (upper trace) and anodal (lower,
> . N ‘t > ) . ‘ . - ( -7 i ) .-
s \ trace) stimuli were used to activate the LH region.
o o Single sweep responses weye recorded from the VTA = o
- . )‘ - ‘ L , ) N ‘ \ L ' .
; region. , , :
= .- i
L ‘Subject: 'MFB 9 ' .
' * Calibration marks: vertical: 400wV . ‘ :
R v ’ . 4 -
- horizontal:, 0.5 mseoc.. - L -
- ) . -
- 7 f A t N ..‘ \
. L . . 3 A . 1 ‘
. . , . .
. \ . i v ’ . '
- s ,
N -, !
. , . RO .
B v : . ) i
v i
Lo - . ’ - ) ' '
. o ’ :
. ' 1
» * ' v ~ ¢






L

" Calibration marks: vertical:

FIGURE 11 N\

1 ! / )

. ‘q ' ' h

Effect on field potential compéhénts of stimuli of

progréssiveiy greater intensity applied to the LH..
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5) Hippocampal ReCOrAing

Figure 12 contains all the componeﬁts bbservea
in classic hippocampai'recqrds. Just beyond the
artifact a s;ali positive-going defigction is’observed.

This 1s followed b& a large, slow event which is

also positively going, upon which a negative-goin

. s 1] .
that could be localized, many were nkar their

potential appears to be supe%imposéd(

[

Histology

Figure 13 presents the locations of the
electrode tips that were successfully identified.

v

Due to the unavoidable disruption of the cerebral

vascular network, multiple eiectfode penetrations

and ﬁuman error, difficulties in perfusion and
microtomy precluded localization of all electrode tips. -
In particular; the tips of only a few of the recording
electrodes aimed at the VTA were founa: 0f the six
that were found, the VTA pléceﬁent for animal R 1

was situated in substantia nigra and the gnost posferior
sites for IM 2, MFB 5 and MFB 6 were in or near the
periaqueductal gray. Of the POA and LH placeﬁents
intended targets, excepting the POA site for MFB 11
which was fodnd to just dorso-lateral fo the

anterior commisure. Twenty-five of é possible fiffy—

three tips w.re located.
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DISCUSSION
The PUPPOSG of the present study was to examine the
plap51b111ty of inferences drawn from psychophyelcal
L vzl ﬁ "séudiee of the subsirate for BSR. These inferences
| include the’ refractory periods and conduction ve1001t1es
of the dlrectly stlmulated stage. Before recording
studies could be employed toward this end, preliminary

N

experiments were carried out to ' examine the fldellty of

A the recording apparatus, to distlnguish field potentials
‘ <

from artifacts and to establish that COmpound action .
potentials were the major contributors to our recordings;

v

. Auxilliary Experiments

Comparatlve analysigs of hippocampal responses

~ produced by perforant path ‘stimulation attests to the

high,fidelity'of the sysﬁem. Figure. 12 strongly resembles

respbhses observed by a number of .investigators (LomOa
1971 Douglas and Gaddard, 1975) u51ng SlmlllaP electrode
placements. The small positive-going deflectlon
immediately following ‘the artifact is interpreteq aS’a

.compound action potential propagating along the

" following this is eeeﬁ as the EPSP produced by the
asrforant path volley at the granule cell dendrites.

The negative’deflection superimposed on the larger

perforant pafh fibres. The large pbsitive—going potential

o




]

.record compound actlon potentialss

’théserresponsos have refractory periods at C-T

’

firing of granule cells and is known as a populatlon

 spike (Lomo, 1971). This experlment demonstrates, that

the electrOphy51ologlca1 apparatus can produce hlgh

fldellty recordlngs across the bandW1dﬂxxequu&ﬂ to

’

lSeveral 'lines of evidence attest to the non-

artifactual nature of the record component we refer to-

2

as a neural response. The trupha31c shape of thls

K vt

component (aee Figure 1) is cons1stent w1th a compound

action potential’that propagates“past the reoording‘éite'

(Lorenté de No, 1947). In recordings from a dying

subject (Flgure 8), the feature we refer to as the

f
'

'response diminishes and eventually dlsappears whlle

" the capac1t1ve dlscharge 11ke artifact remains. We

also demonstrate that stlmulus artlfact polarity

/-'

;peverses when stimulus polarlty is reversed

(Figure 9A). Stimulus nolarity does not affect the

polarity of our responses (Figure 10);‘ Furthermore,

v

intervals at which artifacts sum (Figure_QB):

)

'~ Several features of these 'responses lead us to

suggest tHat they are oompound action potentials apart-

El

- from their characteristic shape. ' These potentials

¢

'
a2

SR e

‘p051t1vexperturbatlon is - attrlbuted to the synchronous



\'ékﬂibit~l;}qncié§\thAt‘ére‘toq shoft—td be easily -
exﬁlqiﬁe&‘with fefe?ence‘foltransynaptic‘potentiﬁls.f

. Alsé; their laféncigs are invariant (see Figure 1)
and they follow high freqﬁeﬁcies well . These properties

. have been attrxbuted to direct axonal actlvatlon. o
(Tasaki, Polley and Orrggo, 1958).

.
Characterlstmcs of the DlrectlgrDr1Ven Fibres

The beres that carry the compound action- potentlal
begln to recover from refractorlness at a mean value
‘ of about 0.5'msec. and recoveryiis‘complete‘at a’ -
mean value of l.S“msec; Their éonduction'velocity
‘estimates’rqnge between 2.7 gnd'la.l m/sec. Figufeg
2 and 3 inaicate that there‘is\a considerable amount
of dispersion of ﬁhe conduction veiocity and
reffactdry‘period estimates across subjects. In-
accuracies in the defermination'of‘interelectréde
distances may have contributed to.the diépersion of
conductibn velocities.  The point at which stimulation,
'effectiQely activateé'neurons may be some distance  ’
'ffoi the eléctrode tip, partiéuiariyLAt high
Eurrents, so that interelec{fodé distance values . .
l:overestiméted'the~actual distance of conduction |
between the site of acfion(potentiél‘initiétioﬁ'ahd

the recording site to varying degrees. Also, recall

v




T —driven neurdhé‘Gutsidé*tﬁé‘fegion“of”iﬁterest.

66

“that in a number of éases, interelectrode distances
could not be diréctly measured but had to be
calculated (see Tables 1 and 2).

Since, in some instances, there are unicertainties

\ [y

as to whether electrodes were located ih the MFB due
~ to histological difficulfies, both fefractory period

~and’donduc*&ion velocity. estimates may include

extrem§~values,pértly due to sampling of directly

Some of this dispersion may also be due to
neuronal hétérbggneity within the MFB. Evidence for
]

multiple subpopulation contributions to field

-

potential records comes.not only from this between

“subject dispersion of neurophysiological property

’

‘esfimates but frbm‘éxamination of some in@ividual
récords as-weil. Figure 4A and Figure 11 both show;
+'small but stable late occurriﬁg responses, pefhaps
suégesting tﬁe presence of finer, slower cﬁnduéting
axons.\ Note that in thé bottom-most trace in.
nFigu?e 11, aé éddi%ional, late componént comes in at
rhe.highest'current. Howévér, the possibility that
these late components are due to tfansyn;btic
connections petween the stimulating and recording

‘fields cannot be ruled out.




e

Comparlsons with Psychophyslcal Results

Nearly the entlre range of behav1ourally based
conductlon veloc1ty and refractory period estlmates , L
has been duplicated by the present electrophy51plog1éél

"résults.q Only the low end of the behéviourally,
derived qondﬁctioh velocities (below 2.7 m/sec.) is
s ' hot inqluded‘in elecfrophysiological results.’
'However, 1opé lateﬁcy componénfs(sgch‘as those

observed in Figures MA‘;nd 11 were not used in c

~copduction velocity calculations because their
presence was infrequent and often éphemeral. It is

likely that, due to random noise, and the predominance

'

of larger, faster cponducting fibres, these small SRR

~

amplitude responées were often obscured.

Thé dispersion .of electrophy51olog;cal estimates: o —

) and the occasional presence of. multlple components . .;
supports the notion that the dlrectly driven
contributors to field,poténfial records are ﬂeterd—
geneous. Psychophysical ekperimenfs that aftgmpt

to peducé the relative refractory phase'still find a - =~ . S

rv
‘

relatively gradual rise in recovery from refractoriness.

This is seen as evidence for the existence o6f multiple

i 0}

subpopulations with different ‘absolute refractory

periods withir. the first stage of the circuit
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5

responsible for BS‘-(Bielajeﬁ et al., in press)’ Nete
P

[

///that in the physiological data as well, the recovery

from ‘refractoriness is rarely abrupt (eg., see Figure
MA)

The electropbysidlogical expérimebts firmly
support the plau81b111ty of behav1ourally -based
1nferences regardlng the conductlon velocmtles and
refractory perlods as well as the heterogenelty of
the ‘directly stlnulated populatlon supportlng SS.

As a result, they aid in the p;eclu31on of CA neurons
as‘members of this directly stimulated stage. In
addition, the actlon potentlal duratlons of at least
the dopamlnerglc subset of CA neurons exceed any
observed in the present experlments by at least a

factor of two (Yim and Mogenson, 1980 Guyenet and

Aghajanln, 1978)

¥

Future Experlments and Technical Modlflcatlons

As the present study progressed, it became evident

that certain technical modifications would allow more

‘thorqugh testing of the psychophy81cally based

i

" ‘record from another, permitting estimation of collision

lnferences. A microcomputer could prov1de signal

digitization and subsequent digital subtraction of one

T2
- RY >y
- T
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intervals from electrophysioclogical data and imprd%ing
refractory period estimation. The collision interval
was difficult to estiméte from our records since late

occurring -events due to the C pulse obscure the

) : 4

. ; 4 . .
.recovery process. Subtraction of C pglse records from
' l ‘
‘combined C-T records would permit accurate assessment of

the contribution of the T pulse to combined recogds

from both collision and‘réfractory period data. The

digital averaging capability that a microcomputer can

brovide would be useful in several ways. It would

permit study of more subtle features.in the record and

Q

possibly allcw sepafation of absolute and felative
réfractory periods and examinat%on of supernormal and
subnormal periods. Furthebmorg,\averaging would
permit’ the use of a statistical rule of thumbi such
as 95% confidence intervals, in the evalpation of
differences betweerl responses. ’

Another difficulty could be alleviated by the
addition of a high-pass filter stage to each channel of
the recording circuit. Tﬁg existing éifferentia}
amplification and low-~pass filtéring cannot elimingte‘
many artifacts because of the aiffereqcés in the low
end of the power spectra of the artifactural signals

induced in the two poles of the recording electrode,

which in tr.rn are likely Hue to differences in tip

-~

-



shaﬁe and locatign. These differences prevent the
use of.gain ;djustments to maké‘the two artiféctural
signals sufficiently simil9ar to allow for their
adequate differential‘r;moval, since such adjustménfs
often'exacgpbate low frequency components. ﬂigh-pass
filtering‘is ékpectea to' deal with this difficulty.

The'ihporfance of this improvement would be twofold:

]

1) The obscuring of response components (see Figure 8) :.

would be less fréqﬁent and less severe. 2) A high

%

degree of artifact rgjection wogld permif)strength~
Vduration trade off égperiments to be conducted
eleétrophyéiologically. The'éulse widths these
experiments rquire often exceed the sum of the

 response latency and the response duration and good

artifact rejection would allow visualization-of the

s
'

supérimposéa response.
The utility of the field potential recording

4

technique in the assessment of the plausibility of
‘psychophysically based inferences could be greatly
increased through alterations of 'a non-technical

nature. Recall thétrthé recording methods do not
have the filteriﬁg capabilitieé_of the behavioural ‘-
Amefhods; tngt.;ecordings include nbtiohly the T
contributions from the first stage elements underlying

\ ’

BSR 'but those ofﬁall aéfivated elements within range

. ¢ t
~ . \ .
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1

. " !
L. of theérecordlng»electrode. Therefore, it is Py

” «

1mportant to attempt to ma&&mlze the contributions of

dlrectly actlvateq behav1ourally relevant neurons., If

e

one were to record,thnough thHe same electrodes that
<

> yield behav1ourally‘ﬁer1ved ¢ollision effectg one
‘ PR )

would be more confld?ﬁ% that members of the dlreotly

stlmulated substrate for BSR contrlbuted to the records.

To be certaln, one would have to establish that thegg
, area sampled by the recordlng electrdde’ was, at least as
large as -the stlmulatlon f1e1d~prodpced when that

electrode is used iq'the-behavioufal collision

FY .
experimentf\}gemparing these records to ones made « P
ﬁhrough e&ecgfodes that fail to support SS could .

-~

confribute to the assessment of the uniqueness of the
psychophysical porjrait' of BSR. If it turned out that

! there were key differences between the *two sets of
. y ' d

records, that a+particular set of electrophysiologically

8
determinable features were unique to the first stage

¢

- ‘elements, the region in which these elements must
reside could be circumscribed by moving recording

electrodes until the. key features are maximized. One .

-~

could then move electrodes along ‘the trajectory cf. - »
. - ;

-candidate pathways in attempts to trace the first stage
A

of the BSR circuit. Correlating these results with

" anaton ical data may-alloy unit recording methods to
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lIocate the somata of the directly stimulated elements

14 :

responsible for B?& and permit. the characterization of

individual elements.  The eventual impalement of one_

.such neuron with a glass microelectrode could result

in intra;el;ular records and  the injection of a dye, «°

permitting the localization of an individual element

’

‘and the direct identification of dendritic regions >

’

and terminal zones. "It is likely th@? identification,:
of tﬁf second stage in thelcircuit woﬁid not-be far :
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Appendix 1 80

] po
) Latencies and Interelectrode Distances
' Recordin’g electrodes aimed at the VTA
Stimulation L
§Ubj ect Target Latency Interelectrode Distance
. : ’ Measured Calculated
o : M1 LH " 0.36 : 3.1
™2 LH 0.3u% 3.1
.. ™ 3 LH 0.45 ) 3.1
’ MFB 1 POA . 0.56 . 5.5
: LH ©0.48 3.1
MEB 2 .-  POA 0.65 5.1 5.8
' : LB . . T 0.40 2.9 2.6
a MFB 4 LH 0.5 2.9 2.9
MFB -9 LE 0.49 3.1 3.1
. MFB 11 - POA 0.75 5.0 5.6
‘ ‘ LH ‘ 0.51 3.1 3.1
© ' MFB 13 . POA’ 0.92 - u.,8 5.7
. * . LH 0.68 2.6 3.1
" MFB 1% - - LH 0.33% 3.1
. PI"1 POA 0.80 ‘5.6
T SR LH ©.0.30 3.3
N - . i ‘ - - X '
, - ? PL2 . ' POA .~ 0.68 ' , 5.6
Coe o © LH - 0.40 3.14
PI 3 _ POA 0.58% . 5.6
. ‘ * /LH 0.40 3.1

R1 . / POA 0.80
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Appendix 1 (continued)

Recording electrodes aimed at the LH’

7

' Stimulation .
Subject . Target Latency. "Interelectrode Distance
) Measured Calculated
MFB 3 VTA 0.50 3.4 3.1
MFB 5 VTA | 0.4y 3. ' 4.1
\ ~ MFB 6 ~ VTA 1.20 4.2 3 3.2

MFB 8 VTA 0.33% ' 3.2

Recording electrode aimed at the POA

Stimulation Co
Subject Target Latency Interelectrode Distance
‘ - Measured Calculated
CIM 4 LE 0.40 ) 2.5
\ ' o VTA 0.42 5.5
AN

* tirst phase of response obscured by artifact

4
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