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‘gtimulation to
. D

‘secking to explore and expla:{n «the neural basges of rewardidg baaimﬂ >

ﬁmechanis"mé, f’h.ave “si:nce %dentified approximately three dozen di,fférem;

°
-
s
o
S
s
[

ERATN STEMULATION REGARDR.  »p s,

7,‘, Qldg and Milmer s (19@) v discovery Lhat mts zaould perfoy:m ‘tasks ’ (g
:“;}m pressing ; bar or running, a maze in order to deliver elc_cfrical ‘ Q“
- G certain siteos’ i;z theﬁr cm brains Provid*e;‘l a.' :ew method~ | 4 o

for }inve:si:igating rewa%f} proc:esseso Significantly,\o‘ not all ele‘citrode ° “

. . & i, e, o
The revairding effect T - -

24

sites supporﬁ intracranial self—st:&mulation (!_CSS)

- - s
v o * e, o

of electrical ctimulation of the ‘braig (ESB) is .not a genera'l ‘mrmlfamenon »

.
R 0 3 °

The~ .

\ T

arisin& stimulation of -any neur@l tissuzea

from_ the electn ical

speciflcity of the rewaﬁ'dllng efﬁect suggests Lhat ESB may be= actmatinﬂ' ,-d“u

an 1mportant aspect of the actual funqj:lon of tle sﬁimulate& structures.

. i '

Pt

s

Presumably» the neural mechanisms , undérlying brain stimulation ‘ewgrd - N
o . . . R « » . . - o .. 2
Q ” ~ P
(BSR) are dlrectly relatec’i to the mechamisms thatr mediate ngtural
. “ ° o, ®g < . G
reinforcerso it has bf-’en hoped thaﬁ: » by understanding the irgeéssesh ,(“ Ce
t\ . . L o "‘ . - v ~

which control BSR, the processgs uqdez‘i}%ing all rewards <can be ?evea‘i'[edu . RIS

2
»

% Yo / '
dssumption has been the driving force behind most, of the

o
Y

This work - o

s

. ' . v -
. 1 - d as
si@;ﬂulatione s e . Cree Tt . ° e

. *It was onece thought that i:%%are was ome common reward substrate = . R

.
o ’ ‘n

"pleasuré~centre’” (0lds;. ,L9§6;~ Mﬁller; ) ’ -
R . . . . ) N ;a ) . .v
gecking to lotate the reinforeing - . .

\

Ca

underlying self-stimulation, a

1957), . Anatomlcal mapping studies,

%,
gites-which support ICSS.

b i ~ .
brain Thege areas include: the septum (Olds fz ° :

- /g ,': - . .
Milner, 1954), the hippocampus.(Ursin, Ursén, & Olds, 1966), the lateral -
. . . .

hypathalémus {(01ds, 1962), the ventral tegnentum (Warq,,; }9‘}3@), the P

)

< © .
w o M o & . [

.
¢ - + o . A\ . N [N - 0

-7



O o , ) kf , Fantie
¢ s
.t St .. . 2
14 -

\ @
% . - Y

prefrontal coriex (Routtenberg .& Siban, 1972), the median ,(raphe
" ° . ‘(Miliaressis, Boucha;cd9 & Jacobowitz, 1975), #he cerebellum (Ball,H¥§cco,

‘ 1 ‘& Berntson, 1974),,and the habenula (Sutherland, & Nakajima, 198%)0 With

such widély _distributed loci, the concept of 2 single centre med;ati@g

- -

all reward was clearly inadequate. Instead of contiqying to concentrate

4

>

o 3

or single. neurons or ‘nuclei, fesearchersashiftéd their attention to the
. ’ *
linking these structures into & framework that is meamwingful as a

-

task of

neural substrate of reinforcement. The diffuse anatomical nature of many -

Q ¢ . .

n 1 v + o
. fibre pathways made them the léading candidates ,as the seat of a A reward
e ‘ ° o . . . .

. systen’. . SN . K ‘

S ¢ . ! . s @

Distinct fibre tracts can be differentiated in a number of ways:

< ° ) I

» ' - ¢ 1
.

their indiviéual erpholog§, axon . diameter, connection with different

e

»

o7 . o ‘ o, a .
neural structures, and the.type of neurotransmittezr the deurons release.
2 [ |

» . . . N
‘v o ) }.?1uorescent histochemical eviderce . gtrongly suggests that there is a

v

pogitive relatd@nship bgﬁ@een . ateas which are' infiervated by

e ™ : catecholaminefgic neurons and’ sites whiﬁh support ICSS (Ungerstedt, 1971;

s R N

Clavier & Rogttenbé?%, 19743 Iindvall & Bjdrklund, 19743 iin&vall,

8 P
o a

B j6rklund, ’&’Divac, 1978; Corbett & Wise, 1980). Therefore, it is‘quite :
? o b Togical that re%;arch @orkers Eeéén to look for a specific thansmitter
; fof fewarda Since * catecho}ami&e; gseemed to ge athg best candidates
. (Stein, 19@23 German=&TBowden, 1974 Wiée, 1978)9 debate faged‘ over
: . ) Wﬁet@er‘ norgpinephring (Stein & Wiséf 1969; ﬁése & Stéin; 1969; Stein &
- - 7 Wise, 1971; gteiﬁ & Wise, 1;73) or dopamine (Lippas Antelman, Fisher, &

Canfield, 1973; Yokel &lgise, 19753 Wise, 19@0) was the crucial link in

< L

. . the reward system. e .
o : ' , i
: . - . Recently, a number of researchers have formally proposed that there
, . .
LY o , .
" & -
[ ~ o %
¢ & - ﬁtl
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may, indeed, be'more than one system mediaping~reward and that ‘different

. neural components -may be the bases fgg'qualitative'differencés'between
’ Ll ¥ )

types of reward (Phillips, 1984, Wise & Bozarth, 1984). Foé‘exampleD the

pleasure one gets £from eating food vhen hungry is quite different from
v o . B °

the pleasure encountered after a good night's sleep or .during sexual

contact. : o L.

’ & . . » N

To understand the mechanisms‘involved,in the reward process, it is
3 M *

extremely important‘firét to delineate each of the anatomical components

of the reinforcement sysFem(s) and then to determine the ‘@hysiqlogical

a

. &yn&ﬂics of the systeﬁ%s)o_,Thé type of qgestiohs asked would be: What
areas if any, are independent from what ° other areds? How do related

- &9‘

¢ areas _interact? .Are related areas mutually facilitatd;y or areatﬁéy

. # e . B
. antagonistic? - - '
P . . O T
ot N , B z
’N . \ ,b ® ~ . ’ -~
PHARMACOLOGY ’ .

A - ?

Pharmacological manipulation- isp/~one of the best ways to uncover

¢
< v

these relations given the ,individual neurgchemical mnatures of the

structures involved. <If a drug ig chos;n,adéquately, it can block the

o f

- influence of one of the coﬁponents spécifically and the alteration im the

function of the unaffected avecas can be analyzed. In order to locate

) - o

precise sites and manipulaté explicit izﬁ%{strnctural relationships,

a
and

however, it 4is .crucial to distinguish between the specific actions of

3 e

° ° - \
drugs on reward mgchanisms and thelxr more general effects on the rest of
< . - . -

the nervous sysiem. : \ o

A3 M oy
v . 4 5 M

Among various agents, .neuroldptie drugssglay a very important vrole

in the stﬁdy of BSR. These drugs,/which ameliorate gymptoms of psychotic

N .

- . L m
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disorders siich as, schizophrenia, block, postsynaptic rec%p;prg © for

>

‘catecholamines, particularly dopamine, and also havé profound effects on. .

o

ICSS. It is the pﬁarmacologiéélj biochemical, ‘and anatomical 1inks

[

between' these three " phenomena which " may  provide for a better "’

understandiné of the mechanisms responsible for the clinical diéordé}s

~whep the brocesses of BSR are clearly defined.

bl

- I

Various pharmacological agent$ can increase or decrease the nuiber
' 4

«of responses an animal, will produce in order to earn seme revard, A °

% . A o @ - "ﬁ

long-standing gontrovérsy,exists concgzning . Whether these changds 4n

'performance ”represent alterations in” the rewardihg value of the

-

reinforcer (Valenstein» 1964, Wise, 1982, Liebman, 1983) For imstance,

a drug:ymay su}press responding by Interfering with motor activity or
o

sensorf capacity even if it ﬁas ne effect on the magnitude of the r%yaxd.

. &
I¢: is difficult toeinterpret vhether an experimental manipulation (e.8o

drug or lesiog5 has produced a change in the rewarding magnitude of ESB,

altered the animal's cgpacity to respond or ‘both° ¥ 4

<

?erhaps the controversy surrounding the effect of the .dopaminergic

receptor-blotker pimozidé “on operant 'ggsponding best typifies these

inperpre%ive difficuities. Pimozide, a neuroleftic used as é maintenance
¢ 4 7 o * “n R
tféat@bnt for schizophrenics (McCreadie, °*Dingyall, Wiles, & Heykants,

1980), .attenuates rewarded responding for ﬁSB‘(Fouriezos & Wise, 1976;

Fouriezos, , Hansson, & Wise;}l978)«‘ Although there is evidence that lov
dﬂfééhOf pimnozide can attenuate responding without causing  concurrént

motor ilmpgirment or a decreased level of gemeral arousal (see Wise, 1982

9

for a detailed review) some researchers feel that this interpretation {is

not compelling (Ettenberg, 1982; Freed & Zec, 1982; Koob, 1982). What i§

v

& - n?
. - .

\z
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Qeeded9 they to unequiVocally demonstrate that pe%formance
2

Ll

claim,

'capaQiéy is intact, is an experimental preparation which résults in an
’ \ - [
e L2

[ .
Ancrease in the number of target vresponses as a result of pimozide

% T a4
It seems surprisingthat these researchers should demand that

treatment.
. r

+

‘resébnse mafe be the cwitical-criterion for demonstrating a distinction-
5be'_tvxeen _reward and > performance deficits considering the history this

measure has of being susceptible to varying interpretations. -

» Y

=

I

PERFORMANCE AND REWARD DEFICITS . .

High stimulation Intensities

~

male ig.difficult f6r a rat to.respond at high rated. Armed with this

&
o

observation, Valenstein (1964) -entered the first forqal caveat concerning

Hé noted

the use of requnée rate as a measure of the strengz? of BSR.
that, when given a choice between two stimulation intensities, rats often

show a prefexegce for the higher lgvel of ESB even though Ehe number of

responses they make tg}~earn'whaﬁ'level of ESB may be smaller (Hodos & ¢

Valenstein, 1962);“’ Likewise, higher’. intensity %5§mulation9 vhich

"supports d Jdower rate of bar-pressing, may prove to be the more effective

competitor against other forms of reilnforcement such as water or shock.

avoldance (Valensteln & Beer, 1962). Valenstein concluded that. an

operational definition of reward magnitude based ypon response rate is

.

misleading.

A -

" An experiment by Hawkine & Pliskoff- (1964) is Ainteresting in this

ES

context. They vrequired rats to press one lever on & variable-interval

schedule to earn access to a second. lever which produced ESB on a

continuous reinforcement schedule. They found that, as the stimulation

[ . «

a3

often result in motor artifacts that

<

Q
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intemsities increased, the bar~pressiﬁg rate on the first ‘lever c?ntinued

-

to increase after responding on the second lever had reached a peak. The

~
- 3

expgrimenters interpreted that the response rate on -the £irst bar
L J‘l .
confirmed ‘that response rate on the second bar was not an accurate ,
¢ , o . ’ ) B
measure of the reward value of the ESB earned. They then' proposed that
. ) ! |

Tresponse _rate cannot ‘be used to assess BSR adequately, {% a continu%ys o

@

B
reinforcement schedple is used. Their conclusion is unduly conservative

and dignores the implication which may pravide.a solution to the problem
ﬂ i) s .

of the confounding influence of adjunctive motor disruption at high

»

stimulation intensities. ' - -

>

Experimental manipulations of general reward value "certainly woulg

»

not rearrange the intensity/reward hierarchy associated with one

ve

stimulﬁggon site. Therefore, the determination of which intensity of

4

stimulation at 'one electrode site is more rewarding seems to ba a very

limited question, to which the answer has already been determined. Most
)

ESB studies use a fixed intensity of stimulation and compare performances .

N

before and after treatment. Héspoﬁse rate becomes difficult to interpret

vhen stimulation becomes so intense as to produce motor effects which

[

interfere with responding. Therefore, the experimental stimulation

intensity must be selected so that it does not exceed that which results

in the maximum fesponse rate. As long as the intensity remwains fixed at v

a level safely below that which supporté maximum responding, it is hard
, . e ' }

to understand how a stimulation-induced motoQ artifact could occur to

obscure decrements or enhancements of reward. .

There 1s a celling to the absolute speed at which any" jpespfnse can

_ be performed but, if the baseline is chosen carefully, usim) intermediate ,

w

-
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gtimulation intensities so that there is latitude for change in response
’ o, . o

12 N

¢

rate 1h either direction, this I1imitation ¢an also be reasonably

13

¢

elimingpedo . N

.

To summarize, there are three performance artifacts vhich may
confghnd the interpretation of response rate as a “measure of the N
rewarding y?lue of ESB: ' stimulation~induced m&tor arfﬁ(factsn maximuﬁ
capaclty’for response execution, and tﬁe performance change: induced ' by

1 .

experimental treatments.- :The first two of these difficulties can be
- \
reasonably controlled by selecting stimulation intensities that, support
A )
1#5s than the maximum possible response rate. The treatment-induced

performance artifacts, cannot be controlled by a minor’ modification of |

procedures. Perhaps the best vay o eontrol them is to adopt a new fype

.

* N 'v
of response which is not as sengitive to these side effects as are the

o~ o

traditional operant tasks (e.g. bar—-préssing, maze-running).
. .

o

v e . e\

@

OPERANT CONDITIONING OF HIPPOCAMPAL THETA ACTIVITY.

2

7

-

For almost thirty yeags» various forms of cortical activity have

been used as conditioned respomses in instrumental and classical learning
. 3 :

experiments (see Schaefer & Engel, 1973 for a bibliography of studies

published up to 1972). This work includes the operant control of:

cortical EEG activity like a2pha wavgs (Ha;t, 1968) and beta waves

(Beatty, 1971), sensorimotor cortex EEG spindles (Wyrwicka & Sterman,
1968), cortical unit activity (Petz, 1969), early and late components. of

visual cortex evoked responses (Fox & Rudell, 19270), .and behavioa@-evo%ed ‘)
brain pbtentials (Rpsenfeld & Tox, 1971). .Since theny the technique has

been. demonstrated to have clinical applications. Epileptic patlents can
P

>
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.. o operantly condition their EEG activity as an énticonVuisants procedure

v
. {Cott, Pavlosk@i & aBlack, 1979; Lubar, Shabsin, - Natelson, Holder,
&

‘Whitsett, Pamplin, & Krulikowski, 1981) while quadriplegic patients have
° ¢ v -

- been able to modulate . short-latency qervicéi gomatosengory evoked

.
a

o ;
Manipulating various aspects of EE

+

potentlials resulting.in altered sensory fugctibn (Finley, 1983).

activity seems to be a fairly
g

-

n
z 3 =

L
@ “

2
, V4 , 1 .
aversive brain stimulation (Keene & Keene, 1977). Operant conditioning

of hippocampal theta waves has been developed in the same context. 'Black
& ° N

@

and his colleagues (Dalton,1969; Black, Young, & Batenchuk,” 1970; Black,

1971) trained bgth ddgé and rats to produce bursts of thetgn Glazer

o

(1974) also trained hungry rats to produce ﬁipppcampal theta to earn
\ ‘ L.

food. * ° . 4
’ ¥ ] ) .

- Hippocampal theta has beefli designated *as electrical activif&

i

occurring in the 4-12 Hz range. Vanderwolf (1975) separatéd“this range

<

o into two* components vwhich gﬁre behavioqrally and pharmacologically
5 :

distinct. Hilppocampal rhythmical slow ‘activity (RSA) of the 7-12 Hz

-

range appears when .an animal is engaged in one set of activities, which

Vanderwolf labei}ed Type 1 behaviour. Type 1 behaviour includes
"wvalking, running, ju}npingn rearing, swimming, digging, manipulation of

.
'

objects‘ with the forelimbs, isolated movements of the head or ome 1imb,

s

and~ skeifts of posture” (Vanderwélfg 1975). The slover pbftion of the RSA

range (4-7 Hz) occurred as an antecedent to Type 1 behaviour and often

e

"appeared during the behavioural immobility which preceded movemént. What

@reen‘ & Arduini (1954) referred to as 'aroused’ hippocampal aitivity

a a

9

simple resionse to learn. Even postcollicular, pretrigeminal cerveay

i1s0l€ rats acquired EEG-derived responses, to earn rvevayding ESB or escape
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includes both rariges of RSA. . A second set ofs beshaviours, yhich

3 »
PRy - °

Vanderwolf called Type 2, was . usually accompanied by large amplitude

irregular activity and wag thus unrelated to theta. It ghould be noted,

" hovever, that animals  with hippocampal ablations, and thus no place -to

. . ' v
produce theta, are guite capable(;f making Type L responses and manage to

get along without any overt motor deficits. Therefore, theta vaves are
not ‘a necessary condition for the occurrence of Type 1 behaviour.

-~ m o
These frequency-related components of RSA differ pharmacologically.

'

1Y

. N F
The slower range is aboligshed by atropine sulphate and is called

o . . 1
.

'atropine~sensitive’. The faster f£frequency component and Type 1
behaviour are unaffected by the same treatment and are therefore referred

. . . B
to as ‘atropine-resistant]. Administration of phenothiazines decreases

- 3 P a @
and amphetamine increases the ‘likelihood of occurrence of Type 1

behaviour and the corresponding atropine-resistant f%gga The higher

a

frequency theta always accompanied Type 1 behaviour and Vanderwolf * could

- =~ -

not eliminate one without also el&minating the other by any

. pharmacdlogical manipulation. Since theta activity invariably occurred
- <

when the animals °performed T;%e 1 behaviours, phenothiazines did not”
block theta production directly by antagonizing dopamine receptors.

Instead, the reduction of the probability of Type 1 behaviour indirectlf

Y
0

decreased the amoupt of thata genarated.

- y

animals® EEG activity and produce pulses vhich cgrresponded to single,

¥

~

3

waves in the frequency &e’ of 4~-6 Hz above a preset amplitude. A basic

theta response consisted of & of these pulses produced in @ second .or

¢

less. For exdmple, Dalton (1969) zequired dogs to proﬁucéx7’pf these

a

“ -

Black and his colleagues used a . bandpass filter fo,analyze the

4

LY

1

%
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responses in 15 g'in order to avoid painful‘shqpfs. This mg,nt that they
only had to produce -betweeﬁ bod=7.0" s of theta activify during this

interval and the pgoduction did not haye g%j Pg continuous. -Similarly,

- g

-

. 9, . A il . )

Black (1971) trained his animals to produce 15 of these bursis in order
- 0 - f to »

i each\ burst only had to ‘be ‘composed of 3 ox 4

4 B

pulses. Glazer (1974) required only .3 successivt cycles of 7. 5-8 5 Hz

to earn the reward althou

.
'

activity, .2 0.4-s q;eépqnse, to qualify as a  theta responsemm°

[y

Significantly9 his rats had to interrupt.their thgtq~proiutp§on, betireen

@ o “ y v R

successive responsesp with short bursis of nonytheta activity in order to

g N & & Ny

continue eazning food. It is diumportant to note That, in all oﬁ the

« B b
a 1 N

above-mentionad studies, thgza activity cofild’ }e generated in short
- - N 5
bLirsts.=' "It 1s doubtful, 'howevex:., tI;at only a few;wave,s, of ‘actp:ivity— in
the theta ‘frequency ﬂangcﬁare psychologically ‘me‘:—;.ningﬁuln(D Natural RSA
usually occurs for, long (1 =100 s8) uninterrupted bouts (Vanderwolf, 1975).
- I

The mostimportant digference betieen these studies and the, present

+ a

work arises from a difference in the purpose of the experiments. The

o

present study‘does not intend'to demonsirate, a novel type of learning, %$
did Black “(19?2); Black wished to ask if there were differences.in the

°* type' of neural process tRat could .be operantly conirolled compared to
» A . 0‘9

; .
that which is susteptible only to other forme of indirect control such as

the action of drugs or electrical stimulation. In addition, he vidhed to
Y . iy . v w
krowv if there were ﬂlff@renees between the types of control that the

methods exerted. 1In his study, Lherefore, it was important to rule out

’ .

any possibility that the operant control of theta productiou wvas not
u % {&
mediated by inconspicuous skeletal muscular activity.

. .
- b L P - 10-°

9

A

o
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STATEMENT OF PURPOSE &, ’

e

@

My objective wésAntoi develop an experimenth%7&echnique capable of

Y

,;qﬁéétihg,modiﬁicaﬁions in the rewarding valuwe of Hfhin gtifulation vithout
. v . ¢ " > e 6w RN -

.motor deﬁicitba qlThis:”objéptivé% was ~ achieved through the operant .

AR Y -

”, & ¢ ! .
conditioning of central hervous, system activity, i.e., hippocampal theta
R \ . . 2
waves. sy ° °. :
:e " 1 chose the ‘theta wave as ,&@ response for, a number of reasons-
M A

o
I

Pirst, 1t 4is Tresistgnt t6 pharmacological manipulations. There was a

N o

9

body- of fite%aéure ‘describing’ pharmacological attempts to  block

o

_atropine-resistant RSA. . In fact, catecholamine depletion through

2

-

" intraventricular iﬁjecﬁions-of 6~hydroxydopamine did not abolish either

[ o

type of theta’ (Whishaw, Robinson, Sphallert; DeRyl:kD & Ramirez, 1978).

a +

Second, theta wavés could be produced when an animal was pargl%;ed .

) (Whishaw, Bland, Robinson, & Vanderwolf, 1976), Since I wished to.dbgia

1

respanse that was minimally dependent upon motor activity, hippocampal

theta seemed ideal. )

<

- s v

I decided to requiresthe rats to produce a train. of waves and

-
- .

- arbitrarily chose 3 s as the required duration. Thié seemed an

.
<

-unambiguous response that vas reasonable to expect an animal/go produce.
&

Theta aézivity ig falrly eagy to identify when 1t is produced. Its near

sinusoidal appearance is quite striking and lends itself &to objective

4
o

evaluation and electronic detecgtion.

In summary, the purposerof the present study iss 1) to demonstrate

»
0
(24 o

5 ]
that xats can be trained to produce a clear theta response, 2) tQ

E3

indicate that thie response ig less .susceptible. to motor ‘and general

- 1

. performance deficits, and 3) to test the utility of this new method in

0
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resolving the motor versul® reward controversy surrounding the effect of

pimozide on ICSS. : ’

METHODS |

[ -

-

q

SUBJECTS R ;o

All mzle Long~Evans hooded rats used in this project were obtained

[}

from‘Quebec Breeding Farms and weighed 350-500 g at the time of surgery.

" The rats wvere housed individually in stainless—steel hanging cages. The

v

temperature—controlled colony room was maiﬁtaingﬂ wurdler a 14:10 hr

“

light/dark regime. Purina Lab Chow and tap wvater were available ad

libitum in the h6£e cages. . '

s ¢

SURGERY

o

“
o "

. Under sodium pentobarbital anaesthesia (Somnotol, 65 mg/kg 1.p.),

four bipolar _electrodes were implanted using standard " stereotaxic

«techniques. The electrodes consisted of twisted® Type 304 stainlegs~steel

vire ( 0.2 mm diameter) insulated with TFormex 89 except at the
e -

4 » ’
a

Q

crogs~section of each tip.. Stimulating éle&trode tips were cut: level and

pseparated by approkimately 0.5 mm. Recording electrode tips were

staggered vertically so that the tips were separated by approximately 1.0

&

mms One of the anchoring screvs served as the indifferent electrodes

HMale Awmphenol pins were soldered to one end of the wires and snapped i&ﬁo
, o

threaded McIntyre plugs- Dental ' acrylic, wvhich gripped several watch

o

screws that-had been threaded into the bone, anchored the whole assembly

to the skull. With' the dincisor bar set at +0.5 mm the following

: e TR S | MRS mE T TR T T et
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co~ordinates for the LH~MIB electrodeg ,vere uged: 0.5 mm posterior to

3

Bregma, 1.8 wm lateral to the midiine, and 8.0-8.5 mm ventral to dura.
With the skull approximately horizontal, co-ordinates for the hiﬁbocampal
s

electrodes were: '4.0 mm posterior to Bregma, 2.5 mm lateral to the

midline, and 2.7 -mm ventral to dura. /

&
°

g DRUGS

Pimozide (McNeil. Pharmaceutiéél (Canzda) Ltd.) was dissolved in a

heated 0.3Z solution of DL—tartaric-acido(Sigma) at a concentration of

0.5 mg/ml. Atropine Sulphate (British Drug Houses Ltd.) was dissolved

in distilled vater at a concentration of 100 mg/ml. Decamethonium

Bromide (Sigma) was dissolved in distilled water at a concentration of

‘

1.5 mg/ml. -

APPARATUS ' )

. 4
o 7

Stimulation

v
.

A Grags 859 square wave stimulator, with a 100 kOhm resister in

.'series with- the rat, produced 0.5=3 trains of 100 Hz biphasic 0.5 us

-b . ,
- the voltage output of the gtimulator. Except  during training,

<
«©

programmable CGrason-Stadler relay Fack equipment delivered all

[

stimulation, timed the sessions, and recorded the rats’ responses on

counters automatically.

.

P
a

pulees. Stimulation intensity was modified by increasing or decreasing

«
N SES

8
T

-t e o
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took place inside a shielded room; .
! b ' )
v C. .
?pectral Frequengy Analysis- . ’ ‘ o
. : " The filtered signal could ge régistered bn magnetic tape yith @h-FM
.%ape recorder r(gewlett—Packard 3960 Instr&%entation - Recorder). . AD o

.

< ’ L L8 i (DF ant i é ¢
: T . . 14
[ 7 0"
< 3 ) A “ PR < &
Recording o . i . ¥ —
- LS . . <
v Carried by shielded cable. (Microdot), hippocampal electrical ‘7 .

.

s actiyity passed through a 9-channel méreury swlvel to a.Gras:s° Model' 79C

~* EEG/Polygraph and was recorded on poper. T@E filters of the Grass‘73§11
® P

EEG Data Ampl;fiers were set at low and high half-zmplitude cut-ofi

frequenciesAo% 1 Hz and 1 kHz, regpectively. All experimental procedures

[TEY

M \ ® - A

PDP-11/34, wusing a Fortran Préjram, performed the off-line analyéis.

°

. . ~ D
\ Tape spged during recordihg and playback was 15/16 inches per second and
the sampling rate was 50 JHz. A 12-Bit analog~to-digital converter
transformed the signal. For the Fast Fourier Transformation :(FFT), 256

poihts were calculated every . 5alg g8 for a range of 0-25 Hz over a

> - <

5.12-min sample. These polnts wereﬂéhen averagad to produce 128 values

4

for the frequencies of 1-25 Hz and these values were plotted’ to produce %&
gpectral frequency profiles for each sample. B : St )

-
i

Theta Trigger ¢ . r

v pe) ’ .
Thed theta trigger, a custom—designed, solid-state device, compriging
’ a

! ﬂand—pass filter and a configuration of integrated circuits, amalyzed:

~

hippocémpal theta on~line and definea theta waves in this study-. To do «

this, the trigger detegtéd a signal falling within a defined frequency

range that wvas maintained between some selected mininum and wmaxinum )
4
amplitude (voltage) for some presetVdufétion (Circuitwdiagram in Appendix

[

. ¢ N o
I - .

® . a

bt

O . T .
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A). In the present e§perimentsg‘the‘o&tput of the ban&bass had to stay

within the pﬁéset voltzéé hlimits for a full .3 s to quﬁiiﬁy as 2
" a |
legitimate theta responsea . The theta trigger could adtomatically count

v . “‘ < 9 *

the number of theta trains produce& and, 1f des&re& drive thewstlmulatOL

. _M\.ﬁ Q a

to deliver one train of stimulation immeﬂlately after the ré%qvproduced
€ [y - - L

each continucus 3-s train of hippocampal theta. ~ - g v N

-

© . Multiple responses could be éontinﬁous;; That “1s, an uninterupted
. s '
6*sbﬂ§rain of the appropriate amplityde would count as two thetd
v 0 ¢ . . .
responses. A 5~g train, on the other hand;_ would only count as one.

-~

Amplitude did not compensate for duratiom, but an unfiltered signal with

a hiég; enough amplitudé could feasibly compensate for frequencya

Fortunateﬂ.y9 naturally produced, highwfréquency TEG activity is usﬁally
low voltage ‘and the low frequency,ﬁhigh amplitude signals, in ‘additiem to

m.,.,____ *
& 3

being extremely rare, would either exceed the: uppdr voltage limlt or- be
f

<3 N o

%
sufficiently slow so Ehat the -the trigger would resat between waves and
L] °

they would mnot qualifyﬂ%as .theta according to the continulty

1

criterionn . -
\ .

The frequency centre and range, duration of the required train, and

limicing voltageé were set in such a way that the. criteria defining a

a ¢

theta response ‘were equal for all animals. The différenqg in original

EEG amplitude produced the only variance in -ease of responding between

individual rats and this was mninimized by adjustiﬁg the gain on thé

-

4

polygraph preamplifiers. Figure 1 presents exzamples of theta and

non~thata BEC activity.

«

3

4
i
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PROCEDURE
‘ Ou a
Screening \ o oo b

Initial screening took place %p a standard operant chamber (28 cm x

PR

20 cm~x.20 cm high) equibped'with a-bar (5 cm wide) protruding 2 ecm from
.8 - : . @

- the middle of one wall 7. cm’ above the floor which consisted of small (3.5

-

- " ‘F . 12
‘mm diam.) transverse stainless steel rods placed about 10 mm apart.

> <

.+ Bach rat was ;allowed 15 min to acclimatize itself to being attached t6

- w

%he cable and to explore the experimental chambero Since hippocémpal

theta was typically generated in abundance while the rat was making its®
7

*initial exploration of the chamber, the gain of the polygraph wvas

- adjuséed during this period so thdat the output of the bandpass, recorded

1

» °
on paper, wag approximately 5 mV- (30 -mm) during theta ‘production.
L3 ¢ A

¢ Baseline dproduction of theta could then  be :monitongd during "the
subsequent segsions. . The range of average amplitude for* thet? traine

acrose vats was 0.5-2.0 mV. .

4

During the §creeniﬁg portion of the session, the rats dinitially

received Tow intensity (20uA) stimulation vhich progressively increased
— ¢

An 20uA  increments until the rat made the characteristic forward

v 7 =

,‘,searching motion typically asdoclated with rewarding MFB stimulation. If

the rat reéponded aversively to the stimulation (leaping, secreaming, or

circling),éit wvas eliminated from the experimento The present study only

3

included rats with good rewarding electrodes. © .

W§;ﬁ/ﬁgg>appropxiate stimulation intensity had been éstablished; the
rat waa trained to press the bar thfough etandard operant conditioning
procedures psing rvewarded succesggive appromimations to the desired

Tesponse. . “ *

-
'3
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Tegting

A
- o

Testing was carried out in a rectangular shuttlebox (18 cm wide = 80

13 .

cm long % 42 cm high) with a retractable lever at each end. The , floor,
. | e

o

like that of the opérant chamber used in training, consisted of metal

¢ ¥ N
rods and had been cofistructed in ‘halves so that, when the rat was on

&, ~

Eithe]’.: side of the chamber, one of two microswitches would be deprggsed
§

by the rat's weight. Each microswitch activated a separate elegctronic
-

-

timex%nd pen on an event recorder, that also kept track of bar-holds and

* o . .
théta trains on paper. -If the rat stood in the middle oft the box,

A

équidistant’ from the twe ends, both ‘microsvitches were depressed. .In

- ‘e,

this case, both electronic: timers stopped. " 'since each pen remalged

"

deflected for \the duration 'that its corresponding 'microswitch was

<

depressed, the amount of time the rat ,h spent in the middle could be

determined by examining the output of °the event recorder. In some
/

conditions, a metal barrier could be placed in tha\zox S0 tha%>_the rat

o
<

vas restrlcted to one end of the shuttlebox rather than having access to

the whole chamber.

SECTION 1l: OPERANT CONTROL OF THETA PRODUCTION

""EXPERIMENT 1: THETA RESPONSE TRAINING 2.

The purpose of £He £first experiment was to demonstrate thathats.‘

-

were capable of learning to produce continuous 3-s trains of theta in

order to carn rewarding ESB. Unlike the Glazer (1974) study, the rats in

the present experiment could produce long trains of theta and receive ESB
3 . .

every 3 s without having to ‘generate non-theta frequencies between
) \
i .
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respohsesng " - .
3 \ - »
Since; it was important to compare this new. task with a more

. ~ < N -
traditional operant, ‘the sam¢ rats were also trained to perform ‘a

0 ©

" modified bar-press task. In order to mske the two tasks as equivalent® as

o

»

possible, the task required the rat to preés:the bar dowm-° and Lkeep it

depressed for 3 5. Like theta production, subsequent bar-holds could be

continuous.. That is, holding the bar down for 12 s, uminterrupted, -

s

counted as 4 responses. In this, way, the maximum reinforcementr density

4
was ldentical f&r eacﬁ§;;22;;:} theta and bar-hold.

Procedure . . .
LA » o ‘

+

Determination of Baseline Performance. After the initial screening’

4

‘o s, N
session each rat was plaéé@ in the testiﬁg apparatus for 212 hr daily for

4 days.. During this baseline Rgriod,'tﬁe number of 3-g theta trains and

4
"

3-8 bar-liofds were recorded. No stim&lation?was delivered at any time, °

Once the baseling” had been established for each t&pe of response, each

animal receivéﬁ e response training session in which bar~holding and

, theta train proauction were shaped using standard operant procedures.

Bar Holding Training. After the dinitial . bar-press training, the

task requirements were changed go that the rat had ﬁo hold the bar

i

4
de@tessei for gradually increasing dintervals before 1t egrned ESB.-

Eventually, the rat had to hold thg bar down for 3 s to ecarn a 0.5~ ,

LN a

train of stimulation. Stimulation' intensity sometimeés had to be adjugted

at this point to sustain bar~holding. The stimulation -intensity
. ) .

determined at this stage vas used‘for all further training and t&stingc

When the vat had produced ,100 consecutive 3-s baf-holds, it 'was

o

trgngfered to an open field. ' :

A v
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Theta Production Training. Theta tragni?g took place in an elevated

open field (30 cm_ =x 30°cm x 40 cm high). For the first 10 min of the

- hour» session, the gain from the polygraph was increased so that a signal

with an aﬁplitude that would not normally activate the trigger would be

~

sufficient to earn the rat ESB. As the rat increased 'its rate of

‘responding  over the session, the polygraph gain vas reduced back to the

level determined during screening, thus requiring a higher amplitude

response to trigger ESB. Since the freqﬁeﬁcy of theta production usually

f

increased vhenever a rat was introduced into a new environment for the

coL s .
first time, the animal was eséegtially able to train itself., After this

-
. S A

. single screening and initial traininé session, no further primfng or

L4

shaping occurred and .the rat had to initiate responding on its own.

]

Response Acquisition. The type of reponmse that could earn the rat

ESB during ‘each Fubsequent daily 30-miﬁpbgssion alternated between, days.
. o % ™ . :
Half of the rats spent their first session prﬁ?ucing - theta wvhile the

others - were réquired to hold the bar. Three types of responses vere

- Y °

recorded:. the number of theta trains produced to earm ESB (rewarded o

theta), the number of bar-holds, and the number of theta trains that did
po% earn ESB that were prodﬁced.when the bar, was , available (unrewarded

theta). . B
I

Results and Discussion N P

; e
K

?

Figﬁre 2 shows the mean number of each of the 3 types of responses

. a

5 . S
aade by the 5 rats during each daily 30-min session and clearly
]

demonstrates rapid leérningo On the first day of trgiﬂing there were no

' significant differeﬁbesebgtéeen the number of barzholding (ié9b) and both

rewarded (%=60) and unrewarded theta (i:67) responses, EﬂZQB);OQBZa Over

o%
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the next three sessions, both  bar-holding and rewarded theta.

. . .«
progressively increased, attaining means of 246 and 179 responses,

respectivelyl In contrast, the unrevarded ghetaﬁ-which occurred during

the periodsas wqen bar-holding was rewarded, decrsased to a mean of 43

I -

responses. Bar-holding (F(3,12)=6.65, p=.01) ; and rewarded theta

(F(3,12)=4.86, p=.02) increased significantly from bay 1 to Daﬁ 4, put

'

unrewarded theta did not (E§3;12)=Oo78)° Therefore, it is clear ,ghﬁt'

rafs‘ can increase their production of Qippocampal theta in order td>earn’
rewarding ESB. . ) . .

1

If electrical stdmulation itself produced theta tralns, one would °

- @ \ 1

_expect that the unrewarded theta would also shov aivparallel inctease with -

o

the éugmented incidence of bar~holding. ?he‘féct that the fréquency of

4

unrewarded theta declined, indicates that the increase in rewarded theta
was not .an artifact of the electrical stimulation. Similarly, one'can
conclude tlhiat rewarding ESB does not merely .cause an increase in the
general, propensity of the hippocampus 'to produce theta.
EXPERIMENT 2: SUPERSTITIQOUS RESPONDING )

- Even though there eventually was a distinct dissociation between the

’ °
amount of vewdrded and unrewarded theta produced, the number of theta

trains recorded while the rat was bar—holding was higher than the initial

baseline rate. LH stimulation can induce theta but thé duration of this
N : .

electrically-evoked activity_ does not usually " outlast the driving
. - R
stimulation. Since the rewarding trains vonly lasted 0.5 'gv‘it is

unlikely that™ they are responsible for p}oducing the increased amount of

e

theta that I recorded. It is imperative, nevertheless, to demongirate
1 o ‘H *

¥
‘

< -

<
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' o o
,that the overall increase in RSA was not an artifact of ,LH stimulation -
Al . ¢ < ') -
and to present an alternate explanation. My explanation is that the ’

augmené?d “baseline level of theta responding ‘is a supersti&idus

behafdour. .
Unlike many of the other traditional operants, bar-holding and theta

. =

production are not mutually exclusive activitieso Since they can be

performed concur;eqtly&‘ the theta production could be - r%inforeed B
adventitious}y by the ESB thet the rat was eggning by hgldﬁhg %ﬁe bar.

v If this were the case, it seems reasonable to suspect' that the efféct
should be symmetrical. in other words, ié only theta trains coeld earn )
ESB and the bar was made available the rat should continLe to bar-hold, .
.albeit at a reduced rate, even though holding the bar had no effect on
the probability of the delivery of ESB. Therefore9 I designed Experiment
2 in .order to demonstraté superstitioue bar-holding responsesg w&}le the
animals are reinforced for the theta response. So, in Experiment 2, I

,

e — left the bar available to the rat even though only theta trains.could

activate the stimulator. In this way, 1t would be po§sib{ §§Z>

©

-demonstrate that the ESB earned while producing theta would be sufficient

° & . , . 0
to maintain superstitious bar-holding at 'gomt "lou rate above that
' [}

expected if the rat were receiving no stimylation at all. T -

o
. o »

Procedure .
.o A . v
- Twvo rats were used to demonsgyate, the difference in bar-holding

during a2 non-contlngent rewvard condition and a non—reward‘(extinction)

gondition. Bach of the two sessions 1asted 1.5 hr and took place inside

2 >

the teséing apparatus with the restricting barrier in placev In the

rewarded theta session, the bar had been disconnected’ from the stimulator . ”
’ . [l »
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although it remained available to the rajf to hold. After the usual Semin
A
habituation period, the rat could only ecarn ESB by producing theta

.
o LY

trains. During the non-reward sessidn, Fhe'stimulator was turned off so

s \\ o " 233
that neither response resulted in ESB. Both the number of gheta trains
. s . |
generated and the’number of times the bar was held down for 3 s were ¢

recorded, . - . °
¢ 4 - :

Results and Discﬁssion .

N u

Figure 3 depicts the mean frequency * of bar-holding  during

Y n

Q : ~ .
non-contingent . revard and the non-reward egtinction sessions. Althoug5£§3 o

bar-holding did not, result in ESB, the rat continued to respond over the Lt

[l <

gesgion 1f it concurrently received ESB for proﬂgéipg theta. Whed

9 N v
neither response resulted in ESB,. bar—holding quickly extinguished. ° The

.

counters only pecorded fcomplete, continuous 3-s bar-holds. I did
) # N . ?;‘
observe, however, that the rat actually pressed theé bar many more times.

a2

often the rat released the bar, immediately after recelying .a .

" theta-contingent train of ESB, thus interupting the bar-hold. Therefore,

: d

the data reported represent a conservative estimate of the actual amount . %

w
°

of superstltious responding which occurred. : .

v

It may be argued that the operant bondition&ng“of‘abrespbnge-coul%
" ¥

@ EY A i ‘

result in an increase in the propensity of thé resPOnse'ﬂto bej produced :

n i
L

and“ thus lead to .-a hiéﬂér post-training baseline. For example, Segal
v P i i il R

, c L
(1962) found that response rates consistently reliained above, previously
& . 1 N K bl

’ N Sy

" established operant levels after just one session in vhich -the animals .

A

, - . ‘ 1 ‘Y
received food relnforcement. Although this iz a veasonable asgsumption, '
° oo * 4
‘ N oo, .
it does not zccount for the steady rate of responding which' persisted for '

s @

S 1 '
the entite non—contingent revard session of Experiment .2.. During the

Y < Lo
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E
A

B non-revard session, theibar-holding was quicﬁly extinguished. .

As predicted, the ESB earned bf producing theta was able to malntain
superstitious bar-holding. In Exﬁerimeﬂ% 1, therefore, the slightly )
ele;ated levels of sunrewarded theta production during bar~holding must
-have resulted from response perseveration maintained.'by adventitious ot

- [ N -
reinforcement, Corroberating 2his conclusion are two  further
0 ' ) .

' - “ A

observations. F{rst, sﬁbseqﬁent subjects learned~yach type of response

successively Yather -tHan in the alternating ‘fashion deécribed Tdin g

s

\  ‘Experimént 1. The elevated theta production was most pronounced in those

© -

rats that learmed the theta response firvst. Second, 1t was not apparent
)

at all in those rats initially trained té bar—~hold until after the . theta
production training. Therefore, .the increase in theta was not a direct °
result of either the bar-pressing or the LH stimulation but a.

superstitious response reinforced by the ESB ecarned by bar-holdinf.

1 ' . f

LXPERIMENT 3: DISCRIMINATION TRAINING . g’
\ Although it 1s clear that rats can increase thelr prod&ction of

]

hippocampal theta 1f rewarded with ngg the conclusion that they are,

v

0

indeed, using theta produTtion as an instrument for earning ESB would be -
more convincing  if they could demonstrate discriminative responding.
Therefo;reD when a rat demonstrated bar—ﬁol&ing and theta production
reliably, 1t was subjected to a discrimination learning schedule using

light "(S+) as a positive and darkness (§§) ag a negative stimuiusn
» J »

L
”1
g
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Procedure = ° .

Each of 6 rats was run for 3 Hr daily. All of them had been traigsd -

. .as in Experiment 1 to bar-hold (more than 100 times for each of 4
7 jcon;ecutive 15-min intervals ovet Zfdays) and to produce theta (over 50
) responses per 15-min period). 'A session consisted of a seriés of 15-min
» trials whic£ alternated ‘between lights on (S4) and lights off (diﬁ red .
light:S8-): Befoqe‘the gession ﬂegan, the rat spegt a 5-min hab%tuétion
period in the tésﬁ éiparatds under S~- conditions. During this first( ’

3

. , - - ~
. ' series of sessio:&s9 the rat couhi\onlyfearn ESB py bar-holding when the

light was on. When the'ratﬁperf rmed 80% 6r‘moré'of its responses duxing

T

, .
7V S+\for 3 consecutive days, it was considered to have learned the

4

1

discrimination.

v \ A N

—_ N
A second geries of daily discrimination training sessions 'was then
: initiated and continued until 802 or greater ' of the rat's theta

» production occurred during S+. During this series, the bar vas withdravm

’

and the rat could only ecarn ESB by producing theta trainms.

o

In order to demonstrate that theta production was actually under the
: i r
oﬁérant control of the rats and was not an artifact of the sensory

processing assoclated with a lighted enviromment,’ tyo additizhal rats

g
S -

< ki o
vere initially trained to discriminate Ilight/dark with the opposite

R assoclation- In other words, this group was trained to respond when the

light vas off. 4

Results and Discusslon

' ! v

. Figure 4 shous the learning of the dark/light discrimination. All
. .
rate rapldly acquired the ability to produce their responses during the
. ! \
. approprilate portion of the daily session and reached the criterion 1level

L

of

, e
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by the fourth daily session. The proportion of both bar-holding
(F(3,15)=4.75, p=«02)-and rewarded theta production (F(3,15)=9.37, p<.01)

that occurged during S+t increased significantly over {Fhev four training

8
P

sessions. \szgwaxiij theta production during S+ did not change
gignificantly and rema4ned dt,chance levels; F(3,15)=0.73. Bar-holding,
gengrally attained a higher level of discrimination than did theta

production, but this can be attributed to the higher baseline rate’ of

theta. . -~
G 4
. Again, 1f the increased theta production that was observed was

Q

merely an artifaet of the LH stimd&ation, one would expect that there

would be a large disparity between the numbeg of theta responses produced
during S+ and S~ right from the first seséion; The mean numbers of eaéh
type of ;esponse produced dur%ng the lfirst session did not differ
significantly, F(2,10)=1.32. 'An ahalysis of - variance indicated a
significant' difference between tasks during the fourth session,

D

F(2,10)=7.33, p=.01. . . ‘

i
Five of the rats learned the light/dark discri&ination with the

* bar-holding task firsta Even with thie prevEEhs experiénée wvith the same
discrimination, the number of theta responses was about equal during both
stimulue conditions for the initial portion of the first session. The
discrimination was then acquired rapidly, but progressively. ‘The rats
that learned the discrimination with oppgéite stimulus conditions showea.
identical %cquisition rates. Therefore, the magnitude of theta
production is not a product of the presence or absence of'light; These

results indicate that the increased theta production &ﬁring S+ represents

true instrumental lezarning .and is not an artifact of ESB.

o
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.
S

i FTigure 5 shous spectral frequency profiles 'of the EEG %ctiyity
produced during: the ‘difﬁgFent phéses of the gesdion once the
discrimination had been successfully acquired for both tasks. Duriqgv S-
the frequeﬁéy profile i1s typically multimodal with the ‘majority of

3

acéivity éceurring between IL? HZ in appréximately equal proportions.

Dﬁring 8+, almost all of the hippocampal‘ electrical activity, is

concentrﬁteh bétween:ZoS—B Hz, evidencéd by a sharp pezk in the profilga

These £requency characteristics suggest that the electrical activity

produced by the rat'‘s hippocampus 1s the higher <frequency theta
\

correspording to the atropine-resistant component associated with Type 1

Behaviour.

b

SECTION 2: PERTFORMANCE DEFICITS .

EXPERIMENT 4: RESPONSE/INTENSITY FUNCTION

Experiments 1-3 demonstrateé that. hippocémpal theta waves can be
operantly conditioned and can be brought under stimulus controld° The
foliéﬁing study was desgigned ta compare rewarded theta préduction an
bar—holding-at different stimulation intensitles since high—intensity ESB

causes motor artifagts that disrupt bar-pressing and make decrements in

performance difficult to interpret. The stimulation intensity wused to

. S

relriforce both respomses in these exnperiments was determined by its
ability to sustain bar—holding, therefore, it would be difficult to
interpret differential changes between the two types of response without
knowing ‘if they were maintaineﬂ by relatively eg#ivalent revard

magnitudes. In Experiment 4, revard magnitude was operatiomrally defined

[

o]
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as the ratio of the response rate at some fixed voltage over the maximum.

)
response Cratep As discussed earlier; this definition vwas only valid for

voltages less sthan oé equal to that vhich sustains the maximum response
e N ? 3 -
rate. - ) )

If one stimulation intensity maintained bar-holding at 807 of its

¢ [

»/maximum while only Sustaining theta production at 20% of its maximum, the
same degree of reduction in reward magnitude could possibly abolish one

response while only slightly’ affecting the other. To understand this

«

relationship 1is, therefore, of paramount Importance for the

N

‘dAnterpretation of any subsequent dissoclations between the responses.

) \
Procedure

To determine how the rate of responding varied. vith stimulation
intensity, two rats responded for different voltages of ESB vhicg changed
every 15 min to form an ascending and descending ceries of intensities.
Only <responses occurring during the last 10 min of each interval were

N .
recorded to minimize any carry-over from the preceeding stimulation
intensity. The ascending series and descending series were separated by

a

.a 5=min time-out period. Two of these geries were performed for each
type of response with thé type of response alternating Qetween sessions.
A 15-min time—out period separated each session. Intensities ranged froﬁ

O :
25-225% of the voltagl determined to sustain bazr-holding, in increments

5

of 25%.

Regults and Discussion -

Figure 6 deplicts the results for ome of the rats. The other rat

shoved the same pattern of ;réspondingu Bar—holding " displayed an

o
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inverted-"U" functlon seimilat to that ‘reportéd for bar—presé@ng

&

v (Valenstein & Beer, 1962; Havkins & Pliskoff, 1964). A maximum of 15Q

- responses was reached between IOOEISOZ of the rat's wusual -stimulation

° a

intensity before showing a steady decline. In contrast, theta production
continued to increase with stimulation intensity until  apparcontly '
reaching an asymptote of 90 responses at 175% of the usual stimulation

intensity and maintaining it to 225%, the maximum 1nteﬁsity tested.

Therefore,ﬁ the intensity/response function 1s different for each
regponse. ’ . ¥
- There are a number of conclusions that can be dravn from these data.

First, the wuswval stimulation intensity determined during screening

maintained bar-holding at 67% of the makimum bar-hdlding rate while only

7 -
Lt “

supporting theta production at 48% of its ‘maximum potential rate. iF
respgnse thresﬁgld is defined as the miﬁimum stimulation necessary £o
support"responding at a wrate above baseliné‘ then, using unreyarded
productiony as baseline | the theta rgfponse was much closer to its ™
threshold at 100% of\ the stimulation intensity determined during
.g t bar-holding trainings t shoudd be noted,(as discussed in Experiment 2,

a baseline estimated from unrewarded theta production accompanying
’ »

74 rewarded bar-holding m§y be higﬁ because of superstitioug responses.
8 7 : N
If the rate-intensity functions were equivaleng ip 'gonfigugation \ .

this would allow the prediction that the theta response should be more

# sqsceptib}e to decre@ses in reward magnitude. The &wo Ffunctlons are
markedly different, howvever, and the curve associated with bar-holding is
‘ {

“much more leptokurtic. Therefore, each small difference iIn stimulation

intensity results in a much larger change In the rate of;bar—holding than v

+ v

4
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-

Second, if the stimulation intensity were respongible for the

it does in altering the rate of theta production.

w A @
increase in theta production,’ the unrevarded ° theta  accompanying

sbar-holding should have shoum'a corresponding ingrease. Unrewarded theta

production remained stable for the full range _of intensities tested

v .

despite the marked incréase.and subsequent decrease in bér—holdiné and

w ' v

the progressively increésing stimulation dIntensity. For exaﬁple; the

.

numbers of unrewarded theta trains 'produééd at 100%Z and 1757 of the
2 [ N «

training stimulation intensity, which supported bar—helding' ai about the

same rate (98 responses ang 94 responsess.respect%gely)? were comparable '

(30 responses and 35, responses, respectively). Therefore, neither the

number of- bar-holds nor the intemsitcy- of ESB affected the rate of

o

v

-

ungbwarded theta productien. . . . . -3
4

N 3
‘Most importantly, since the rat continued to earn ESB by producing

a

. %
theta at high stimulation intengities at whidh bar—holding had completely
&

[4

ceased, one must assume the stimulation was rewarding? The reduction in
5 . 3 & >

3

bar-holding could be attributed &£o the motor artifact produged Dy the

stimulation, scimilar to‘“fhat‘idiscussed“ by Valemstein (1964), which

¥
.

interfered with the rat's abilicy to press the bar. Stimulation onset at

-

ﬁigh intensities typically cau%eagqthé rat to suddenly jerk backwards.
This motion beceme more violenf as ESE intensity increased until the rat

was no longer able to maintain contact_ with the bar aftef reward
g S

< o

delivery. As the motor effect increased,.the rat was thrust further and

o
o

furcther from the bar .and togk prqgreésively longer to recover between
A , "

redponses. The theta response, however, vas lese . susceptible. to thie

u
2

performance impairmbnt Cthan was bar-holding since the rat could produce

P "o
3]

ta 4

0

&
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RSA from wherever 1t was and the same violent motorsacpivity accompanying

high fntgpsi@y LESB did not disrupt theta production. )

2

e «

EXPERIMENT 5: ATROPINE & DECAMETHONIUM BROMIDE -

The purpose of this experiment was to demonstrate that performance
PR ]

deficits 23éssocie;ted with bar~holding could be differentiated from those
assoclated with theta production. Since curarized animals had learned to
produce theta waves’ reliably (Dalton, 1969; Black, Young: & Batenchuk,

P 7 v ) N

'1970), this responsg, iﬁ‘con;rast to manipulating a bar, running a maze,

_~~tall wiggling, and otheg:&raditional opefaﬁts3 must require very little
- s - ) -

skeletal muscle activity, if it requires any at all. Neuromuscular

~

blocking=agents, _whiéh exert their primari'effecg outside of the central

S

nervous system, ShTW1d impair motor function vithout hampering theta

o

production. \ ) -
. \ .
Experiment 5 employed one of these agents, decamethonium bromide, to

&

" attempt “to ~create° a deficit in bar=hdldingn Umlike tubocurarine,

decamethonium, a depolarizing neuromuscular blocking-agent, has a higher

af#inicy  for 1limb muscles than i1t has for the muscles which gupport

“

respiration. The rats recelved hélf of the désage reported to produce

90—1_@%zfneuromusculqr blockade (Zalmis, 1953). At this dosage the rats

p2 unable to stand upgight, but were able to wmaintain respiration.
o © b k=]

wifhout a2 respirator. Thug, the rats do not havg‘to suffer from épﬁéa or

R

from gﬁe discomfort of a respirator mask which distracts shem and‘

0 -

disrupte their performance of the task at hand.

Although Van@erwoif (1975) ‘found that atropiné did not abolish the

[ 7 °
Y - »

,ﬁtjﬂ . .
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high~-frequency, lov amplitudg eleckrical activity that disrupted the N
; , long, uninterrupted trains} of naturally-occurring theta waves. 1f
&~ - atropine hae a similar effect)on rewvarded theta production, and Impairs

N ,

\ .
the rat's ability to produce continuous 3-s trains, 1t could be used to

»

create a theta” response performance deficit without , impairing
bar-holding. Atropine is not known to cause any form of muscular

paralysls and, in fact, has beeh reported to accelerate bar—pressing for
J L4

‘e ESB (Wauquier, 1976). : ' \

» - .
.

Procadure .
—_— PR}

- fach rat was placed in the operant chamber and, after a S5-min
- : :
N desensitization period with the lights out, the .white light came on’and

- ‘ 5 the rat could respond‘approbriately to earn ESE for 1/2 thrx. . LIf . the

a . 8

o .
response rate was vrelatively stable over tl:l:i.s.[-z—(> period, the rat was

. ) C injected with edither ‘the experimenéai’ drug (atropine sulphate ,or

decamethonium bromide)' or an equivalent vblqmeébf the vehicle, and a
‘ .

. 5-min time-out (S~) period took place. After the tiéewomt, the lights \A

,came back on and:the rat could vresume responding for the next 2 hr. The ’

3

"type of recponse required to earn ESB (bar~holding o%’ﬂtheta production)
) . ! \ .
o §1ternated between sessions but remained constant within a session. A

N 13

. minimum of 24 hr elapsed between sessions.

[

7/

Followring the saame expefimental procedure, I tested 2 additional
° [

rats that had only been trained to perform the standard bar-press (i.e.,
- s B

K

one press produced one 0.3-5 train of ESB) in order to compare the

a

. ) * alterations produced by the drugs in bar-holding and theta production

with a more traditional vesponse.
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Results and Discussion . ; e
D;camethonium caused a degrea;e in.bar-holding (gﬁl,Z)m%}a39, p=.03)
d;d bar-pressing (E§1,1)51801?8D p=n05) ‘with?qta signiflcaptiy altering ,
éhe rats’ ability to producé theta trains fgf,ESB (F(1,2)=0.08). These
\ , . - . '

differences are quite apparent in Fiéure 7A." Drugged rats shoved marked

o

k-4

- '-:7'

mustular flaccidity which interfered with -their ability to stand.

Following the injection, a°rat Would uBually begiﬁ bar-holding but, as-

B
LA .
&

' L 4 IS ‘e
the drug reacheqigthe period of itss paximum effectlveness; the rat,
N . .Y a

" experienced increased difficulty in mainﬂaining a regular ré@ponse rate.

' )

- - @ -
Eventually, its pay would “slide .from the bq@kanééthevrat would then
“ i 3 e T

)

.remain vith its abdomen resting on the floor of {the ;chamber with Yes
’ 3 2 ! )
limbs hafdging down between the bats« AR ke «arug’s effects gradually
° >
N N 9 . .o '

wore off, the vrat progressively increased regponding untifj it had
- g

compietely recovered and had returned to éty ba§eline‘péteo This partial

N o,
paralysis did not prevent the rats f¥om earning ESB by producing theta.
These -results avé in agreement Wifﬁ\ the findings' of Black and his

@ . i

2 . @
colleagues using tubocurarine. One can reasonably conclude,- therefore,,

< e »

that”athe‘ theta response 'is not significantly altered by a drug which °

e ° »

&
merely causes motor impairment.

s

v

. At?opine, as 1illustrated din 'Figure 7B, abolished theta production'

(F(1,1)=268.96, p=.04) while sparing bar-holding (F(1,1)=0.13). °

n

Examination .of the EEG activity revealed that theta waves vere still
* being produced but, as expected, short bursts of higﬁ—frequency, low
/ amplitude Ectiyity dccurred frequently enough to disrupt the rat's

ability to prod%ce continuous theta trains. Although the rat squealed
" ! <

vhenever I approdched it, bar-helding persisted steadily at its baseline

=
s v

N - . N

1

i

Y

o

&
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@

rate. Therefore, atropine injections \séiectively interfered with

!
.performance of the theta respdnse. . - "

‘2In summary, these pharmacological manipulations have demonstrated

distinctive performance deficits dssoclated with each of the two types of .

regponse. . §§

®

" SECTION 3: REWARD AND PERFORMANCE DEFICITS DISSOCIATED

©
¢

. . - , [

CXPERIMENT 6: RESPONDING DECREASED BY PIMOZIDE

-

Pimozide ohag been known to produce motor-impairment at high doses.

Ag stated earlier, a controversy exists about whether the ability ° ofe

’
PO

~pimozide to reduce rewarded responding at lov doses (0.5 mg/kg or less)

=]

is due solely to its performance-blocking capacity or can be attributed

to its ability to diminish the hédonic impact of the reinforcer.

1

Experiment 6 addresses this question by testing if pimozide would affect

-

bar-holding and theta pro&uétion differentially.

? ‘ 4 e L4
Procedure T »
. . ' S o

Since there is a significant delay between the time of pimozide

injection ‘and the period of its maximum effect (Atalay & Wise, 1983), I :

) A\ <
used the same experimental proceﬁure employed in Experiment 5 with the

.

following modification: * pimozide (0.5 mg/kg, Li.p.) was injected 4 hr

before;ghe experimental session. The same procedure was then g;llowed

[ .
2

during the actual experiment as had been employed with the other drugs

- ! ~
except that physiological saline was aduinistered after the first }-

half-hour to control for any possible disrupéing effects of the

L3 & o
Y

intrasession injection. : ' :

-
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Results and Discussion ' —

Figure 8 represents the mean numbqr of responses of two animals.

Pimozide ‘abolished both types of ‘responses that earned ESB very - rapidly

.

after the start of the s%§sion, (§§1,19=8%65°63, p=.01). Initial

respondfng uspally began at a level comparable to the rates produced

duriné control sessions but quickly . declined over the first'5 min.
~ e o

. Observation of q?ghrat's behaviour under the influence of this reiatively

low dose of pimoéideksuggested_that the animal was not overtly Ilmpaired,
h ¥
unlike<%he obvious muscular flacidity apparent under decamethonium. 1f

pimozide merely caused a motor deficit, one would expect that thetagy

Jproduction for ESB would continue. There was no clegr indication | that

the pimozide caused a general sedative effect or reduced the rat's

B s .

“overall leve}\\Pf arousals the rat's regular degree of spontaneous

movement continued throughout the period of response suppression.

,Onfortunately, the present experiment was not designed to make an

objecéivenevaluation of all these possible general effects of pimozide.

o
[ /,

EXPERIMENT 7: REWARD DEFICLIT CAUSED BY PIMOZIDE

4
L3

1

One of the distinctive characteristics of theta production 'as a
response i1is that, whew it is used in conjunction vith another task, such
as bar~holding, it can be monitored whi}e the second response‘ is being

Teinforced.  In this vay, the animal’s capacity to produce the EEG

rgfponse can be confirmed in a situation in vwhich the' reward was not

> \ . .
contingent upon the -response without the additional complication of

-

response extinction. This experiment exploited this quality of the theta .

response to betteér determine the effect of pimozide on responding for
& ) 4

.

£
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8 ’

Each session was Yun in t¥o phases. During Phase 1, each, of the two

v ° ’

rats tested was restricted to 6ne.end of ‘the shuttlebox for 2.5 hrs. . °
Task vrequirements to eaxn ESB altérnated between bar—-holding and-theta
production every 15 min. A 5-min period of darkness separafed Phase gix : 7i

. . R ]
and 2 ° < ' ’ ' . 4 ’
'In Phase 2, the barrier was removed and the rat was allowed free : G
- . . ' ) N .q
access to the whole shuttlebox for 1 hr with each response assoclated N

[y

vith a separate end. Eveky 15 min the responses alternated between ends.

°

Daily control sessions were repeated until the rats demonstrated a clear

preference for either bar-holding or theta production-(>80Z time spent on
o G) . .
the prefergfd side). Pimozide (0.5 mg/kg, i.p.) or an equivalent volume

-
)

of the pimozide vehicle (0.3 % tartaric acid) wae injected 4 hours before
the testing session. ° ) : I o

°
[}

Results and Discussion X tg\\k%zjf o . ¢ .
A}
¢

Figu;@ 94 shows that, as expected, pimozide reduced the frequency of

4

both bat-holding a;d theta production for ESB (F(1,1)=3898.92, p<.01).

ﬁippoqampal activity during the periods when the bar was'availab;e

indicated that ‘unrewarded theta wave, production .was, not similarly '
L= [

d;pr@séed by pimozide. 1In fact, not only was the unrewarded production.

- )

S

. w v g N N
of theta under pimozide equal.to that during thes control sessions; it had

the capacity to increase,qas is clearly seen in Figure 9B. Thérefore,

av

o a0t °
pimozide did not suppress the rat's.capacity to produce hippocampal theta

aves . X -

8 i » .

el

b
|




<

ot

Although on the surface, the discrepancy betq?en dnrewardéd thgta

production with and without pimozide may seem just cause gpg c&ncefn, &he

@

explanation is relatively 5imple.

o e

spending almosgt ali

of Ehe sesgion holding the“bar @o éaﬁq ESB ”and

5%

In the control situatian,
Y

l

e
3

\‘40 ¢ \ \
1 thé; raigi was

¥
1
£
r
i

o o v ——

.} b

]

zfu.‘

pu\ h’

produced the baseline rate of thetao

As bar—holding occupL@d‘less 0

the ;

rat's time in the pimozide- conditioﬁ the ratobeaan moYing d%out theé

chamber, appgrentiy gxploring,

-

-

theta:

v

and t€his

AN
activity was

v

v ﬂv:
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:

; . o <y . ! N i
time bar-holding and ﬁollowedythe?qvailability of the lever as it changej
. / AR - .

from side to eide &very’l5 min.
o Y

- " 3 \ ‘ .
and 'pressed for about 2 - min before ceasing to respond.

After pimozide, the rat moved to the bar
sy L

¥

~When allowed to express.a préferénce, this rat spent most of the,

o
When' the bar

became available on the other side‘bf the box, the rat approached it and
7 B

Q

’

Tor the r§maiﬁder of the

' responded for another 2 min before stopping-
5] I o <

session, the rat moved around v the shuttlebox but éid nodot ° show a,

prefg%@ncenfor either side. - ‘ L o- )
-Since the rat displayed no, noticeable signs of sedation oOFf

catalépsy9 it ‘does not seem likely that pimozide reduced respbAding bf

depressing the rat's general state of arousal.

tim@s

a

the

rat

o

shuttie@ from one

-

side of

inereased under the influence of pimozide.

[\

The

rat's

Al

Iin fact, the number of

the chamber to the other.

q
"

previously demonstated preference for bar-holding in the

choice situation was reduced to chance levels after pimozide injections.’

Even’ though thet@ could be produced; no new preference emerged.,

o

1f LH

 stimulation wag aversi%e in combination with pimozide, the rat ﬁdul& have

avoided that area in the chamber where it received suchagtimdiati&nu

ay
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' ‘
" Furthermore, -a preference for the side of the apparatus where the bar was

- =

available vould have developed even though the bar was not used since the

b i rat did continue to produce theta trains and they would result i

b o - . .

' aversive stimulation 1f emitted on the appropriate side. This did not
° » t"\ . .
+ happen. It is not likely, thercfore, that pimozide caused LH stimulation

o R -

@o,be aversive.

. Thus, using the’method developed in the present study, both a simple
' motor and a~general sedative hypothesis for the effect of pimozide, at

%heNQOSage émployed, on responding for ESB can be conciusively rejected.
a ’ . ¢ v. ° 1
The present’ expeximent provided evidence that pimdzide vreduces
o @ toay
. Yewarding value of ESB beyond any doubt that interpretation is confounded

a Y
5 ., by performance impairments

GENERAT, DISCUSSTON

' o 3

i

. .. . T can conclude from the preceding experiments that rats can be

" M .

trained to produce theta :trains in order to earn ESB just as they can be

t M i

.

regponse rate le falrly stable acrosce sessions and the two)responsés can

2

A 7 v
” be placed under stimulus control. The most important difference betveen

e

these tasks 1s that theta respomses can be produced du%ing severe

e

- o

¢ ! s interference with the'motqr'systemo Itﬁiy also converdient that theta
[ . vaves cam be constantly monitored in a _variety of quasi—baSGline°
. ) . & .
: = conditions. In this way, the capacity of the rat to produce theta can be

confirmed without depending uéon some other test. M S

a4 o kK °

The present series of experiments’clearlﬁ demonstrated that the use

N [
of \ hippocampal theta_waves as an operafit can determine whether or‘not
N - - Ja. LY

ol

~

. trained to hold a bar. These two, respqnses show strong similaritieé;
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v

response decrements can be attributed to motor deficits. Theta
. . .
production did not decline at high ESB intensities that caused a drastic

veduction in bar-holding. The theta vesponse, therefore, 1s 1less

-

susceptible to stimulation-induced artifacts. A paralypic agent,

decamethonium bromide, impaired the ¥ ability to bar—hold and even

v

made 1t difficult to stand erect. Theta production, however, was mnot

¢

\ .
influenced at all ahd the rat continued to earn ESB by generating theta

* ¢ .
trains at the same rate as in the ﬁreinjectioh period.., In contrast,

atropine abolished theta responding without affecting bar-holding.
Since’ both responses ceased to be ?fpduced to earn ESB after
pimozide injections, yet theta production clearly endured the treatment,

¢

the decrement in responding cannot be attributed to either e simple motor

’

deficit or ?ecreased arougal levql° " Thus, the method presented in this

theéis, has resolved the controversy about the pimozide effect: pimozide

red&kés the magnitude of the revarding effect produced by ESB.

Receni:]:yD Liebman _(1983) published an extensive critique of the
methodology used in TCSS studies to “discriminate between reward and
performance. Liebman classified a myriad of experimental techniqges into

6 basic ICSS procedures. These categories include:. response - decrement

. a
i

patterns, locus of r;Lsen differential electrode placement, stimulation

paraﬁ;&é§§ﬁanipulatﬁon, self~-regulation of intensdity, and %élf—regulation
) (L

I
. : . &
of duration. Each of these techniques has Lts own flaws. ;, §3§

e

/\(E,

?

1%
‘Among %@Fms a method proposed by Gallistel and his colleagues

(Edmondé " & Gallistel, 1974; Edmonds, Stellar, & Gallistel, 1974;

¢

Gallistel, 1974; Gallistel, Stellar, & Bubis, 1974) ha%\ been widef&

adopted. To assess the magnitude of ESB reward, they had rats run in a
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runwvay to gain access to BSR in the goal box. Ovexr the session, the

b
number of pulses in the trains of BSR of fixed duration were

N

systematically increased. They found that there is a threshold number of

pulses above which the running speed sharply increases, and called it
2 “ ' .
"the locus of' rise". According to them, a decrease in the magnitude of

revard is reflected in a shift of the locus tovard a larger number of

°

pulses. A decrease in 'the gaximum running epeed is believed to represent

®

a decline in vresponse capacity. This method requires a great deal of -

time ‘since a full range of stimuwlation intensities must be tested to

" produce the crucial data pdints. Drugs with short-lasting effects cagnnot

be adequately tested with this technique. Precise, stable day-to-day
operant baselines are eésential for unequivocal interpretation with the
locus of rise procedure; these may not alwayg be possible.

The theore%ical simplicity and intuitive sensiblility of the locus of
gise technique make it an attractive candidate for adoptions .Some
researchers E?Colle,“ 19@4; Miliaressis, Rompre, Philippe, & LaViolette,
1984) are not usiﬁg the runway task as originally described by Edmonds k
Gallistel. Instead, they have tried to employ the interpretive ?aradigm
with another operant (eoge bar pressing). Since, Min this modif;ed
method, responding and giiivery of Eéﬁ 6ver1ap the motor artifgct
Pf;duced at high stimulation Intensitles could pose a problem to the

interpretation of performance versus reward ‘deflcits. Suppose a

neuroleptic causéd a laxge butr pure .reduction of the magnitudg of- reward

%

vithout causing any ¢oncurrent® motor difficulties. As the model

predicts, a larger number 'of pulses will be required to produce the sharp

iacrease fn responding. This shift in threshold wopld be interpreted as

° s

-t
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. \ »
evidence that the rewarding value of ESB had been reduced. If;, however,

the number of pulses required to support a response rate equal to the

maximum response rate in the control condition should interfere with ~tt/;;.
actual execution of the response, the motor deficit produced by the
stimulation would produce a false ceiling response rate. Epis would then
be mis erpreted as a_ motor' defidit produced by t%e"drugo In this
instancez one would misté&enﬁ& conclude that the neuroleptic had both
motivational and motof(éffects.' Obviously, a response with minimum motor "
involvement, like theta production, would be much more registant to this

type of misinterpretation. : .

Human subjects are capable of a broad range of different responéese

-
"

“’ N
Requirements for language tashks are quite different from those for simple

°

motor tasks. Through neuropsychological testing, the different neural
substrates underlying the performance- of these tasks "have been

delineated. Unfortunately, almost all of the tasks one can use in animal

o

studies are the simple motor type. This limitation restricts the type of

question that can be asked in the laboratory and the intevpretations that

can be drawvn using aninal subjecte, If ‘there are different systems

underlying the phenomenon of reinforégment, different classes.. of

~ -

responses may be assoclated preferentially with each of these systems.

Just as conditioned taste aveisions are more easily produced with induced

-
-

sickness than with aversive shock, it may be easier to train a rat to
¢

produce theta for food than it is to traim it to press a lever. Of

course, it would be necessary to shov that this effect was not just the

result of tﬁenrelaeive ecase of performing one of the responses possibly

by demonstrating that the relationship was revérged in. different

-

L3

@
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circumstances. Therefore, it is essential to have truly distinctive

‘classes of response, discriminable in quality, in order to address this:

v
issue.

B

Some investligators have aftempted tovicontrast the traditional
bar-press, required of ratsggcﬁith E?sponses like ° alley-running,
tail-ti%gglingD nose-poking, ;nd spoutliiqkinéo‘ All of these responses
are essentially motor tasks differing only #n the sets of wskéletal
muscles involved. The operant conditioning of electrical brain activity

may provide a truly distinctive type of response, especlally since I have

noy demonstrated that 4t can be performed -vhen the musculature is

severely impaired. In the present study, the theta response was used to

separate a change in hedonic vglue from possible coincidental motor
déficitsa Using the operant conditioning of.neural aeﬁ:ivity9 we can test
vhat .Ettenberg {(1982) reflerred to as "the virtually untestable"
hypothesis that an}immobile animal may indeed be capable of responding.
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FIGURES AND FIGURE CAPTIONS - s
’ . ] . o , o
: : .- .
Figure 1. . .
—— s, b . \ . . -

Polygraph records of electrical activicy from the dorsal hippocampus of a
single rat being t?aihed to produce theta trainé to earn rewarding ESB.
Each pair - éf traces represents vray (upper trace) and,filtered (lower
t;gce) EEG activity. Samples are presented from oné ogn the bascline
,Bessions where ‘no ESB wasg available (4A) and fplloving training when the

v

rat reliably produced 3-s traine of theta to earm'0.5 s of LH stimulation

o

1

(B%; Time marks are in i—s intervals and delivery of ESB trains are

indicated on time scale. Calibration bars= 100 uV.
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Figure 2.

Mean number of each response for five rats during single, 30-min daiiy

1 .

acquisitiod tests. Before acquisition bar~holding, with the accompanying

unrewarded theta, and rewarded theta all occurred at about the same

.

. ) ' frequency. Qver the' following sesgions, unrewaréed theta production

decreased s}ightlyp, then remained stable acrosg sessions. In contrast,
45

bar-holding and rewarded theta increased sharply as the rats acquired the

ability to produce the correct response in ordez'to carn revaerding ESB.

The pretraining baseline level of theta production is dillustrated with

5

the horizontal line indicated with the arrou. : N

» @
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Figureigl ) .
Mean number of bar-holding responses during non—-contingent reggrd (dotted
line) and non-revard/extinction (solid line) conditions for two rats.

Both rats continued to bar-hold when receiving non-contingent revard but

@
~
P

quickl& stopped when the stimulator was turned off. .
&

1 N o o,

»

S



RESPOMNSES.

’ Fantie
56

R

a0 ’ L‘T

°
%o,
a

MIMUTES - A

Y Non-reward

P RITELD 3¢ Nen—centingent Reward

- mn  mumm rs




& ~
A Y o [$Y
~ -~
&
. ' <
° e ~

. . : Fantle

M [ u57

Figure &. J

-

%

. . o
Mean f£requency of bar—holding, rewarded thetz production, and unrgwarde&

theta production duriﬁg the' S8+ portion of each daily light/da;k

discrimination training session for 6 rats.
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, Flgure 6. . . . .
L Stimulation intensity/response functions for a typical rat comparing
L
. , .
bar~holding with revarded and unrevarded theta production.
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A. The effeét of decamethonium bromfde ( 0.2 mg/kg, 1.p.) on 3 rats.
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. The effecf of pimozide (0.5 mg/kg, 1.pe), on bar-holding apd‘the theta

- e,
response for two rats.+ The drug was Injected 4 -hours before the start of

the segsion. !
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Figure 9. \

The effect of pimozidé on alternating respomses.

A 'Every 15 min, during the first 2 }ZZ hr of the sesslon, the task.that
ecarned ESB alternated between bar-holding and theta pfoductiona Pimozide
(0.5 mg/kg‘9 1.p.), Injected 4 hz before the séssi@n began, suppressed

both respomnsess

B. Theta trains, produced while the bar vas avallable, vere not revarded
. ¥

7 \ v M

and appcared at. a relatively congtant rate afte¥ the saline injection.

In contrast to its effect on bar—holding and rewarded theta production, ~:

pimozide did not suppress unrevarded theta production. Thereforey

k3

pimozide did mot affect theprat“s ability 'to produce hippocampal theta.
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Preﬁe@ences° for the side o? the shuttlebox asssociated with each type of

Fantde o
L) - 71

Pigure 10. . . 3

S . Ll
response in a cholice osituation. Pimozide injections abolished the

preferences previocusly demonctrated for each mésponseo . °

A. Rat 29 preferred the side where theta earned ESB in the comgrol, -

condition. After pimozide, this rat spent more time on the side where

the bar was availdble but did carn ESB. !
- o o .

B. Rat 6 preferred the side where the bar was available in theécqntrol-

condition. After pimozide, this rat spent about the same amount of time . .

v

on each side although it did not continue to respond.
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Schematle diagram of theta trigger. ' . A
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) RL sets the wminimun voltage requirecment while RZ seto the upper limit.
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