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tBlock 20, (Continued))

The rescarch was designed to prove the vahidity of four theses: (1)} Rats can detect
TNT vapor wvia their olfactory funcuon: (2) Trained rats will operantly signal the arrival
of TNT vapor at their nares: (33 Rats may be trained en masse to function as biosensor
detection systems: (4) The electroencephalogram (EEG) of trained rats contans specific
signals uniquely related to their awareness of I'NT vapor.

Albino male rats were equipped with four chronic indwelling brain electrodes. three
“of which were e¢lectroencephalograph (F FG) pick-oft ¢lectrodes juxtaposed to the dura
maier, while the fourth lead was a stimulus electrode embedded in the medial forebrain
bundle (MFB).  Electncal bram sumulation (EBS) was applied to the MFB twhich has
been tcrmed a “picasure co snter*), as a conditioning stimulus during training an« reinforce-
ment sessions.

< Subjects were first conditioned by operant methods to associate the p.esence of
TNT vapors with EBS and 1o signal awareness of the target substances by treadle pressing.
When it was established that the animal clearly recognized the relationship between TNT
vapor and the availability of EBS, the subiects were further conditioned, using the methods
of classival conditioning. to expect .EBS -gratis--on a random reinforcement schedule.
only when TNT was present. Since no operant response was then required, toe treadle
was climinated, and the subject was severely restrained during the training to minimize
motor artifacts in the EEG. FPollowing the initial classical protocol. randomly sequenced
olfactory stimuli ¢ TNT or neutral edorant) were dehvered in simulated search paradigms.
IF'BS was withheld during these search sesssons to simulate “'real world™ conditions. Rein-
forcement sessions, penodically interspersed with scarches, assured that no extinguishment
of conditioning ovcurred. .

The four theses poslul.md above were proven mdmduallv It has thus been demon-
strated that properly conditioned rats can. in fact. be unlwcd as sensory elements in bio-
WNOT explosives detection systems.
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METRIC CONVERSON FACTORS

Approximate Conversions to Metric Measures

Symbol When You Know Multiply by To Find Svmbol
LENGTH '
in. inches 2.5 centimeters cm
ft feet 30 centimeters cin
yd ‘yards 09 micters m
‘mi miles 1.6-° Kiiometers km
' AREA
in? " square inches 6.5 _ square centimeters cm*
ft2 square feet 0.09 square meters m?
yd? square yards 0.8 square meters m?
mj? ' square miles 2.6 square kilometers km?
"acres 04 hectares ) ha
~ MASS (weight)
oz ounces g . grams g
Ib pounds 0.45 kilograms kg
. short tons 0.9 metric ton t
(2000 tb) _ :
VOLUME
tsp teaspoons 5 milliliters - ml
tbsp tablespsons 15 * milliliters ml
in.3 cubic .nches 16 milliliters , "mil
fl oz fluid ounces 30 milliliters mi
¢ cups 0.24 liters |
pt - pints , - 0.47 liters
gt quarts 0.95 liters I
gal gallons . ' 38 liters 1
ft? - cubic feet 0.03 cubic meters m?
yd? . cubic yards 0.76 cubic meters m?3
TEMPERATURE (exact) . i
°F degrees 5.9 (after  degrees C°C
Fahrenheit subtracting Celsius : : » -
32) .
)
i




Approsimate Conversions . '
from Metric Mausures

Symbot When You Know Multinly by © Totbind . Svimbol
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mm mitlimeien CRIZ S mches i,
o centimeters 0.4 imches , in.
m meters 33 feet , .
m meters i1 yvards |- vd
km Kjiowmeters 0.6 mifes mt
ARLEA

- cm? square centimieters a.lo sque o inches 4 in?
m?3 seuare meters 1.2 squi 1e yards o oyd?
kni® square kitfometers 0.4 s(qu e miles mi?
ha hedtares | AR acres ’

(10,000 m?y
MASS (weight)
g prams 0.035 ounces o7
ke kifograms 2.2 pounds . b
t netric ton 1.1 shiet tons
11600 ke)
VOLUME
mi miafliditers 003 flurd ounces flos
ml millihters 0.06 - cubic inches in.?
1 liters 21 pints - _ pt
! liters 1.06 quarts qt
1 htters ' “0.20 eatlons gal
m? L meters 33 cubic feet e
m? Me meters 13 cubic yards - yd?
‘ TEMPERATERE (exact)
°C degrees | —- OS5 4then degrees i °F
Celsius add 3y Fahrenheit
C xi
///




INVESTIGATION OF BEHAVIORALLY MOIMFIED RATS

FOR ! SE IN EXPLOSIVES DETECTHIN sYSTEMS

L INTRODUL TGN

1. Synopsis of the Esperiment. The recearch discused in this report i
concerned with improving the n;wrat'iunul reliability of animabs emploved as the sen.on
element in explosnes detection ssetems, Four basie theses were mvestigated. and the
research risplie e eae h of these areas represented an original contribution to the deselop-

ing field of biownsor detection svatems, The e theses are

Thesis A: It i po-tulated that rats ean detect. via their olfactory enson
function. s<ome component of the military explosive 2 Eertrinitratoleenes (ENT) in minute
(quantities,

Thewis B: It i~ postuated that of Thesis A i~ true, then proper behavioral
comdhitioning can cause the animals o operantly <ignal their awarene<s of the presence of
~some effluent of TNT i the ambient air,

Thesin C: It is postulited that if Thesie B is true. then it ~hauld be posible
to_train <veral subjects <imultaneously (as opposed to the traditional method of in-
dividual wquential conditioning of multiple test sab: jects) using a semizautomatic test ~ta-
tien emplosing operant and classical couditioning paradigms, '

‘ .

Thesin Dz 1t is postulated that ff Thesis B is true. then it aay be posaible
to elucidate come <tatistically significant change in the' comtical electroencephatogram
(EEG) of the test cubjects after the act of detection has ocenrred and prior 1o operantls
signaling—or, in the abwenece of the opportunity to operantly signal—the .|¢~|m-'(iun_
Phrased differentls, it <hould be ;m--lhlr to elassically condition lhv test subjects to an-
ticipate the reward that was heretofore fnnlu-mumg only s a comequence of an operant.
The «ate of cerebral arousal resulting from the anticipation should then resalt in an an-
1t tpatory évoked -pﬂtml change (AESC) in the curtical EFG.

The overall research o ffon spanned a period of ‘over 4 v during which two
basically ~similar experimente—hercafter simply labeled Experiment 1 and Experiment
[l— were prrformed. The research demonstrated that each of the four postulates is true in-

sofar as laboratory sxperiments can senifs these pemtulates, For the most pragmatie

verification, it will be necessary to train a large nuniber of <ebjeets: equip a portable
detection system with ‘the subjecta, suitable miceoprocessor deviees, air inlet deviees,

e Mottt b+




alarm devices, etess and exercise i series aof double Bliod fiebd tests <imilar to those
Cemploved with ather subject< Oulv after cuceessful completion of sueh tests can one <t
unequivocally that & new ~h~or svaiem has been developed,

2. Research in Sensory Svatemis, In this decade. maukingd faces a eritical threat
brousht about by the <haftin the effectiveness of the activities of the eriminal element of
sowiety relative o that of the Law enforeement and regubatory agencies of Gl nations,
Crimes against the individaal and against Society i general are escalating for reasons
which appear te be hevond simple rationalization. The causes are got geenane here, bt
the appearance of inercasiighy cophisticated activities on the part of the contra-ocial
clements of soctets demands the coneeption, deselopment, and deplosment, of traly effec-
tive methad for chmh.l-huw the effectivences of eriminal operations, llnv- research is the

dhireet pesult of one <tep towant thi -mal

One of the more chilling erininal threats toedi v i the potential for so-called
radical or terroniat zroups to deploy and detonate explecise deviees in public areas with
sictually zern probability of predetonation deteetion of the deviee, The ultimate hor-
ror—the e of paelear explocives by thewe groups—may aceur within the neat decade
unless some eantam leaps forward are <oon available in the wieneelant of explosives
detection, The probapility of “naclear terroriam™ depends upon the effectiveness of the
sateonaras which <hield fissionable materials from reads aceese to skilled intruders whao
woild almost certainby find it necessary e vee high explosives 1o ain aceess 1o these
materizls, Wis evident that trudy effective explosives detectors ane desperatels needed for
s in those publie areas susceptible to theeat and in the aceese pathwass to the strong,

but not impenetrable, nuclear storage areas,

I <pite of the importance to societs of adding o the armessaecum of law
enforcement clements, there are only a few hundeed persons knewn to be actis ey engaged
i research and deselopment activities direetls eelated to explosises wensing <sstems, This
aatl) <eientifie community. faeed with a task which has hitherte prosed o be virtnally
impossilile o a practical basici seems 1o b’ dawly ddevolving inte two group
philocophies of detection rescarch, The dichotimy thee senerated resolves to the follow-

ing rescarch caterories;
Group Vi Phycicochemical wensors,
‘;rullp ": “iuwu-ur-.

Fach group is ap |o.m'm|\ strongly persuaded lh.al their .qnpm.« e in bt snited
to the purpose. and. while there Ie lmrm.all\ lmlo- active umm-mml cach t the other, theer

i~ also Iml-- mnlu.nl tntereed. . . . .
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"

B. and | have wiempted to maimtane o bich degree of abijectivity in the rationale or
welection of the aroup as the one most ikels 1o achiese the detection coal i the near
future. Prior tediscussing the merits o Groap B sensor svatems, it woudd be weldl 1o eon-

stder bricthy those eehmigques which L in Group L. Group  erebiraces <ome venven-

tional techiniaes which are nothing more than atiemplts to aedapt <omee em of ot en-

tional Laboraiors equipment o fiekd vl Virtually hundeeds of <bemes have bheen pal
forth which purport 1o provide ~ome improvement in the effreacy of the wa-
chromatograph 1 GO the mass spectrograph (M the plasing chromatogeapl (100, or the
vambinations of these svstems (0N MN and PCMS). These are tnstraments which Tunetion
well in the baborators bat wihneh uften prove to be impractival for use i ficld <erviee as

1'\|l|n-i\0'- detectors,

The reasons fore this fow utility are prazmatie, This clase of instrumentation i-
cither very frasile and. hf'nn'. nel truds lr.un;mrlalhlv tas an explosivesletector g_u-nc:l".|||\
MUST b or it ey are made to bee riageed and thas are lrunqé.ﬂ.tl'lo-. the eust is upaes
veplable for woneral use even when ceonomies of seale are constdered. Bt -mes
_stnificanthv thewe tnstruments teseept for the PCL whether ﬂ!:::_ﬂ!'(" ar Fravile. cannet by
their natare be made 1o operate ineeal time, This ieca Gtal flaw ] sinee afterthe-fact ex-
plosives deteetion, mnans casess s faval to the search deviee el to ans human operater

unfortunale enouvh o NTRRRLTTATIIS i,

L addinion o the svagems deseribaed alwwve, Gronp b alsa contains o vast arrean
of ~ehemes which v some lorm of clectromagnetiec detection, Vunwrouns attempls gt ex-
plosives detectnion bave ased techniques cangimg from sophisticated adaptations of (W
radars, hort- and tone-pule radare, vrane and Gammieray and neatron cadiation o <im-

ple schemes. cuch as the balaneed RE (radienfreguenest bridzes ween i comtenmporan

commercial and carly mihitaey devices, These desices will wsanally detect in real toune

<1 <n bt there are otheraspects of performanee which render them generalls useless,
These problems are well expressed in the often-heird phease, “deteetion is not really the
problem—=the peobilent i~ dne of identilication.” Indeed. most of these svetems can, with
varions degrees of sueeessdetect anomabies in the .unlsia-m'c-u\irnmm-m. bt thes will nent
unigquely deteet explosires, and thus thes are essentially useless in the desiend detection
service where Ingh detection probabulite. must T ruupl--,l with a low falw alarm prob-
abilits if warches are o b completed. in i timebs manner, This Littee consideration leads
tothe two final factors which must-becomsidered relative 1o the techaigques of Group A,
Fhese are the Tactors of sensitivity and «peeificis, v

There are nmerons eelatisely innocnons chemical componds which have

moleenlar structneal companents similar o these in evplosivesand a practical detection”

. . ' . . - .
deviee must beocapable of selecting some physical factor or groug 7 factors which will

3. Physico-Chimical Sensor. Obviousiy. the research desestiand bere falls tnta Group




unequivocally indicate that the suspect substanee i< or i< nol one of the inimical <« Far-
ther. the deviee must be able to function with i reasonable false alarm rate (< 15 per-
cent] in an environment where the effective signaltoeclutter ratio may be mach less than
unity, and thus high specificity is absolutely an eccential operating parameter if low fal-e
slarm probability is 1e be obtained. Finaily. the <vsem st be capable of safficient «wn-
siiivity to permit detection w hile the target is not immediatety proximal to the detector, In
practice, the range of detection should be measured in feet, not in inches, and thi
stringent requirement. coupled with the need for real time detection annunciation.
presently eliminates most physico~chemical «chemes from ans w'rimr- constderation for
use ax portable explonives detection systems, or fur detectors for «enviee in which the target

nbjeet is in motion (e humans in portals. eorridors, oter. ,

4. Biosensor Research. Biosensors, the svatem of Group B. <how pramise of the
ability to overcome many of the objectionable characteristies inherent in the, Group A
sstems, but they are not without serious flaws,

In order to elucidate the arguments for bivsensors. one must first define the term
hiosensor a~ it applies to the research. For the purpuemes of this research. a biosensor i
defined ae a setisor element (or a total sencory watem) which vither consists of a living
organi=m of which is an in vitro application of ~<ome life process, The Latter category em-
hraces svetems emploving enzvmatic chemistry, immunorenzy matic teehnigues, olfactors
receptor protein utilization «chemes, and a few other experimental approaches which will
not ‘be discussed here,

The former (in vivo) categors . directly addresses the use of living ereatures
which are in «ome manner structurally or behaviorally medified (or bathy to «erve cither

as a ~sensory element or as a total detection <ystem,

The mast popular application of animals to date has been the nse of behaviorally
medified dogs which have demonstrated astonishing. performanee in thousands of
documented tests of detection emploving a sariety of targets suech as drigs. explosives,
humans, and w on. While dog save performed r\ln"rlic-ly well. even the meont dedicated
hiosensor enthusiast must admit that the phraee "c-\lrrmrvly well™ i an evieamium which
;wy be undesersed. sinve presently their averall performance leaves muck, to be desired,

The basie objection 1o dogs and other intact animals which are bebas iorally condi-
tioned to detect some substanee i that theie performaniee varies from hour 1o hour and
from day to day, and the user is never certain that the ultimate performance is being ex-
tracted from the animal in any given search. There is no reason to believe that these
animals are always willing or even able to perform at naximum swensitivity and <pecitici-
tv. In fact, Army canine research programs have demonstrated? that quite often a hitherto

Ndan BV aned Ceasttie. D1 “Mine ivtrcting ( aninws Hequent .;.HT. o~ Vemv. MERADEOM. By Relvene.
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dependable animal will suddenly choose not ta Function as 1 detector. and vet there s lit-
te or nothing apparent in the observed behavior 1o indicate that this biosensor is in g
“failure mode.” Such failores have been disastrous to the point that it might have been
better 1o bave used a cautions human <earch or some slow but peseibls mwore dependable

biosensor ssatem sueh o< an enavmatie detector in preference to the Bving animal,

tn view of these pegative aspects of animal behavior, the anlimited use of such
svatems bias been viewed as suspeet by many potential users. Aebditionaily . animals may
exhibiv totally unespected traits o tense situations, such as on battdedields or in crowded

area= or where the geophssical environiient is unusaal.

11 there were methesds availablc o eliminate the effects of indifference. fear.
and whatever other emotion might cause failures in performanee. then animals might
well be the detector ssstem of choiee i many seenarios, Cegtainly there can be no valid
argument against the statement that, for explosives detection wenvice in such diverse en-
viconments a~ in buildiags, on urban streels, on bridges, along railroad tracks, in
vehicles, in aireraft, in tunnels. and <o on, the animal with ite proven ability 10 ignore
most clutter, is the best all-purpose explosives detection ssstem carrentls available?

The <earch for @ method of eliminating most, if not all. of the andesirable aspeets
of intact-animal sensor< culminated in the researeh peograns which is the subject of
Thesis D,

Firsl. it wae necessiry fo select o cuitable animal  iwee paragraph 5.
“Test Subjects™) which, by s aature, would not maaifest wany ol the undesirable

character traite noted above, Then it was wecessary to deviee @ scheme whereby this

animal conld be induced o i targetanbstanees tdeseset explosive effluents) with an- -

prevedented cingleness .of purpose. white at the same time maxmally esivosi, 20
natural ahility to diseriminate the decieed target substaace in the preseace of estremely
heasy elutter, . ' ’ '

© A bacie assamption at the initiation of the reszarch was that the ultimate overall
syelem performance would e attained if it were prrsibile 1o elucidate the presence of a
unigue event in the cortical nearal activity (anticipators evoked speetrai change, or
CAESChof a suitably conditioned subject. following the introduetion of explosise effluents
into the air provimal to the cobject, This coneept asstmed that the anticipatory event
“would occur as the subject cotemplated carrving ont an operant act of annunciation
which, during ite training, had evobed o highly desireble rewand when the targe

I rren appens b coqoat detestiom prodabalae o g sople Cldack ben™ weondd requie 4 cnmodes arruy A
chemp al svetrme ot caquseitr aned ae vet e aitainabl wgdiaciin st Thea come stenation, s abditson (0 beg e eAprasne
rven b comvtemplatr i pererar wersier. wiahl veer hkels e bo large amet eavs 1o le cvovandrrmd puettabile, baere the u;r
o btemettacs ciwh e the cnsvme cvarne teded carlier ate e fuerarealids wtibe 1o dos tembas er 18 cel wrvue,




+substanece was present. Hothis event could e unequivoeally identified. then an act of an-
nuneciation an operant) on the part of the animal would heeome unnecessan, and he
VRS alone, properds ddentified by o microprocessor, would <ignal the presence of a

target ~substance with high reliabilits

Obvioushv. with the elucidation of the AESC, there would exist g firm basis
for the deselapment of an explosives detection sy<tem which ueed an intact animal ahos

requiring oo claborate support svstem) as the sensory element,

T <honld not be infeered from the foregoing that the unavailability of some
form of AESC wonbd render <aitablby trained animals useless It is quite feasible to use
two or more small animals ina portable desiee wherein cach animal would operantly
stanal that it has detected a target substanee. The probability that theee animals would
szl e Fadse positive within the period of 15 < or <0 is cmall—possibly 0010 or less,
Therefore, such i system using majorits logic decision eriteria would be nearly as effec-
Bve s o ssstem usig one animal which clc-liu-r,'-nl an AESC ta a micracomputer.,
Hosever, the Togistical and other practical considerations inesitably lead to the choiee of

a singhe-animal ssstem af at all possible,

3. Test Subjects. In the broadest sense. the term “hiosensor™ relates not only to
the animad and segetable Phavlla bat al<o to the various in vitro wtilizations of life pro-
cesses, IEwas nevessary early in the conceptual phase of this progeam to narrow the field
ol consideration to embrace only thase biosensors which could show @ potential for near-
Tuture utilits 0o detection research program. For this reason, only living sensors were
svaluated, and this catezory was anickiy reduced to inclide ondy the animal Phy Ha.

; Within this grouping, the optimum choice of subject was not clearls evident on
first comsideration. for there aee reports in the literature which aseribe all manner of <en-.
sory capabilities 1o nearly every elass of animal. '

Stnee the research progzam was not designed to he an investigation of every
peossilile” parameter of evers conecivable hiosensor svstem, it was necessany o establish
certuin eriteria prior to the selection of o test subjeet, and the fiest, and possibly the most
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unportant, eriterion had 1o do with the modalits of defection tsee paragraph 607\ Qs
ton of Modaien™n \n extensive eftort on a prior pruﬁrum‘ suggzested that elfaction wa-
the most suitably modality to consider for thi= rescarch. wnd, cansequently only those
antmals which coald be chown to exhibit macrosmatic chacacteristies were cousidered a-

candidates for exprerimental subject”

Thi~ requirement narrowed the field of consideration vather quichiv, Reptiles
were imediatels excluded sinee they appear to eshibit bich <enstivity for ~lee-
tromagnetie radiation in the infrared region, bt there was o cvidenee of osmatie

exeellenee,

Maost birds hanve been shown te eshithit no macrosmatie tendenetes” which w not
~urpricing sinee theve as man have evolved <acle that vision i~ the doninang <ense. tn-
~eetsc the Bombyy moth in particular. bave heen shawn e exhilin an astonishing offae-
tory sensitivity on the order of 107 ol fraction*™™ bt this great <ensitivity aprparent |y
1= himited 1o the detection of the Bombay female e\ pho-mmnm-. Frdewd . the clesant en-
preriments with these moths at Man Plank Tnsitiit failed 1o demonstrate this Bish wen-
sitiviey tor any substanee other than one <peeific pheromsone Gltismgh there was <ome
evidenee of apusaal <ensitivity for cedain mirients), Siuee there wos no evidene:
avatfable 1o indicate that any inseet \\nlllhi display ans terest sy or extreme sensitivity
for any explosive substanee, the invertibrte animals were exehaded Trom <erious con-
<ideration, '

“The second important eriterion refated 1o thesease with whick e candidates could
be trained. or conditioned. to reliabls perform a specifie tash, Obngonsbv those animals
which previously had been <hown to e casils trained and which bad denwnstrated high
refiability i performing e the triining protocol were given primary conxideration.

In the combined factors of these two eriteria led to the selection of mammals

as the optimum chiss of sabjectss Theno it was nevescarsy to welect, frian this enormons

clase. the best subject for this particular research progeam, Nearly all ammals appear to
oy - ‘ . Ly . . Lot
eshibit macrosmatic capabiline . except the onder of prisates, tEven i this onder, anly

Homo sapiens is not capable of Fairly high osmatic seastivity ) Farther, wost nunamals,
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even those of the order Rodentia. can be easiiy trained to perform reliably a great variety:
of tasks: and it must be noted that these ereanures appear to exercise some: remarkably ad-
vaneed feasoning in ackieving their performance, '

Until vers recently. there have heen no attempts 1o quantify the limit of -
sensitivity of any mammal to a ~pecific olfactery stimulus, The reasons for this dearth of
reseiarch appear to be lack of interest (at the finaneial level. not the cientifie level) and
iack ol wdequaie laboratory apparatus with which to measure this quantity. The fate of
the current sensitivity research is nat a ~uitable subject for speculation here. but the
problems of technique and instrumentation are formidable. and some time may pass
Lefore incontestable data are available which show_ the true olfactory sensitivity of any
animai to substances manifesting low vapor prc-.-éun- (~uch a~ TNT. hevomn, ete.).

In the interim. the mammal must be judged by the results of careful testing
against @ small set of target substances, These resalts when compared (o those obtained
Ly unv other detection scheme in the area of explosives and.narcoties detection (admitted-

Iy a someshar subjective process at best) show much to cecommend mammals as hiosen-

ssovs, Speeitieallve most of these animals appear to exhibit a very high sensitivity to a wide

spectrum of tacget substances while maintaining a relatisely low false alarm rate, Sinee
the terms “very high™ and “relatively low™ are subjective, it is p«-‘nim-nl to ~tate that in
aam series of tests (in one research progeam' ') dogs exhibited 0.90 probability of detection
andd & 15 probability of false alarm—an exeellent performance record for any detection
svatem. especially i 2iew of the faet that the odorant substances were contained in Army
laird mines which -are waterproof (and ostensibly airtighty deviees. One must also con-
sider «he faet that these miiies were buried o a depth of at least 3 in. (top surface of the
mine to the averzre surrounding land surface). '

An enormous hody of non-specific (or anecdotal)y data relative to manmalian olfac-
tory. detection is in general agreeme: o with these results. and these anecdotes must be
given due eredence as a selection eriterion. especially since <o little truly objective data

'

_are presently available, . C

Having thus chosen the class of mammals for detection service: it remained
to choose the specific animal best suited 1o the research program. A great number of -
genera and species of animals have been used in experiments related to explosives detee--

tion, as Table. 1 may indicate, : '

Nolan. Ko V. and Geaseree, 10 L Mo vetecnng ¢ amnes”™ "r|;uﬂ 2207 L0 s veme, MERAIN OM, by, Bedsanr,

Virginsa (1977




Table 1. Animals Used i Fxplosives Detection Studices*

Antmal Number Used Genus and Species
Badger 1 Taxidea taxus
Coatimundi 2 Nasua nasua
Coyote ‘ 4 Canis latrans ‘
Coyote/beagle cross 2 Canis latrans X Canis familiaris
Deer (white taih) 2 Qdocoileus virgmianus
Domestic Doy 83 Canis tamihans
Ferret 4 Mustela putorius.
Fox (Red) : 4 Vulpes vulpes
Hog (Red Duroc) | 4 Sus scrofa domestica
Javelina 3 Tajacu pecan
Miniature Pig 4
Opossum 3 Didetphis virginiana
Ruaccoon 4 Procyon lotor '
Skunk (spotted) 1 Spilogale putorius
Skunk (striped) . 2 , Mephitis mephitis
Skunk thog nosed) ! Conepatus mesoleucus
Fimber Wolt 4 . Canis hupis

* Eatracted trom US Army MERADCOM Report 2217, “Mine-Detecting Cantnes,” dated 1977,

In addition 1o the foregaing set. the US Navy has experimented P‘l(‘lhi\'(’ly
with' Cetacea (the bottlenose porpoise) and other marine animals. and several |Inhvr agen-
cies of the 1S (and some foreign governments are currently investigating stith other man-
mals for explosives and mareoties detection serviee,

A~ noted earlier. the dog has heen. and continges to he. the animal most often
selected for detection serviee, The criteria for this choice may bie largely based upon emo-
tion rather than reason. since dogs have numerous highly undesirable traits and very little
of a practical nature can he done to increase their reliability.'? ‘

To be useful in most searches, the detector shoubd be man-portab!s and disguisable
i, ~ome ordinary item, and thix operational parameter suggests the use of. a small
(<500 g) mammal as the sensory clement. This animal must be macrosmatic and of a
genera which doex not evoke social comment should invasive processes. such as brain
electrostimulus be used in controlling it: and this caveat leads to the inevitable conclusion
that some small “laboratory™ animal would be ideal for this type of service if it could be
induced to function as a sensory svstem. - ' ' o

Unddoubiendls, there peeformance vonld be sastho improsed by the e of etectricsl bram ~timuolus, bnst shis procedure. or ans furm
of phyaicalby insasive behavioral control in the case of “man's best tnead.” s probabds anaccepial-be to comtemporan sciety,

om et e e e




Wi deabttul if any animald eelics more onolfaction than the rat which probidis
has sunvived as o mammialian orded Lireely beeause of its macrosmatic capabilits. The
rat ~eehs watsr, food. mate, and domicile do that order) by smelll and theee is evidener
that a sEodsUand deafened rat can survive for long periods in its nataral en-

vieonment--a feat probabls unequaled out<ide the order Rodentia,

\p cential eriterion to be met by the test subject i< unittosunit reprosucibiling,
Mot spectes of rats used in researeh are ideal sinee a tremendons degree of in-hreeding

fas resubted in strains which are‘remarkably alike both stracturadly and emotionally

Following this logic. the rat tamd ‘within the species. the V.\'pru_um--l)zm fes strain
wtimately was chasen for this work, These antmals, when aduolt. achieve @ manimum
weight of about 300 20 attain a body lenzth of about 20 em. have a relatively doeile
nature. and evidenee no intense nataral fear of man. A~ in the case with most Rodeatia,
these animals eshibit no affection toward or dependence upon humans, and there s
generally o reciprocal response on the pant of Homo <apiens. This final factor i of
significance sinee some mamnnals (most notably dogsy obviousts need emotional s well
as ststentative support from man in onder to function as a deteetion ssstem, and this
dependence can cause serions problems in deplosment. For example, if the regular
handler is not availables many dozs cither retuse to search or will peeform <o poorly that
any zlert <ignal is suspect, and the detection probability is indeterminate, '

Further, the human lvml«-m-:\ toward emotional ties with animals s often
uimical to detection serviee as witnessed by the repeated failure of dog handlers to follow
preseribed reward resimens in \rmy tests, This practice perhaps <atisfied some need on
the part of the handler, but it quickls led o an inereased false alarm probability during
long test sequencesinee the dogs soon realized that g reward was to be offered at cach
alert <ignal even if therecwas no tareet substanee present. There is no tendeney toward
this improper rewanld ~.\m|rn'nn~ in the case of rat handlers, and rats do not appear to
distinguish between individual humans, o that therd is no edident variance in perfor

manee with any number of ditfereat test operators,

6. A Question of Madaiity, The use of animial biosensors immediately evokes
imquiry as 1o the nature of the sensory process imaolied in detection of lvlu-_mr;:vl ~ub-
tance, 10 is not a simple matter o define, and mucl) controversy exists as te the exact
ature of the process or processes at work in thése anm als—principaily dogs—which have

acvumulated a lencthy performanes histors,

A hizhe decice ot scprodiedakay was obsenved epeatediy dunme the eecirch e witiesaed by the sieeese sate of electemde
evphant aned by the Bodiveseab coanlic Needleas i s the wibtommmt <ton aral combarets allows the avaidabile dereotacie atlas
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It is difficult for some observer to imagine that a sensory modaliny other than
olfaction i~ in operation during tests where there are ne visual clues diseernable
humans and where the target emits no sound evident to human. but the existenee of an
unrecognized <ensory modality i certain animals must be acee pesd as possible, il not
likely twitness the recent diseovery of electrical gradient sensors in <ome fihy A present.
howeser. there is absolutely no current seientifie basis for such a prvmi#e- in the case of
nammals, One might speculate that mammals may hase a magnetic «ensory modaliny
similar to that demonstrated in pigeons, but none of the test data available 1o date in-
dicate that any magnetic anomalies are caused by the presence of @ <mall amount of puee
esplosive of any type. Nor s there any detectable eleetrnstatie influenee exhibited by
these substances. In short, no electromagnetic disturhance can b atteibuted o these par-
tienlar classes of test target substanees by state-of-the-art instromentation, hut then. in
most eases, statesof-the-art physico-chemical instroments cannot deteet tareets which
animals can readily locate, -

The arguments favoring olfaction as the single deteetion modalin are really not
much more persuasive than those whick elucidate the likelihoad of ~ome mysterious
modality to which humans are not privy. However. the halanee of current opinion—and it
can only be opinion—seeias to favor olfaction as ihe dominant. if not the only. «ensor
modality used b explosives dviw-ﬁn;_' animal biosensors, and the research was stroctured
aceordingly. The performance of the test rats appears to attest to the validity ‘of thi-
Spremises sinee the test subgeets readily detected the presence of TNT sapor in the ambient
flest cage) air. and vet they were at all times physically removed from the test odorant
substances by at feast 1.5 m with the only conecivable communiecation between the'siab-
jeet= and the target substance being a contained air stream - directed from the odorant
substanee, This fact argoes strongly for the single detection mml.llll\ of olfaction. at least
in the case of rats, oo

Olfaction. A physiologist addressing a group of medical students was onee heard
to define olfaction as “the vacuum of physiology.” This is.an apt definition as is evident
after a lew hours of cursory examination of the reference inaterial cited in the

bibliography. The lilerature of nlfa('lmn exhibits a ~tr|km-r contrast to a similar sampling .

of the .works related to visual physiology. The texts dealing with olfaction are highly
speculative in nature and tend to offer little conerete evidence as 1o the nature of the
neural processing of this chemical sense, whereas any current text in "em-ral physiology
will define the visnal svstem in great detail nmrphulu«vlmlh. amd may even delve
-mm'whal into the subjective nature of the visual c-\p«-rwnm- ’

Homao sapiens evidently made a collective evolutionary “devision™ 10 adopt vision
as its dominant sensory modality. and thus vision hecame eritieal to species survival,
while hearing. at least in modern man. i< much less significant to survival: and olfaction
amd gustation are hierarchically far below audition in survival significance,
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‘The order of survival significance in man is also the apparemt order of research
signincance, and thus the relatively minor knowledge of the physiology of olfaction iz
understandable, but none the less disturhing for those scientists involved in biosensor

detection system research.,

There is little merit in incorporating a profound discussion of the current know-
ledge of oltaction in this report, but a few observations may be pertinent in view of the
fact that the research team collectively pnwumed olfaction to be the mmlalm of det-ction
used by, anjmal biosensors,

There is much controversy concerning the absolute sensitivity of animals to
odorant  stimuli. One philosophy holds that animals—at least macrosmatic
animals—possess an inherently greater receptor sensitivity than that of man, while
another persuasion suggests that the basie sensitivities of all mammals are similar, but
that a vast difference exists in post-detection signal processing. '

Those who embrace the concept of inherently greater receptor sensitivity point
out that the olfactory mucosa in macrosmatic animals is far greater in area (when cor
rected for body size) than that found in humans. They note the presence of the
vomeronasal epithelium which adds to the total sensory area in animals (this drgan is

~vestigial in man), and finally, this group notes that the ratio of the mass of the olfactory

bulb and the mass of the related neural structures in the cortex and limbic system to lhe
total non-olfactory cortical mass is far greater in lower animals than in man. The prin-
cipal contention of this group is that the greater mucosal area equates with a greater
probability of capture of odorant molecules at a receptor site, and that this fact alone
could account for the apparent divergence in sensitivity. Some proponents of this concept
argue that since olfaction is vital to survival in many mammals, the process is further
augmented in these species by receptor sites of superior sepsitivity at the molecular level
of environmental interface. .

Certainly one cainot argie the points of morphology. The ratio of olfactory neural

.stiucture mass to total cortical mass is indeed greater in macrosmatic animals than in

man. and the receptor site area is certainly relatively larger. However, there is currently
no conclusive evidence of superior sensitivity at thé level of the receptor proteins of infra-
human mammals. In fact, there is no.universal agreement as to the nature »ud function of
the actual receptor sites, and thus, arguments as to the relative sensitivit,  _eceptor sites -
are somewhat specious at best.




Just as there is no aceepted madel for an olfactory receptor. there i~ alo no
agresment as to the natare of an odorant, Over thé past century. several prominent
physiologists have attempted'* without success to classify odors. Some scientists have
tortuously argued that as few as four basie odors could aceount for all known olfacton
sensations in man since there are supposedly only four basie gustatory stimaodi, and el
man cen identify thousands of individua! taste sensations, Other opanions have argued
that there are unlimited stimuli. each of a different nature, which somehow react witl. 4
set of {possibly) identical receptor proteins in such a manner as o produce the variety of
observed sensations, 4 '

The second philosophy noted above has little relative concern for the exaet process
of stinmlation. and holds simply that the rec~ptor mechanism is most likely the same in
all mammals, however it functions, and henee all thould exhibit the ~ame <ensitivity ex-
pressed a= a mol fraction at the receptor site. 'l‘hvu.‘i.vman “nd other animals may be equal
in ability at this point in the olfuctory system. If this is true. then the basi. difference in
the ability of man and macrosmatic animais to detect and define an odorant must Lie en-
tirely in the nature of the post-detection signal processing. Cain®® has elaborated an ap-
pealing simile wherein he likens the ability of macrosmatie creatures to detect and iden-
tifv smells to man’s ability to visualize in a eribe and then to rotate this cube o that a
mental inspection of all possible aspeets of ‘the cube relative to its imagined en-
vironment is made. An animal may wel! have the ahiliiv to examine an oifactory stimulu-
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i this abstract manner and by this means to exelude all, or nearby ol extraneous puts

from the ambient environment, Pr. Cain postulated that sucl abstraction may be the pree

per funetion of the large olfactory neural <sstem found in macroamatie animals. This con-.

eept allows ¢ rational explanation of the obsernved functional ability of animals to deteet
one spevific substanee i the midst of vastly more prevalent odorant="" Possibiv, then,
ceven the humble rat po-sesses an ability for abstract thinking in olfactory tenns which
humuns cannot readihy hmagine,

8. Conditioned Behavior. The phrase “conditioned behavior™ is frequently ased b
<etentists to define a learning prm-v'--.lhmu::h which an avimal—he it worm or man—ean
be cansed to deselop a speeific pattern of behavior in response (o a specifie set of <tmuli.

In the face of considerable dispute. Rene Descartes. in 1664 e~spoused the then
revolutionars coneept that evepy action of evers organi=m is the necessary iesnlt of the ap-
plication of some external <timulus. Two centuries Later in 1898, E. L. Thorndike ' began
the first recorded setentific investizations of the response of \;lriuu‘- antmals to en-
vironmental stimuli. Shortly after this in 1907 L P Pasdoy™ aldes bezan to investisats
the reaction of animals to controlled stimuli. In the 1920~ and 1930~ Thorndikes work
was expanded. by S0 Miller and J. Kanorki in France amd by B, F. SKinner™™ i the
United States, .

Thorndike originated a protocal which is teemed “instrumental conditioning”™ by

~ome authorities and “operamt conditioning”” by others. The work of Skinner in this area

i~ hasically an elaboration of the pioneer efforts of Thorndike, amd the term operant cons

ditioming was apparentls imtroduced by Skinner in T938.** Sinee this term i perhaps

more popular in current terminology, it will be used throu_hout this report with the ex-

plicit andeestanding that it is wtally fnterchangeable with the teen instrumental condi-
.

Honing,
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Operant conditioning - exemplified by one o5 the experinents of Thorndike
“where adog was trained bocescape From g pazzle bon™ b arder to oo g morsel of fond
aiid the companionship of his fellow Taboratory animad= b order i escapes and thu-
Saehiove e reward, the antmal was respuriedd to preeforss soane act—an operant—sueh a-
pressing a dever, pulling a cords o merely pushing & door. o aperang then may e de-

ined as g comdittoned reaction o an environmental siigesbies,

Operant reactions which have heen pepeated mans tove < altinteh aan e per-
formed without consetons thausht, '”N"w'llnph; aet o unbweking o door while taikiong or
the act of driving an automobile over a familiar ronte while poswdering <ome problem are

exeellent examples of Tuly conditioned operant belasior,

A\« the neural pathwavs which control the operani respons - ecome firmdy estab-
Lishesd, the threshobd Tor eliciting the nhvr;ml behavior iv redpecd creatly over that e
it in the inttal triads. Thus the vase of drivinega sehicle aserthe fasibiar pathwas < o
atid from work becomes lesa aned bessdemandine ae i conscran< enbibs, as every conunter
Ko~ The thee<hold of ~timudi drope 1o such & bevel thae the totad <imlus inpat mas
not reach the consciens level at all tinies Cas evideneed by the oft beard <tateneat, = Ldondt
reativ temendber the drive home, beeause | owis too preocenpred with o007 e came
phenomanon muast also apph tor the 1ot subjects of thee evsertiments bt e wos e gl
femnpit lu gty theomismum leselb ol olfae tory stimabns wheeeh weonbd evoke the dosaned
bebayier e enperteneed rars
. The work of Pavlin, whien nn-'m.uul ie his experinrents oslize -lu. Prroseases,
chacndated an entireby different lr.umng prowees whieh requined pothie ol the ool
but it conecious <tates A Limibar example of Hu-«\lurm of vemnditierine is the resprontes ol
adivnzey animal to the soght or smell of food—ien it <rdivates o preparaion loram_ ston
of the fownl, '

A eston now arises as e whicls of these o of the 'l:.ll‘llill" IRVTR TR
1= the mote Snportant o the gam, || s conditioned, H one oo the case ol a s alle
vorled cramad exe i inals natur: o 1 abiat, then operant cenpchiftonninng 1« the mon tpror
tant. Jine e thos form of dearming will probabdy determine the suevical of the ool The
“raest cormoneesampde of this premise s the ool for fored, Yo sabd il whock b
Canvved by Bas b conditioned T react te the ctubil o cmelb of 0 Food Lo cet b g

NN T N R T R TT IY which will deliver fousd te e month, b .n.nnri,-.m--n MR
cvent Loane wher Rl ahont e |uumu51' on o masel, intensive sabivation ocenes whind
ulu- he orapharyns doe the brat slepe of insestion of the food, This ~.;ln o w1

frrine o jprhe ol bl condithomne,

'




In this particalar wildlife «cenario. the inescapable conclusion i~ that operant
vondittoning i« vital to survival, whereas the elascical conditioning <erves hasteally a< a
convenience in the acceptance of the fird food morsel, and thereafter this learning

" paradigm is of secondary <gnificance. A= Warwikea®? states, “It wems plausibile that in
nature classical reactions serve to et the animal ready, and thus facihitate the perfor-
manece of instrumental reactions.” » ‘ '

This theorem is exemplified in bumans by the autonomic respan-e to a fight-or
flight <iiuation. such as the approach of 4 sngularly unfriendly dog Iclurihg a2 otherwise
peaceful repose in a relaved environment. An infant may exhibit little or no response to
the <narling animal «ince the infant has not heen conditioned 1o expeet @ personal assanlt
from the evidence presented by the sight and sound of the hostile dog. while an adult whoe
has learned of the potential consequences of such an encounter is faced with the aption of
fizhting off the dog or of running awav. In the adult case, classical conditioning evohes a
reaction in the svmpathetic pervous svatem which eeleases catacolamines. dilates the
pupils. increases skeletal musele bload flow . and <o o and thee reponse, im0 turn,

facilitates whichever operant response follows the vncounter,

Thu~. in situations where the cuevival of the individual s at stake, certainly
uperant conditioning is the dominant truining protocol. Bat <tuations do arise where
classical conditioning is of great value to the individual, OF the many examples possible,

' unly that presented by the instant research will lee explored,

Consider that:

a. An animal has been trained to assoeiate a sensory stinudis with the oppoaunits
to achieve thy an operanti an extraordinanly nrofound sencation, sneh as electrieal brain
stimubus tEBS) which transeends wny noemal desires the animal has experienced o date
and ) '

h. The previous oppontuniiy to effect solftimulation has been remosed aned onds
: the wensory stimulus remains, and '

¢ The ultrasdesitable. ERSinduced sensation will apwaeonly of the animal i
caprible of manifeding a certain brain wase (EEGH pattern immediately following the
sensory timnlus, . . : .
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shoubd this tvpe of EREG amusal ocears the effect 1+ a elassical reaction

by detinition, <ince no overt act on the part of the animal has tahen place. The peesence
of an FEG change which is indicative of an anticipation of the impending reward would
mo=i probabiy be a carrvaover regetion from the operant paradizm where the anticipators
pettern cansed the ammal 1o effeer the operant which wenddd bring aboat the reward.
sinee the presence of the cliscveal caonditioning reaction wenhd of el be sufficient to
sheit the desired reward. the classteal reaction would then be meiforced and would
become inereasingls more evident. A this point. the heretofore imvoluntary classical
respotrse conld be viewed g voluntarys and one mav conclude that esnscious contral of

attonomie funetion has oecurred.

Centainly. there ic ample evidenee in the literature dealing with biofeedback
experiments that both classical and operant conditioning can effect autanomic respoties,
The important point here is that while clascaeal conditioning mas not e a curvival factor
for the test ~ubigects it ascuredly huas o tremendons behavioral impaet in eedain situation-
where a desired result 1= 1o be obtained without soluntiry physiesd action an the paret of

the ~u|rjm'!.

This response 1o conditioning exemplifies the oft ~tated coneept that evers

adult tunctioming & Ladual i~ a ereature whose combitioning is appropricte for its <ur-
vivel and thic comditionng s a comples minture of classical and operant paradizms in-
duced by the cnvicnnment in which <urvival must oceur. Many behaviaral scientists pro-
frss that the enyironment. a~ inh'-rpn-h-d by the zenetic nakenp of the individual. affects
that individual to cuch an extent that it may ultimately be powerless to <hape its awn
destiny. While this may not be completely true in many instinees—ie with man—it cer-

t
Lyinly appeared 1o be tene in the case of the cubjects of thi= experiment. which seened to

dhieving the resward of bram electrostimulus,

.

9. A Choice of Stimulus, In o program desizied (o uwe o living orgasmem
a4 biosencor, the experimenter. haviny rhu;rn the test sulsjeets and the general conidi-
tpning paradigm, mos ultimately < lul the n-mfunwm-m <tinmilus which s maost ape
propriate to the research efforn, .

hntialhv, g decision must be made as to whether 1o uw cewardinng or aversive

-

muli. or whether come miv of these twor hisie furms may b best, Therse are <ound

agruments in favor of each of these antagonist forme of renforeing stimili, buat, at the
vdnelusion of eatensive reading from the labliography materials, and atter numerons
dircissions with persons actively experimenting with rats, it was deterntined that there
wauld' he no experimental advantage acerving frone the uwe of any form of aversive
imuhue, ' - ‘

bt complitels unable o react prope by for survival wheo «iven the nplmu of indefinitely




The wumbuer of ponsible rewarnding simubi are few, Fomdo water, and eleetrical
stimulation of the brain cleardy emerzed as lhr onby feasitde technigues, Mueh has been
written of the use of fomd and water re w.mh i the case of rats. aud certaindy theswe
rewards are stmple o Bplement in eomparison to electrival brain stimulation. However,
there are cvrtain basic disadyaniages 1o e use of sustentative rewands, Fiest, the animal
st he maintained in a ~tate of deprivation fur g considecabide prertod prior w'the actual
experimental work of this reward (water o foodbis to have mavial effect as a reinfore-
iz stimulus, and this depeivation is not without adverse phyaalozical sequiliae. which
may be severy enongh to alter the sensortam and or the normal contional <itus of the
subject, thereby hiasing the experimental resulis in an nocertain shanoer and to an in-
deternmniite devree, Farther, as the r\ln-rimvnf progresees, the poevionsdy deprived animal
sradually will achieve come degree of <atiation, and therehy the etfectivity of the nuotri-
tional reward is dimiinished by an unpredictable amount. Likewise, o normal
physiologidal parameters are restonsd from the deprived state, there cortaindy will be

alterations m behavior which are. azain, indefinable, ,

BB quite another ln;lllnojr. loas difficnlt to implement ~thiee ,Inli«-‘u;- sureery is
required. and there is acontinuing rish of irreparable damage to the subjee <ol the
stimubus cleéctrode beeome dislodaed, But these dicadvantages are far ontweiched by the
resulting stability of performancee andd the ttensity of stimuldtion.

Sinee there is no physislogical or emotional deprivation of s kind ecither
necessary of desirable with EBS the andmal may abwass be maintained ina noemal <tate
of homeostatis with the consequence that there is minimam varianee inits sensory and
emotional performanee from hour 1o bone and fron das 1o das . Further and most inper-
tanths, the degree of stimulation attainable by EBS i< siznificanthy more pronouneed than
that obiained with nutritional rewards, and the overall effeet is=as observed bhoth darine
tins experiment and doring mians others reported in the literature—an essentially concam
response to the reinforcement stimulus, regardless of !Iu- period of <tindation. Thi-
phenominal conaaney was obwerved even when homeostasis Gailed due 1o welf-indueed
depenation and estreme Fatizue, A

There are references in the l»ilolid-vnpln which <how that in all of the infra-
hunde mamosadian species tested to date, theee are one or more areas in the hrain where
an e u eirical stimuhis will é3oke the apparent sensation of extreme |»lo-.|-un- Jiri as there
are areas where electrostinulue will eyoke fear. rage, t'ulllplm'l'llo"\. hunger, anorexia. sl

) 0,
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Jar o« Old=t 7 4 pionesr lh--‘ur--u of electrical stimubation of the brain,

publiched a series af papers in the mid=-1950<0 which deadt -pecficalls with the role of

brain <tin ulation in hehavior modifieation in rats,

A study of the works of Ods and athers Teads 1o the coticbusion Gimd ome must

admt a degree of cubijectivity o the interpretation of these worksy that electrical <timula-

tont of g eertain amplitude and duraiion applied to speeetiie rezians of the limbie svatem

of most infra-human mammaels recults s an enwtion:l state=—perhaps it is pleasure ar

prerhaps it i undefinable—which transeends bl normatls evoked emational states,

This phenomenon is quite prononneed inthe rate as evidenesd by the repeated

oheervation v mans highly qualified research workers, Obds and other- hinve repeatedh

demonstrated dhat rats will endure creat phyvsical distress el <evere foot <hock. hich

cwmen

noise levels) to aehiesve seli-stimutus and.there are documented reports of animals whieh

have died of debvdeation to achieve self-<timutus. even thoush atple water -upplim 1ay

(B3

i

. ) Brovanebocieal Maohoomnane of Roew ondd fn

s MU e Nbracks Sangeiscm ot Ve aton

Tuneee i o Nobeeash o Proee oot 19070
ik b PR s faadete o the Braon Saentebe Ve o Py T ke f i

0. ) A P ey Mootz of oo e o oom broce o b Bae Heam 7 baoad ot Coanpearatine il Phvenbeca ot

R L P R YR TS BTSN LY 0

.

b} Ruwwasy  gned Mo Wohavon antnidicd b Biamediad  Lobaian Stimgbaticots e Bate” bl 0l
.

Conaesr o and Phaasab st Paschades 89 007 10 00 dn

Gbbe bt chmngd e cd ahe Broaaae S 100 2T b,

[N | Satnedene bt e SOt nosh sttt e e Beeensd o Coangesttene ained Bleeibeceal Povchediy 16T
D1t ’ ’
. .
(TR P Frtoore o Shaa o et Mbe sov dha s o Sl aiibatiens b tte Brene beornat of Easnparadine o
, R

Fhovereto el Fovohodooy 3 20 00 10

ORIttt b Kew e s e e Bese b Sciteteemeh b Boehasgques T e Rames bR o 0 Dl e

s vber B leaten b Sade e v e 1 bt ad Be o Tlhom i \."‘ York rHtman
Ol Vpgeronae bnspaebane | I A T AN S TP Nitee treatr froersab oot BRa carsbeszs BU8E o L sdn .

] Prefie oot by o [

(TS I R ERT ST P [RRY STITTIS T TP TR S § YT AT PRI I | DY PITIN In bheroeal

Stonab s o b Be o b oooe 0 o ae Pooee Ve Lkt o
.
O b Hyyeahabamne Saiciabe o Bew ot Phoadbe el Howew 12080002

Ul ) e Nl W ks b e Ererees e Bee Beec e b 0T Stamtie and Boon e o the

Tomione Svatem blo oo 0 daa, 000 N Yook ci'ey . v

Ode 1 et M FT P L et inent Beebieod la Fhorereal Stonoddaten of Seqdd Ve and Oher Re e

B B Dot 0 i o e v ity BT BT ST 0

Ol ) el L M 1 T At e ot Veuntars Tehovree b Fla Bode o henen one Dhbiaveer Dlober Moolie ot
Ihardime B g vt Koo Mo Y gk 10, .

e b e Mo Vg et N Necalaae ot Bt Bl opd b Posvennab oob 4 sngeinatine - Nando

Trw2eters oo

Gl NP L st g ) Vppreeracb e Binterae b ae Bat Beoroe Vaieree co Bnnn ol of Phyaato e Q00RO H B0,

bl M b e b b b s o Mode b Boecbe s Bliosdle s b nobarross Beteav oo Ve ane bawrnald o

Phvande v 20 42000k o2, : .




just bevond reach of the stimalus treadle, Most researchers agree that as Q0 rule. nothing
<hort of disablement er loss of consciousness will deter a rat from its attempts at EBS <elf-

dimubation when such opportunity is present,

1t = coneeiv able to humans that this remarkable resuft or Bmbie stimuolation can be
in any manner asersive: theeefore. oie may arzue that it must be an “ultimate pleasure”
and for this reason, the region of the brain where clectrostimulus can produee this effect
i~ called the “pleasure center”™ Morphologically. this area varies somewhat from spreeies
o species, bt in general the effect is observed to oecur with stimulation in the general

area of the lateral hypothalamas.

It was up~evessary o expend “ay experimental effort toward locating the optimum
<ite for EBS, since the work of Olds and Milner®? in 1931 determined the site for the most
etfective positive reinforecement in rats to be the Medial Forebrain Bundle (MFB). (See
Figure 1) Olds and Oldso? clarified the location by stating that . . . electrie shock ap-
plied to points in the Posterior Medial Forebrain Bundle (MFB) regions of the lateral
hypothalamus produced very high rates of respending at very low levels of stimula-
tion . ., it ~eemed that masimum effects (highest rates of <elf-<timulation respomding
could be obtained in this posterior hy pothalamic region with minimal levels of stimula-

tion as compared with effects obtained elsewhere in the central nervous system.”™

A contrary view was taken by Valenstein and Camphell®® who argaed that extreme
lesions induced in the MEB did not lessen self-stimulation. and that septal stimulation
was a more effective postivesreinforcement EBS, Wilkineon and Peale®* denvmstrated
that EBS inlrmlm_-v--l into 19 site~ in the rat produced a positive reinforcement response,
with the bew resulis olserved from stimulation in the Posternior Liateral Ty pothalamus,
her anthors cite suceescful pasitive reinforeement in varions sites in the mammalian
limbie svstem, but the general consensus appears to fator the Posterior Medial Forebrain
Bundle s optimal. It is interesting to note that, whilé theee is wme dicagrcement amony
researchers as to the location of the optimum pleacare center site. no teference could be
found which refereed 1o the MEB as a <ite of possible negative reintoreement (aversive
dimubus) unless the stimulating currents were quite hi o Faothis Tatter ea oo one wonihd
stspect that high cuareent stimuabation would peant - Zoificant timulus cur, nts
reaching areas such as the medial genienbates and other ‘halivmie sueleis whicis have heen

shown to generate negative reinforeement,
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Figure 1. MFB and landmark structures in the vertical stereotaxic plane.




Sinee the least potential for - phyvsiotogical damage ocenrs ot the lowest
stalating current<s gl <inee the MFB <cemed ta areept the greatest Lititunde of
~timulating enrrents, this <ite was chosen for ai subjects used in the experiment winder
discussion. This aceeptanee Liitele possibly permitted sueces=ful implementation of the
EBS clecteade ina greater number of <ubijects than oge \\llll!li expeet with other, more
eritical sites i this was g stenificant consideration, <sinee some errors of impl;m! were
bound 1o oceur even though the subject= mantfested a hich degree of unit-torunit strae-

tural aerecment,

The validits of this belicl would appear o be ser” jed by the faet that better than
N pereent of all implants resalted in an acceptable lesel of positive reinforeement with
neo evidence of amy aversive responses. although there were two insbanees where 2
myoclonic seizure appeared with application of KBS, The latter cases were believed ta
resnlt from damave to the motor cortes or the internal capsule which veenrred durinye im-

plant surzers,

Sinee the majority of known data on the effects of brain electrostimudos e humans

‘= derived from the adventitions application of such stimuolation daring brian <argery it

i~ not ~urprising that relatively littde is known of it< effects on the limbie ~i\ ~tem of man.
Waork i~ proceeding slowly in this area for obvions reasons. and the current limitations of
information preclude extensive comparisons of the effects of aninal hrain electrostimulbus
with the human experience. bat in the light of all available evidenee, one must conelude
that there is no human correlate 1o the emotional effects which brain electrostimualus
zenerates in the pleasare center of the swecalled lower animals®® 1tis pointless, then. to at-
temipt to understamd the nature of the emotion resudting from the particular conditioning
<timubus used i ihis series of experiments, but the cvidenee of this'research indicates that
ERS represents the most effective behavioral conditioning stimulus for infra-human

nanimals vet encountereda,

10. Concepts of Electroencephalography. This experiment atilized the peural
strmals normalls identified as c-lm'lrcn-iwrpli;lIu;:ruin ~tenal~. but this discussion will not
extensively embrace cureent theories as to the natare of these signals sinee there is <o litle
hnown in this area that a major diseassion would amonnt to imere specalation (as was the -
case with olfaction: Thus only the most basie aspects of the subjeet are treated here,

ant
sensations. @ feeling of lwing combonable and o desiee for repeated stimulations. Chee anthor aleos uoted that stinmslation

Heath " The Role of Pleacare 1o Behanior™) repocted that stimulation in the septal region of human sabgects tesulted in plei

of the rostral bvpethalamus resalied in anviets, while stimalation of the cadal dheneephalon. the nicral me encephalie
tegmentnin, 4nd the rosieal hq-'nn-am'nn. resulted in stages of extreme (ear or rage,




There i~ litle agreement amonyg clectroencephalographbers as to the source of the
~urface potentials which comprise the EEG. and there s no agreement on the location of
(or exen the existence ofya central EEG pacemaker. It is vertain that the EEG electrodes
used i this experiment picked up the summed activity of @ great nnmber of neurons
(there are about 3 8 10P neurons per square millimeter of cortical surface) at various
c|v|bl||~. ' V 4

OFf the many theories which atiempt to explain the signals, 8o appear to dominate

“the literature, One concept claims that the apical dendrites and axons of cortical neurons
could not contrilute signficantly 1o the EEG sinee the small diameters of these structares
would preclude large jon currents in the extracellolar fluids. and henee the dipoles
formed would be weak signai sources, However. aecording o this theory. the action
potentials wenerated on the coma at the ason hillock are capable of large ion current
release. The <oma spike is small. however. and EEGs have been recorded when anesthesia
precluded cortical axon firing, '

The other dominant theory is essentially the converse. and elaims that apical
dendrites of the pyramidal cells are the basic source of the EEG. Since most of the
psramidal cel! bodies lie in cortical lavers T and V. the resulting dendrites are long and
could be effective dipoles. Some research teams claim that the EEG is the resalt of
postsynaptic potentials, both exeitatory and inhibitory, developed by the pyramidal eell
~oma and dendritic projections, amd there i~ some evidence obtained from microelectrode
comparisons of cortical cell signals with surface wave activity which tends to support this
latter coneept.

The existenee of a pacemaker which might at least tend 1o svnehronize the
Excitatory Post Synaptic Potential (EPSP) or Inhibitory Post Synaptic Potential (1PSP) of
the pyramidal cells has not beea established unequivocalls. Some evidenee exists that
waoulil indicate spontancous cortical lrhﬂhm.-. while other evidence argues for an external
~ouree somewhere above the rostral end of the brain stem. The thaiamus has been sug-
gested in this fatter'instanee as a likely locus, but this rationale is largely based on sheer
~|)'o'.c'u|a(iml. . - .

Thus. little of significance to the program was gained from a rather extensive
review of the literature of electroencephalography. It is not possible to suggzest a souree
for an AESC in the light of current knowledge and it is not reasonable to presume that

further thoaght could suggest. a more optimal approach than that taken in this research.
since nearly all knowledize of the natu=e of the EEG is too speculative to be considered in
the category of scientifie fact.

N ‘.ﬂui' .




11. EEG Electrode Sites. Since one-of the (lh]ﬂ(l\l~ of this experiment was the
elucidation of an antic ipatory evohed spectral change in the EEG of the conditioned sub-
jeets, it is apparent that one of the more important preliminary considerations was the
location of suitable EEG electrode sites, It was evident that the best system signal-to-noise
ratio could be attained by use of direct indwelling contical electrodes at appropriate sites,
but this solution necessarily implied that suitable locations were known a priori. Oh-
viously. this was not the situation, and thus the use of cortical microelectrodes was con-
traindicated because of the very small ares of neural tissue which would thus be suppiy-
ing EEG signals.®® Gross indwelling cortical electrodes with an area of 1 mm? or more
were excluded because of mechanical problems. such as comtiral abrasion or avulsion.
which would cause widespread necrosis, with consequent signal Toss and possible brain

dyvsfunction,

After due consideration. it was determined that. while gross electrodes were best
for thv'pl'lrp«i.w. a supru-c-'urtival_ location would be ideal, since this choice would allow
for ~ome limited diffusion of the cortical EEG signals, resulting in cortical signal
coverage over several square millimeters, and it would greatly facilitate the implant pro-
vedure. while at the same time, greatly reducing the risk of trauma and infection. Conse-
quently. an epidural location was decided apon and only the choice of appropriate site
coordinates remained.

It appeared that .a parietal location’ might be significant. since an electrode
at this site could be positioned to detect signals originating in the centra’  ssociation
areas posterior to the central fissure, If the antic ipatory event wa~ a prelude to a motor
event. then this location might evidence the highest signal level. although the diffuse

natare of as-ociative signals was known to be a problem from preliminary experiments.

At least one electrode i‘espo'naivc to limbie system activity was desirable. but
these areas lie generally well below the cortex (about 6 to 8 mm in the rat). The best loca-
tion was detérmined to be directly above the cimgulate gyrus and as near to the sagittal
fissure as possible. An electrode so positioned would assuredly pu'k up ~|gnd| originating
in the frontal lobes, as well as from the motor areas anterior to the centra! fissure. and,
unfortunately. it would pic k up musele artifacts Nul(m-v from eye movements and from
motions of the nares oc curring during sniffing. Nevertheless.-in a brain as small as that of
the rat. there are only a few choices of electrode location, and the eletrode referred to-
hereafter. as lh(‘ (lll"llldll‘ olm trudt- was placed in the closest site attainable with slmple

surgery.

o6 . . . . ) . . . Lo
This sondl arca of signal collection would mauire pechaps hundeeds of triuls using thowsands of sabjeets in order

demonsteate the coptimum location. Such a task was bevond the seope of the research,
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After determination of :Le two principal sites, it was determined that one
electrode location was feasible in the occipital area even lhml"h this zone was thought 1o
he a somewhat unhkel\ location for limbic signals to be detee ted. In all honesty. this elec-

*trode was included in the experiment because there was space available at no appreciable

added risk to the subject and since there was a remote possibility of ~ome serendipitous
result. The final electrode locations are shown in the sketch of Figure 2. The dppruprml«
brain structures served by the three EEG electrodes are depicted in Figure 3.

The location of the indifferent electrode evoked considerable thought since any
location is less than ideal. Muscle artifacts can generate serious EEG- anomalies and
greatly upset signal data analysis so one must choose a location as free of large musele ac-
tion potential signals as possible. The electrode must be sufficiently distant from the
signal electrodes so that the return pathway is not proximal to the signal pathways, Fur-
ther. the electrode site must he structurally capable of accepting the electrode with
minimal danger of accidental dislodgement. and certainly the site must be such that the
eleetrode poses no threat to the survival of the subject in the event of electrode motion.
Considering all factors. the nasion was chosen as optimum. or mere realistically. as the

lesser of all evils,
II. METHODS AND ..\l.-\'l‘l‘l,RI.-\l,S '

12. Stimulus und EEG Electrodes. A survey of available devices evidenced the fact
that many of the commercially available electrodes were unsuitable for chronie brain im-
plant service sinee either the materials used were toxice to neural tissues or the electrode
dissolved so rapidly that the implant would not survive to the service life expectaney of
the biosensor animal. Ulimately. the chojee was hetween platinum and stainless steel
Stainless steel was selected in spite of its rather high drift voltage because it was available
in many ~standard forms, becavse it was relatively inexpensive. and because it is known to
cause little tissue necrosis in chronie implants, '

Delgado®® reported  that, after several months of chronic electrode implant,
necropsy diselosed that a thin glial capsule had surrounded the staindess steel electrode.
but that there was no evidenee of local excitability except at the exposed end of the elec-
trode. Further. there was no local or general irritation and ne neural degradation bevond
the direct path of the electrode. Cooper and Upton®” noted that in human cases of chronie
cerebellar stimulation for periods up to 5 vears, them was no clinically evident distur-

bance or ~|«'n|fu'anl tissue (Idllld"(". '

67 . . . . . . PP . - e
L Even plhtinam (E1) and stiindess steel will evemtnally dissolve, especially if stimties cuerents evened 10 milliampens,
Deluadio. J. M. R.. “Therapeatic Programmed Stimabtion of the Brain in Mao.” In: Sweet, %, H. ted) Newnmaegicad Treatment
in Pevehiatrs, Pain., and Epilfepay. Uinersits Park Pree. Baltimore (1977). ,
o ' ' '

Conper, LS, and Upton, V. R VL Use of Chronie Cerebellar Stimulation for Disorders of Disinhibition.™ Lancet 393600 (1978),
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4= MEDIAL FOREBRAIN BUNDLE (EBS)
R = NASION (INDIFFERENT ELECTRODE)

Figure 2. EEG and EBS electrode sites (trephine locations).
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Figure 3. Parietal and Sagittal views of EEG and EBS electrode sites.




The speeific stimulus (EBS) electrode chosen was a Teflon-inaalated. 10-mit
diameter twisted pair manefactured by Plastiec Product=; tnes which had performed well
i the experiments of other researchers who employed chronie indwelling brain eleetrodes
in rat~. Throughout this research program. theee was no evidence of pln-mhwu al deficit
resufting from the proper uee of this eleetrode.

The EBS electrode, the indifferent electrode. and the EEG electrodes were cane
nected to the appropriate instrumentation throwgh the <o-called skulleap connector. This
connector was not all that one might desive. since it wtilized a threaded mating connector
which cften required exteeme torque for removal, However, of all available connectors
~survevee. this was the most rugged and noise free. and hundreds of hours of use attested
to ite reliabilits.

Motion of the EBS electrade can occur <hould the electrade <kolleap connector
abduet from the <kall: therefore, extreme care was taken doring surgery 1o assure a firm
bonding of this connector o the <kall tee paragraph 15, *Surgical Procedures™1 In thowe
istaiiees where the cap loosened. there ensued severe hrain traumin. usnalhy resulting in
epeptie «izare, often with accompanying ataxia and bizarre bebiaviar, These subjects
were enthanized <inee carly experiments evidenced permanent neurological damage with
no hope of a ~uceeseful contrabateral implant. Fortunaeby, meont animals tolerated the
-R\l”v‘alv weil bat a few attempted (o dislodge the eap at every opportunity. and while
two were speeessful in this action? at least five were fost simphy due to the <evere torque

senerated 1o rerwning the mating <sbenal connector,

Sinee there was no a priori knowledge of any specific celf chuster which might be a
Hhelv source of the anticipatory spectral change, the wse o microelectrodes for even the
Hnul <tinndus elecirodesy as EEG pickup electrodes was contraindicated. A\« noted
carlier. a large electrode in divect conaet with cortical tivene was deemed inadvisable,
and thus it was determined that an eletrode with @ contact area of 1 mm? or hetter.
placed on the surface of the dura mater would serve admirabiy. For this purpose, an elees
tronde was devised which conssted of o staintess «eel R8O serew welded 1o a <tainles ‘-lm'l
wire (HOmil diameter) to which a mating contact from the electrode vap was il welded,
\« deceribed under “Survieal Procedures.” these serew electrodes were threaded. by <ol
tapping action, into the <kull priximal to the contical arean of interest, to a depth ~ulf|-

clemt to fmnl\ contaet the dura mater.

The indifferent electrimie was a 3-mm’ stainless steel pd welded o 100l
hameter stainless steel wire, which in tarm was welded 1o the cap contaet. The wire e
etween all electrodes and the <kulleap was teflon_ccated o preclude extraneous signal

prckup in the physiological media pn-wm under the w.clp

ey e -




13. Muscle Artifacts in EEG Data. Preliminary experiments with a few ubjects
soon demonstrated the need for a method to reduee the number and magnitude of musele.
artifacts to a minimum. The idea of inducing miusele paralv-ic by the ise of <ome
-neurotoxin such as the carariform drugs was rejected as g solution to the artifact problem,
since there was no known drug which would wleetively inhibit chobingeric ~)llali)li"
transmission to mont <keletal muscle while uniquels sparing intercental and diaphragm
neuromusenlar activity. Thus, the use of enrariform agents would have requircd the nse
of a respirator. which was totally inimical te the overall goals of the experiment.

After <everal trials. a restraint deviee (we Figure B was devised which con
sisted of a tightly fitted hemicylinder which was placed over the <ubject-qusually after o
hit of preliminary struggle) which became nearly motionless after 3@ adapted 1o total
restraint. and remained thus for a half hour or more at a time.”® There was «ome metion
of the head during perids of non—~timulation. and <ome oceasional furions <niffing dure
ing adorant runs. hat in general the restraint was quite cuceessful tn redacing motion ar-
tifacts, . . . .
An additional benefit was obtained from this method of restraint in that the
subject was alwavs oriented cuch that its head was dicectls in the stream of ineoming air.
and thus maximum availabilits of incoming imlorants wa- assueed at all times, The -im-
ple restraint was a valuable aid in simplifving the ta<k of <iznal data (EEG) reduction,
and future detection ssetrms emploving rats will unguestionalifs use an even more offee

live restraint svstem.

14. EBS Signals. The waveform need for KBS most be structueed carcfully wo
thas ilere is: '

4. Vo averiive peeponee to stimulation,
h. No physiological deterioration after mans theasands of <timulations, \ prob-

lem of aversive rraction o electromtimnlus can resull fron (we canses:
(1) The electande is incorrectly positionesd, or ' o

12) The <ignal amplitude or duration (o both) is exeesaive,

- ] ’ . .
R wae mat cwrpeviang that the cubipete sdagted oo madth b Tdad ettarnt. come tate are bon natuere thigmed.e i

urnl thes squpatvontls cerrns coumbo et (i 4 tight (1ttong rne 1eemmrnt Tn schiitene, thene snsmale wab b R CATOE et am
thet delivery. of heghly dravahir dimuis bl rrenll frvm ther cotamment, ond there won wouathr mo druggling ogoin-t

the ratremmt oftov dolsyory -I the first §.RN. wnires (W prrvsis hetnorn RS cvente oy weded W) minutes.




jeCt in restraint device.

Figure 4. Test sub,




Phyvciological deterioration can resalt from:

(31 Electrophoresis gwith resultant prosimal tisae  merasisp due 1o the

~timulating current, or

th Motion of the electrode reaulting in widespreid travma and consequent

EFtes Lisslie NECTUsIS,

When inital <timulation resulted in avernsive responses the <igaal parameters
were manually varisd as the subjeet was obsersed, I no combiivation of <iznal
parameters G normal range was conn obtained in this research) would elicit the pleasure
response. then obwviously the implant was incorreet and the subijeet wasof ne experimen-
tal value. Figure 5 <hows those senal parameters determined to be optimum for this
research,

The signal was hipolar in onder 1o satishy peqquirement F Heh, above, <inee
continuous monopolar stimulation is generally acknowledged 1i canse cellutar necrosis
adjacent to the electnnde by the action of electrophoresis, In order to present local necrosis
due simpls 1o the heating effect- of the stimuliating carrent. the waveform senerator was a
constantrurrent deviee, baperienee has <hown that this devies protects the subject. while
adequatels stimulating the MER. This ctatement is verified by the Gact that mare than 214
sthjects were allowed 1o wlf-stimulate for periods totaling 6 b eacle during conditioning
runs with no evident phvsiological deterioration. and sinee the average wibject wlf-
Cstimulated imitially at a rate of nearly <0 and generally demonsteated average rates in
exeess of 1000 stimulations per hour for up o § h. any deleterious physiological effects
would have been readils apparent long before the comditioning period Fad poded.

Osverall. therr was no evidenes of diminution of self-stimabus in test subjeets regardless of

the numbier of hoaes occupied in conditioning selftimutation s in the subsequept data
runs. Neither was there evidenee of ans 1vpe of abwrerant belasior which wonld igdicate

physiological damage (except for the aforementioned cases where the EBS electriude ae

tually movedh,
At i pertinent o note that all animals placed in- the =aceeptable™citegors
_responded 1o average stimulus cureents in the range of 100 2\ 0 500 2\, No [subject
FLINTAY
wir et for twe reasonn, Firste there wae come coneern for heating damage basetl upon

il that

would respond reliably 10 EBS levels of less than 100 g A, and the uppee limit of

histological data from other experiments, and sccond. it was found in limited 1ri

subjects requiring currents in excess of this upper limit tended to manifest symgtoms of
ng ymy

widely diffused stimulation which included wizures and motor disturbanees,
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The signal generator possessed the following capabilities:

Output: constant-current-baseline clamp to 0 V d.c.*
Output currerit: 10 to 10,000 2 continuously variable.
Puise duration: 50 to 1,500 us continuously variable.
Pulise rise time: <17 us.

Pulse group repetitior rate: 2ero (triggered) to 200 Hz continuously variable from 5 Hz.
During the data runs, the 'fo“owing patameters were held constant:

Puise group repetition rate: 100 Hz
Pulse groups per stimulation event: 20 pairs.
Stimulus current: 300 LA (average per animal).

The baseline clemp wes made odj ble to
interface in order 10 Minewize electrophoresis.

for small currents generuted at the electrode/tissus

Figure 5. EBS signal waveform.
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AL of the test subjects used in the final data runs were stimulated  at
300 u \ regardless of their measured recponse threshold, This was done so that some idea
of the expected performanee of a “mass-produced biosensor rat™ might be attained. There
was nao indication that this stimulus lesel was other than eptimun for this experiment.

13. Surgical Procedures. The sites for electrode implant have been discussed in
detail. Briefly. corticzl EEG electrxdes were juxtaposed te the dura mater proximal to the
following general areas: oecipital lobe, parietal lobe, and cingulate gyrus.

Ninee the cortical EEG electrides were large area electrodes and sinee the detected
signals were somewhat diffuse due 10 the nature of the meningeal membrane, the exact
location of these electrodes were not considered to be eritical.

The location of the EBS electrode. however. was quite critical. sinee that
electrde had to terminate in a small cell cluster (the MFB: specificallv. the baso-medial
area near the level of the Islands of Calleja). (See Figuee §and paragraph 9. = A Choice of
Stimulus.”) '

The test subjects were seleet o to have bads weights ranging between 250 ¢
amed 350 . These Timits were selected sinve body weight is 2 zood analog of body size in
this strain of rats. and by size must be controlled if the stimulus electrode s to be ac
curatels implanted by use of a specific stervotasic atlas, Even with these size limits, not
all animals thus implanted were useful (o the experiment. sinee some variations in brain

geometry ocenr from subject to subject in any population ne matter how great the ap-

parent structural <imilarities,

Electrnde iminlunl was accomplished by use of a David Kopf Model 900 Small
Animal Stereotanie Apparatus (e Figure 6). The subject was prepared for surgery by a

'lmr-.-tc-p anesthetie procedure, Fint, a parenteral (abdominal musele) administration of |

ce of Chloropent (active ingredients: chloral hydrate and pentobarbital) rendered the
animal exsentially motionless.™ The subject was then weighed and a second injection of
Chloropent administered in. accordance with Table 2. When the animal exhibited no
fenpatine 10 strong squeezing pressure on its paws and did not manifest a blink reflex to
gentle air puffs directed into ite eves. it was kaown (o be sufficiently anesthesized to
begin implant surgery. When necessary. a maintenanee injection of 0.2 cc of Chloropent
wans given at 30 to 45-min tnteryals, '

-
i There are mans trgimens hir anesthetizing lalwwaties  snimals, wune of ahich nee 1M o cilurmtaneos wlminisiration

of 4 subdamr cirh ao Retsoet (hetamine 11 e Sarstal ithiannlal wenliamet for imchactiom. folbmed by a2 gas. sih as Habthuoe
o Metathanr. fir mamternancr, Suce 18 o ae inals teable (o0 adipet Taluwrnbrs peragened 1o kug-trrm coprauer o gac atesthetios,
(Moot wae wseel. osrm thosgh 8 grersented o rish of dnbucing reepuraton paraleas i the ted subpete,
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Table 2.

Ch.oropent Anesthesia Dosage

e

Body Weight (g) - Chloropent (c¢c)

- 250 0.75

300 0.88

350 ' 1.00

400 1.13

450 1.29

500 ‘ 1.45

550 , “1.61

. 600 ‘ \ 1.71

Note: A dosage of twice the abqve amount may induce respiratory
distress in some subjects. LDsq is at least three times the listed.
amount.

Chioropent ingredients: Mg SO4. propylene glycol, chloral hydrate
pentobarbital '

The anesthetized subject was placed prone in the stereotaxic apparatus and a
moath restraint was inserted. NVeat. car bars were inserted full depth into the auditory
meatus to render the head essentially immobile in all planes (see Figuree 7). After a final
cheek of “he depth of anesthesia. the sealp was shaved from nasion to occiput and from
car to ecar. and the area was thoroughly disinfected with ﬂ"ﬂllhl)'. The eves were then
lubricated with mineral oil w0 prevent deving of the conjunetiva (which would result from
anesthesig-induced inhyhition of the blink reflex).

Then a sagittal-plane scalp incision was made from the nasion to well past the
Lambda suture, the scalp was retricted (employing suitable gauze dams to diminish
bleeding) and the skull was seraped until all traces of the periosteum were removed. The

entire arca was then washed with aleohol and examined for minute traces of residual |

periosteum, sinee it was essential that the skull bone surface be absolutely free of this
tissue in order that the electrode mount adhesive attain its maximum strength, Figure 2
<hiows the relative locations of all electrodes,
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The initial procedure in the development of the implant process was the
determination of an anatomieal coordinate svstem which could be used to define the elee
trode locations on all subjects. An inspection of the cranial surface of the subjects re-
vealed the very distinet hregma (anterior), lambda (posterior). and sagittal (midline)
sutures of this strueture. From published stereotaxie data. it was evident that most re-
searchers involved in rat brain experiments used some combination of the relative loca-
tions of these sutures as anatomical landmarks. Studies of rat brain morphology and '
cranial anatomy disclosed that there was high precision-correlation between the location
of the sutures and the medial forebrain bundle. The most common dimensioning tech-
niques encountered in the literature used the arithmetic mean of the bregma-lambda
distance plus a size-related correction factor to locate the anterior-posterior (A-P) location
of the MFB. Similarly. the lateral position of the MFR was determined from the sagittal
suture,’?

Sinee the Kopf apparatus did not have provision for setting any arbitrary point

in any plane o zero, it was necessary 1o use the scale readings available to define the

reference points, The procedure which finally evolved was 4= follows:

a. The sagittal plane was checked for coincidence with the lateral plane of
the stereotaxic apparatus. There was a high degree of orthogonality of the sagittal ~uture
relative to the plane of the ear bars in most subjeets, so that the sagittal plane virtually
coincided with the stereotaxic lateral plane when the sulijeet was correctly positioned in
the apparatus., Alignment errors of <2 mm from bregma to lambda, were generally not
significant since the A-P dimension of the MFB was usually very close to the axis of
lateral error and since small errors in EEG electrode placement were not of consequence,

b. Relative (scale) readings were found for hregma (B) and lamhda (L) at the
points of coincidence with the sagittal suture. The arithmetic mean of these readings
(B + Ly2 were defined thereafter as A-P. The correction factor for ‘animal size C, was
found to be (B — L)0.765. lComhining’A-P" and C gives A-P,. the corrected anterior-
posterior dimension. Lateral zero (S,) was defined as the arithmetic mean of the lateral
readings at the B and L intersections with the sagittal suture, or (B, 4 L y2. A lateral cor-
rection factor, K, of 1.5 mm added to S, was found to accurately define the lateral dimen-

sion (5,) of the MFB.

32 . . . " ) ' ; :
©n thie wries of evperiments, the plase of Hie, cupmerior aspeet of the Roll wae. made ae veards horizontal e prorsifolee,
Mher experimenters awe otlier sttitnodes for sarioms reass, el thie one canted compan EBS cdectrale dimensions in ot

erperiments within fiest determining the attitace of the <kl in Hie dertanie desies, '
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I'hus: .

AP = (B + Ly2inm

= (B — LV/O.T65 mm

AP, = B+ 1Ly2 + ¢/10 mm
K = L5 mm

S = (B + L)y2mm

S, = (B + Ly2 + L5 mm

whc re AP and S, are the stereotaxie dimensions of the EBS electrode in terms of the

‘lllllllllt‘ scale readings for cach subjeet. S, was dl\\d\~ located sinistrad to the sagittal

suture,

The penetration depth, l)r:' of the EBS electrode i~ as eritical as the AP,

and S, dimensions. Fortunately. the skull is somewhat planar in the space hetween
bregma and lambda with small-amplitude erose striations. In the average rat. the op-
timum electrode 'pvm:lruliun depth was determined to be 8.7 mm measured downward
orthogonally from the mean surface height of the exterior skull at the point superior to
the MFB. D,. was found as the arithmetic mean of the skull surface height (B,, + L,y2.
where B, was the <kull height at bregma and L, was the height at lambda where these
sutures intersected the sagittal sutare.

'
‘

The cingulate elee lrmle was (Ic-u-rmuwcl to be best lm'du-d 7.3 mm anterior to

f

\ P, aml 1.0 mm dextrad to 8

7 Hu- parietal eleetrode was located 2.3 mm anterior to A- P, and {() mm do\lmd
to S".

f. The occipital electrodé was Tocated I.a mm |m~u-rmr 1w A- l’ aml [.O mm
dextrad to 5. Since the sagittal sinus was known to vary slightly in ]nmtmn from subject
to subject. some care was needed in {ocating the oce yptlal electrode which lies near- the
sagittal plane. Acco:dingly, all EEG electrode sites were located to a precision of + 0.1
mm or hetter (the EBS electrode was held to a tolerance of £ 0.05 mm or better).
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For proper recording of monopolar EEG signals, it was necessary to provide
a stable reference (or indifferent) electrode. The need was satisfied by a chronic implant
consisting of a stainless steel electrode uninsulated over the distal 3 mns of its length,
placed along the nose astride the periosteum in the plane of - the sagittal suture. and at
least 10 mm anterior to the cingulate electrode. Observation of oder reference electrode
sites mnl'irnml.'lhal the nasion site appeared to result in minimal signal antifacts due to
neuro-muscular voltages generated by sniffing, and thus this site was used in all ex-
perimental subjects, '

The locations of the trephine holes for all electrodes were marked by placing
a high-~peed electrie drill in the stage of the Kopf apparatus and using this drill to

“centerdrill,” but not pene trate, the skull at the proper stereotaxic dimensions.

The EEG electrode mounting holes were trephined by hand. using a pin vice
with a2 No. 56 drill bit extending about 1.5 mm past the chuck jaws. When the dura was
clearly visible, the exposed skull surface was carefully eleared of hone fragments and
blood. and the dural (cortical) electrodes were serewed into the skull.

Next, the location of the trephine hole for the EBS electrode was rechecked
for accuracy. and the hole was drilled in the same manner as were the EEG electrode
sites. The area was again cleaned of bone fragments and bloed, and the dura was
penetrated to a depth of 3 mm by use of a Yale No. 30G. %-in. surgical needle.

The electrode cap with the cortical .eads and the stimulus electrode attached
was placed in the stage of the Kopf apparatus. and the stimulus electrode was cut to a
length of 10 mm. measured from the connector hase.

The stage was lowered™ until the tip of the electrode was at the previously
determined level of D, and a f inal check of A- P, and S was made. The stage was then
lowered until the EBS electrode tip penetrated lhe hram to a depth of 9.2 mm. This ex-
cessive penetration was done to assure that there would be no artifacts resulting from
mechanical stress of nevral tissue in the vicinity of the exposed electrode surface.™

Finally. the stage was withdrawn until the electrode tip was positioned at
8.7 mm below mean skull height, and dental acrylic was placed under and around the
electrode cap. with due care ev«-n-m-d to prevent the lmm- aervlie from omermg the EBS
trephine hole,™ '

3 g N . . .
TN e sage was lowersl. the EEG electrodes were inserted inte the appropriate consectur cap pins and the lrads weee

slressed to prechude shurt-cirenit contacts as the cap desoended 1o ite fimal bacation.

Nevropsy of 4 few ~|||o}u(- reseated lh.u «lm-cs- R T R — zap Hs geoerated, and s kee of cmalus
effectivits wian evident, .

U B wins was inserted in the EBS |n~|ohi‘0u~ oo to pevelvle wwch leahagr,
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When the dental aervlic had <olidified. the sureeon again eleaned the exposed
<hull <urfaee with aleohol. The ~eitlp was then sutured. making <nre that the aervlie

adhiesive was covered and that the electrode mount was clear.

Fach animal was carefully ooserved for evidence of <hock or dv<pnea for
Eh postoperatively and was then returned 1o its assigned Living area. Fach sabjeet was
examined daily for a period of 2 wk tor <ign= of infection or erratie behavior, Nearls all

stihjects recovered without need of medical intervention (Figure 8).
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16. EBS and Olfactory Stimulus Systems. Figiure 9 schematically depicts the

stimolus systems emploved in this research. As shown, thiree olfactors stimuli were

available for presentation to the test subjeet tocated in the Faraday Bov) ona random

- selection basis. The heavy lines in the figure denote lengths of “TYGONT tubing: the

light lines represent electrical conneetions,

[ ODOPANT DELIVERY TUBES
10 , I TO FARADY BOX
DATA "1ERO”
TAPE AIR SOURCE
RECORDER (s )
‘ SOLENOID VALVE TNT (ODORANT
: (sv1)- n CAPSULE A)
RANDOM /MANUAL
STIMULUS
4 SEQUENCE . ,
GENERATOR _ [
ALVE CONTROL 1
son:rsovvg)v WE o
“CAPSULE B)
MANUAL SWITCHES —
, TONTROL 2
SOLEI(!;)J(; VALVE (oS
ASv3) CAPSULE €)
£BS SIGNAL TO \ .
FARADAY BOX FILTER : NEGATIVE
o PRESSURE SOURCE|
(NPS-1)

Figure 9. EBS and odorant delivery systains.

'

Both automatic and manual control of odorant and EBS stimuli were allowed hy
this instrumentation. During the shaping and conditioning protocols. the sequencing was
accomplished automatically while manual control of odorant delivery was employed-
during data runs (EBS was not applied in these runs).

Each oilorant delivery svstem consisted of a three-port rotary solenoid valve and

an odorant capsule. The odorant capsiles contained a few milligrams of the following
wlorants: '
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Capsule Culorant
A Flake TNT (military grade)
Coarse pine or cedar sawdust’
C Asphalt

Each of the odorant-control capsule/salve assemblies wus supplipd by two air-pressure
. svstenis, One air ss<tein delivered positive pressure “zero™ air to the odorant capsule when
the -olenoid valve was energized to canse odorant delivery, The other air system presented

a negative pressure to the odorant capsule when the solenoid valve was not energized.

thereby assaring that no resdual vdorant-laden air remained in the delivery svatem dur-

e the inter<timulus intervals,

Thus. the olfactors stimulus ssstem generated a bolus of odorant-laden air which
was defivered into the air ambient to the head of the te-t subject. A delay of 500 £ T0 m-
existed between the time of <olenoid energization and the time of arrival of the leading
edge of the stimulus air bolus. This factor assumed great significance during <ignal
anabysis(See Section HE “RESULTR™)

The entire interior of the Faraday Box was constantly mzintained at a =light
nesative pressure and the exhanst air was ‘rc-h-n«.-d outside the laboratory in order to pre=
vent. or at least minimize. a build-up of TNT thronghout the adiacent test area, At the
conclision of cach tests the entire apparates (Faraday Box, reestraint capule, odorant
“tinmlos generator. delivers ssatem, et aly was thoroughls ‘eleaned 1o preciude adorant
build-njr and, henee, data distortion. No attempt was made 10 preclude Laboratory am-

bient air from entering the test enclosure and “zero™ air was used ondy in the odoram
delivers sseem. The rationgde for this action was simply that the animal was trained in

the Laboratory (o detect TNT vapor in room air as it would be requuired 1o doin explosives

detection serviee, and it would add nothing 1o the overall experimental results to uee a

sterile ambiem n.n\i.rnnm-'nl.

While no dttempt was made to exelude the rontine odorants present in the labora-
tors. it should he noted that TN was a unigque substanes in the-building as far as could
Iue determined, There was not even minnte quantities of subwtances containing nitro (NO)
groups (which coutd have posaibly peemeated the test area and cansed masking or confu-
sionin identification) peesent, nor had there been within the past 5 ve, It is virtoally cer
taine therefore, that the tear subijects were aware of the pre re of TVT only l'nmylh«

odorant delivery svatem, : ' i '
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Military grade TNT is not a reagent grade substance amd contains two major im-
purities: dinitrotoluene (DNT) and monpnitrotoluene (MNT). cach of which has a higher
vapor pressure than does TNT. However. the quantities of these impurities present in all
samples of military grade TVT. both foreign and domestie. <how that the total amount
present is less than 2 percent of the total mass <o that these refated compounds affect the
wtal sdor onls slightly. This i a moot point. sinee DNT and Y¥NT ure alwass present in
military grade TNT andd. therefore, these compounds are pant of the “normal™ odor of

TNT.

It was not the purpose of this experiment te test the subjects against a wide
variety of odorants: therefore, they were not tested for their respogse to any odorants other
than those listed above,

The EBS <ignal was generated in the Stimulus Sequenee Generator and delivere:d
to the subject by shielded feads 10 the connector panel on the Faraday Box, A= noted
previousty, EBS was not applied during data runs. but the test <etup i< identical for both
vonditioning and data runs,

It is important to note that there was a oite bt indeterminate possibilicy
that ~ome or all of the test subject population might eventnally leam to cue on the sound
of the ~olenoid relay which delisered TNT. In order ta preclude the occurrence of such ac-
tivity, the relavs were switched in a random fashion (rom tine to thee so that no one
valve delivered TNT saqmr' for evers test run. It was, of course, necessary to thoroughhy
purge the relavs prior to this funétional change <o that previous adorants which might
cling 1o the valve assembly did not become test antifacts, The came pieces of TYGON -
ing was used in all runs to deliver the odorants' 1o the Faraday Box test enclosure,

‘ 17. Behavioral Shaping. When the test subject was completely recovered from
implant surgery—a matter of 2 to 3 wk—the process of conditioning (following the ra-
tionale described earlier) was begun. This process consisted of twa basie phases, the firdt
of which ased operant conditioning and the second of which used classical conditioning.
Operant conditioning demonstrated the following important factors::

3. The accuracy and ad«;ha«-y of all electrode implants,
b. The ability of the test suhjert 0 deteet the desifed target submtance.

c. The willingness of the subject 10 respond (o adorant stimuli where brain elec
trostimulus was the single reward,

Classical conditioning was later applied only to those animals which successfully met the
above critenia. ’

43

Y T T e

1%




The need for elassical  conditioning  originated  from  eonstderation of the
ultimate uee of the animal. which was, as nated previousdy, as a portable sapor detection
ssatem. The proposed use. schematically depicted in Figure 100 would resalt in con-
siderable jostling of even a severely restrained animal as it was carried through a search
pattern. and in this esent. operant signafling could be seriously diseupted. Thus, it i

“highly desirable that the animal signal it~ awareness of target presence by a change in it

cortival activits . and it was decided that classical conditioning would enhiree this effeet,

MICRo'\';\'/ R
PROCESSOR .~ POWER SIPPLY o

AIR INTAKE

F'oqm.o 10. Proposed use of rat as n'plou'nl detection system.




When the postoperative subjeet was first conneeted to the stimulus generator.
it was placed in @ Skinner Box where a self-~timulus press bar was available (Figure 11).
\fter a brief perisd. the animals generally accepted both this restrictive environment and
the presence of the skull cap with the electrode leads. When the subject was fully adapted .
to the test box (as evidenced by the initiation of the self-grooming process with which thi-
species ocvupies most of its “relaxed state” time), the first EBS was applied manually by
the test operator. The effect of this stimulus was dramatie in every case of effective im-
plant.’ The animal often ceased all activities and remained motionless, usually in a .
standing posture. for several seconds. Cautious grooming then resumed. With the second
application of EBS, the animal usnally appeared perplexed but not alarmed and tended
to seurry about the text cage suiffing rapidly. Subsequent ~umulatmn caured evidence of -
increasing exe m-nwm

vFiwull. Test subject underguing behavioral shaping. '

Imprgre £ chvtnade implant wee rralihy appsrvmt ot thee corly tage of the rmedtionimg prtoeal. 1 the subpret
mantfested scompiomme of frar. stanea. wrner, o0 luserre hebavie. the uu'-loll wan 1Revreet, ao wan ahr the caswe of the
sulypet exhibstedt an lehasinal change with FRS qpelored, (0 the fen whe cxhiluted 2 frar reopemee, wone were shie tn
derine the jlrenurw rregumer wnth roclirmi lwe corvent ameprlitench . while wthere alwass exhilntest fear and were thus tieele
to thr revaech. In all. « 20 70 Swagurltanie. mobe allums rate nere tratend foe implant effectivencs in this manner,
and 12 were found 1o he il no ropurimental salue. The rrawinn e thee (atlure were Lo} muljmod by hostoskeogical
reaminetiom. but were gueumed o the hases of exprewnee 10 le awet pecbiaidy due

1. Surgial errve 10 rievtinuie b atim.

2. Mrwmtuesl soniatum 1 the lrain.

3. Heamm ¢ Hong 'hu. el

\cvmptume | el 1 wem \-lul aiwe the hoare wvwermd largels 1 the i W swhyevts. Neaumypdion 2 i valid

viner frarn wetum spreimens ohtained frum thet e shon wame vartatum o the eyt Ivrnmn of the MFR: the reuht
of riester gl -ln-u‘.- ol tructures al,‘-m tes the MR 1o wftrn o frae m'-..-
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Those animals which responded well to manually applied EBS soon hegan to
exhibit the phenomenon of “superstitous behavior™ which i remarkably similar to the
behavior pattern of humans subjected to an unrecognized challenge. The animals ob-
viously enjoved the EBS, and they apparently assumed that the pleasurable event wa-
solely the result of some action on their part. Immediately following an EBS. the subject
would begin an attempt to reconstruet the events leading to EBS. Some rats ceased all ac-
tivity for up to a minute, while others immediately began a series of unusual postarings at
various locations in the Skinner Box.” '

In order to assist the rat in achieving self-stimulus in the minimum period,
the test operator first applied 20 to 30 EBS reguardless of the activity. posture. or position
of the animal. After this, EBS was applied a like number of times only when the rat was
oriented with its head toward the press bar. Next. EBS was applied only when the animal
was ‘within reach of the bar, and then it was applied v hen the rat investigated but did not
activate the bar. Eventually, with this assistance from the test operator, the animal
depressed the self-stimulus har. and. after three or four such events, all ailhjects recogs

nized the press bar as the source of stimulus.

This process was allowed to proceed in the case of most test subjeets hoth for
reasons of convenience—a simple. available Skinner Box could be used—and for purposes
of observation. In the final stages of the second experimental phase of this research, the
subject was confined in a small cage with its head oriented toward the self-stimulus
treadle, The .utomatic stimulus sequencer was allowed to stimulate the animal at random
intervals without human intervention. The subjects so shaped required about the same
time for establishing the pleasureitreadle relationship as did those subjects shaped in the
larger Skinner Box. The <ignificance of the success of this procedure using the smaller
cage is that a fully automatie training protocol could be employed to train detector rats en
masse for use in field-deplovable detection systems, thas verifving Thesis C.

There can be no doubt to any observer of the monumental pleasure derived by the
test animal from EBS, Within a few hours (< §) of their first EBS experience. the test sub-

jerts were self-stimulating at very high rates, Indeed. 1800 to 2000 bar presses per hour

were pot uncommon for the average subject—and these animals would. if allowed to do
so, continue this self-indulgent behavior until they collapsed from fatigue or dehydeation,
Such hehavior argues-that EBS must surely be the “ultimate™ conditioning stimulus,

e .
UH e et difficul 1o omage that 4 vers similar form of clasase sl combttoning teanm LIS of conured i e mechamsm

uf oergin 10 human superstition asd of the sometimes bigarre bebasior which traulte feam unesplamed. unfamibar mvurrences,




18. Operant Conditioning. After the subject was fully aware of the pleasure to be
derived from the bar-press activity, the shaping period was concluded and operant condi-
tioning began by simply allowing no EBS in response to a bar press unless TNT vapor
was present in the odorant delivery port of the Skinner Box. As expected, wheit an EBS
did not result from a press. episodes of somewhat frantic bar pressing was interspersed
with periods of quiet contemplation or feverish resumption of the earlier superstitious
search for the source of pleasure, .

In order to verify that only the presence of TNT vapor in the test fixture would
induce the desired behavior. other odorants were delivered in the exact manner as wa»
TNT vapor. Pine and cedar sawdust. asphalt. and even food were used as neutral olfac-

tory stimulus because the animals were known to sniff these substances in their normal

life patterns. After about 1 h of multiple odorant exposure, the animals completely ig-
nored any odorant which was not associated with EBS availability: however. there were
occasional false alarms which probably resulted from a decision by the subject to deter-
mine if EBS might be available in spite of the presence of a “wrang™ oderant.

In the surprisingiy short space of about -#) h, most successfully conditioned rats

were able 10 recognize the cause-and-ffect relationship between the presence of TNT
vapor and the availability of EBS in response to har press. Additional aperant condition-
ing (10 h) was given to each subject (30 min per day for 20 davs): during this time. the

~animals were gradually transitioned from 100 pén-ml EBS (an EBS each time TNT
vapor was present) to an EBSstimulus ratio of 0.6 (see Figure 12). This reduction of
reward frequency was in accordance with the well established precepts of both operant
and classical conditioning, which state that excessive reward can result in a rather
substantial diminishment in performance due to habituation with a resultant diminish-
ment of anticipation. It appeared. after some experience with this strain of rats, that a
reward in about 80 cases out of 100 wans the limit beyond which ~ome habituation would
surely occur. Since a high degree of anticipation of rewa.d was eritical to the research. a
0.6 ﬁma‘nllmloranl stimulus ratio was selected  ana maintained throughout the
experiment. e '

i
¢

19. Clamsical Conditioning. In thix final phase of conditioning. those test subjects
which accepted operant conditioning were placed in the restraint capsule (Figure 4) where
no provisions for self-stimulus existed. As before, idorants were randomly introduced into
the text fixture, but in these runs, EBS was delivered gratis during 60 percent of the
deliveries of TNT vapor. The animals were apparently not vastly confused by the non-
operant presence of EBS and soon adpated to the new test conditions. After about 4 h of
classical conditioning. most of the test subjects were deemed ‘ready for data-taking ses-
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Figure 12. EBS/olfactory stimulus relationship.

48




-’

All told. a total of 60 to 80 h of conditioning (eperant plus classical) was found
to be adequate to transform naive subjects into skilled and discrimiaating sensors of TNT
vapor. Not all subjects which could be shaped were usable, but the total _vi'eld useful for
testing from those animals which could he shaped was better than 80 percent—a total far
in excess of that originally anticipated. Overall. the percentage of animals usable as sen-
sors relative to the total naive population was about 50 percent. As a comparison, the
same ratio for dogs trained by non-EBS methods .vas about 13 percent and the training
protocol required in excess of 8 months.™

Extinguishment of conditioning was not a subject of investigation during this
research except peripherally in determination of the optimum reward/olfactory stimulus
ratio. It is significant that no significant extinguishment of conditioning was experienced
in any subject, even in the unique case of an early subject named “Speedy.” Speedy was
retired from service during a lull in the research, and he became a pet of the custodial
assistant. After 1 yr of total inactivity ax a test subject, Speedy was again placed in the
operant experimental chamber and subjected to TNT vapor. He immediately recognized

"the odorant, pounced upon the stimulus press bar, and attempted to stimulate at a rate

approaching 2000 presses per hour. This astonishing performance continued for several

weeks, but before he could be placed on an EEG schedule. he died from the eifects of a

respiratory viral infection which claimed three other skilled subjects. Various other sub-

jects were carefully evaluated after inactivity periods of up te 6 wk. and none exhibited
- any evidence of severe extinguishment. From the performance of these svhjects, one must
- conciude that the effects of EBS in conditioning are potent indeed. and that the data ob-
tained in this research are free from the effects of extinguishment. i either operant or
classical conditioning,.

20. Data Recording System. It is difficult to obtain quality recordings of animal
cortical activity in spite of the fact that the signal levels are higher and of less diffuse

origin that those obtained from the conventional scalp electrodes used in human clinical |

practice. The major problem in each instance is generally one of slglml artifacts which
can, mimic or mask the desured signals.

Much of the problem of signal antifacts in the case of animal EEGs arises as a
result of the motion of even a severely restrained test subjec?, which results in the presence
of signals of both cortical and muscular origin. Additionally. there may be triboelectric
signals generated by motion translated along the EEG input signal leads. Although thix
effect is usually of secondary significance, these microvolt signals can add significantly
to the total artifact eontent of the data recordings. As explained earher. mmmn artifacts
were minimized by use of the device shown in Figure 4.

'

™ Nolan. R. V. and Gravitte, 1) L., “Mine Detérting Canines.” Repon 22la U5 Army  MERAICOM, Fort Belvair.
Virgine (J977) .
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Onee the problem of motion artifacts wis eeduced to o mininmn. it was a simple
matter 1o deviee and fabricate a sereened  enclosure (e Figure  $3—a Faraday
Box—which would achieve at least a T0-db to 80-db attenuation of artifacts derived from
~otrees i and adjacent to the Faboratory area. The Faraday Box wais built with a wooden
frame covered instde and out with «'lc'l'”u')iii' i'u,n'n'l’ (9.5 prereent or better chemteal
puritvg except for 4 viewine port in the Lid, which was covered with bronze wire sereen
both inside and out. AL metathie junctions on hoth the main bods and the Lid were
1';lrl“.l|“.\ j(lilll'll and oldered to assure O'HIIIIIIl'Il‘ electrical l'cllllillllil). The t'”ic';u"\ of the
hielding was foumd to be <uch that no artifacts were evident i the EREG <jenal
preamplifier output inany chimael when high-intensits noi e sources were placed pros-
toal to the closed test hox and \\'ilh-pr--;nnpliﬁ«'r gain ~el at 10,000,




S

In order to assure the total absence of power line noise, a high-quality, battery-
powered, variable-bandwidth preamplifier was selected which could be placed within the
Faraday Box during test runs. The amplifier chosen for this service was the Princeton Ap-

plied Research (PAR) Model 113 Low-Noise Preamplifier. This unit is advertised to have

a common-mode rejection of 120 dB for gain settings in excess of 200, a gain accuracy of
& 2 percent and a total distortion of 0.01 percent. The amplifier can operate normally for
at lest 8 h on its internal battery. and this battery can be fully recharged in 16 h.

It should be pointed out that even though a commercial 10-channel EEG
appa‘ri:lus (Grass Model 7) was available for these tests and was, in fact. used early in Ex-
periment I, it was determined by later experiment that the lowest possible system noise
level was obtained by use of the PAR amplifier located within the shielded enclosure.

The cortical EEg signals, as read from the dura meter of the test subjects. were
in the order of 20.4V to 100 uV, and since the PAR 113 was routinely operated at a gain
of 10,000. the resultant large output signals (200 mV to 100 mV across 600 ohms) vir-
tually precluded the introduction of laboratory artifacts into the input of the data tape

. recorder. Great care was taken to eliminate ground loops and other “hidden sources™ of

noise input to the data system.

When magnetic tape data recording systems: were first considered. the use of
direct digital recording was contemplated since this dataform would simplify data
analysis by precluding the need for post-experimental digitization, and it would also’
allow for.some “real time” data analysis in the physiology laboratory. After due con-
sideration. it was <ietermined that these were only slight advantages among many severe
disadvantages. iv.2erent in direct digital recording.

A mrjor consideration was the cost and the availability of digital recording equip-
ment unii the cost, difficulty and hazards of transporting such systems from one facility
to another. Additionally, if one wished to acquire all avaiiable data, the amouni of
digital tape used would he staggering, comparrd to the amoum of tape requnred for
analog recording.

At a data rate compatible with lhe‘ anticipated frequency response of Experiment 1
(300 Hz) each digital tape would have run 4 min or less, using the equiment avallable, in
contrast, comparable anaiog tapes would run ahout 6 h each.™

™ Sinee the spectral density of the EEG signale derived in rach fxwﬁ‘rm war unknown prioe to data analysis, the digital

sampling rate was at fiet indeterminate, If, indeed. the EEG «gﬂﬁﬁﬂl frequencien upr to 300 Ha. then the optimum sampling
rate had 1o be at least 750 samples per second. which required a (rue sampling rate of 1024 amples per xecond.
On the other hand, if the usable frequency spectrum was trancated at or below 200 Ha, it would be possible to sample at a 512 Hz
rate, thus halving the amount of digital recording tape ued.

Sinee there wis no a priori reason o believe that ixabile fresuency components did not exist hﬂuad 200 Hz, a sampling rate of
1024 per wevond would have been indicated, thus resulting in the 4-min tape life noted. .
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. %+ 0.5-percent d.c. drift over 8 h. These specifications are entirely adequate for the pur-

Consideration of available EEG data led o the conclusion that the use of IRIG
(Inter Range Instrumentation Group) low-band analog recording would be ideal for this
research, since there was no basis for postulating the presence of significant frequeney
density past 300 Hz, and IRIG low-band recording allows a system bandwidth ranging
from d.e. 10 312 Hz (6-dbloctave high-end roll-off). Additionally. this ivpe of recording
allowed for the use of analog direct recording for ancillary data. such as the oral com-
mentary of the test operator and a simple time reference code. From the foregoing con-
siderations, analog recording was selected for the hasie data collection system.

c _ Consequently. the data recorder used was a Honevwell Model 7660, 1-4-channel,
FM. magnetic analog tape recorder operated in‘the IRIG low-band mode. which had the
following operating parameters: tape speed 1-7/8 in./s: center frequency 1.68 kHz: data
bandwidth =1 db from 0 Hz to 312 Hz: S/N 45 db. In this mode. the manufacturer
claims 1.2 percent total harmonic distortion. = 0.5-percent deviation linearity. and

pose of this experiment.
All data were recorded on pristine’ 3600-ft reels of Ampex Tvpe 760, l-in.
precision magnetic tape. '

Since recording and playback were to be accomplished on different machines in

different laboratories, it was necessary to record calibration signals on each channel o

that playvback output signals could be held to the closest possible facsimile of the inpu

signals. Consequently, immediately prior to each data run. all FM signal channels were

calibrated by first applying a direct short circuit to the recorder input jacks. The in-

dividual channels were then adjﬁsled to give zero amplitude output. Following this 5-min

segment was a 5-min segment whérein a 200-Hz. 50-uV signal was applied to all three

PAR amplifier inputs simultaneously and the data recorder channel gains were adjusted

for identical recorder output ampliﬁules. The passbhand of the PAR amplifiers was ex-

, tended in this recording segment so that the high-fréqu(‘m-y roll-off waz 1000 Hz while

. gain.remained at 10,000 X. At the conclusion of the calibration sequence. the passband

' of the preamplifiers was set to give '0.3-Hz low-frequeney roll-off and 300-Hz high-
frequency roll-off (12 dbloctave).

In order to facilitate the process of locating any given data epoch on the large tape
reels. it was necessary to include a precision time code on each data tape. The IRIG-B
time code format was selected on the basis of available equipment (Systron-Donner Model
HI-150 time Code Generator). The timing signal was directly recorded on head track 10
of all data tapes. ' ' ‘
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To further enhance the overall data set wtility during playback. a continuous
commentars was recorded by the test operator during every data run. No comment was
regarded s 0o trivial to record during these sessions and many motion artifacts were
readily identifiable in the reproduced data by virtue of the oral annunciation of test sub-
jeet activity.® Voice data were recorded on all data tapes.

It was necessary to identify precisely the time of activation of the odorant control
valves so that data epochs could be selecied which covered only a few seconds prior to
and after odorant de'ivery. Consequently, the cdorant release solenoid valve d.c. control
voltage was simultaneously applied to the solenoid ecoil and to an FM data track. These
d.c.signals. used in concert with the IRIG-B time code, allowed for precise positioning of
the data tapes during playback with the result that the total data digitization effort was
reduced to a simple and efficient routine.

A schematic repre;entation of the entire recording svstem is shown in Figure 14
where the system is connected for monopolar signal recording in Experiment I1.

21. Data Recording Procedures. The total EEG data set resulting from each of
these experiments was contained on analog data tapes. Additionally. written data sheets
of the type shown in Figure 15 were prepared to aid in data epoch location and to record
incidental information not found on the data tape voice channel. Data were acquired on
a total of 10 test subjects in each experiment. and from the mass of data thus acquired in
Experiments I and 11, over 1300 usable data epochs were identified as appropriate for
digitization and data a:alysis. Data analysis involved about 500 epochs from the first ex-
periments and 800 epochs from the second experiment. '

The EEG signal data were recorded either in monopolar or in bipolar format on
FM channels 7. 9. and 11 of the Honeywell 7600 data tape recorder. The recording speed
was 1-7/8 in./s, which permitted recording a total of nearly 6 h of data per data tape.

Monopolar recordings were ‘made using the nasion lead (see Figli're 2) as the
Cindifferent electrode. During bipolar recording:;. the nasion lead was conrected to the
system ground. The EBS electrode was not connected to any lead during any data run.
The resulting analog data set then consisted of the following EEG recordings:

B he reu operatom were asked 1o investigate the seemingly ludiceous possibility that e ity the subjects might feam to recop-
nize the words uttered by the various test aperatons as they announced the nature of the impending wtimulux, and at various
stages of testing. Un oecasion. various sperators approached the Faraday Box and sridently announced (falsely) that the next test
wonld be @ TNT event. Also, subjects placed in a Skinner Box were accorded the same treatment, At no time war there any
behasioral evidence (such as violent sniffing or lunuiu;ﬁ the Skinner Bax treadle) that the ~ubjects cuuld cwe on oral stimuli.
Perhaps ‘it wan well that this test wan performed, sinve the question of oral stimulus hae arisen in various dircussions
refative W this research, : o

)
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Monopolar: Naston to Parietal
Nasion to chipilal
Nasion to Cingulate

Bipolar: Parietal to Occipital
Parietal to Cingulate
Cingulate 1o Oceipital

To allow for precise identification of stimulus odorant delivery initiation during
data’” analvsis, the odorant delivery solenoid die. control signals were recorded on FM
channels + and 6. The <olenoid <ignal from the TNT sdorant svstem was unigquely re-
corded on channel 4, while the two control oderant initiation signals were dn(l'"d(((l

dnd recorded on channel 6.

Voice commentary was recorded (direct AM recording) on channel 14 .md the time
vode signal was always on channel 10, ) .

A short sample of the recorded analog da 1-is <hown on Figure 160 This is a
monopolar recording, and at the approximate mid-point of the cample time axis, the
presence of TNT solenoid signal is evident as a step change in the channel 2 plavback
trace. (Figure 16 was not generated by a high-fidelity plastiack <ss<tem. The pen recorder
used had a bandwidth of only 100 Hz for small amphitude signal<, and this bandwidth
deteriorated with inereasing signal amplitude.) e

The voice channel containea much valvable information since the test pretoeol
demanded that the test operators keep up a running commentary duiring each formal data
run. At least 200 data epochs were eliminated from consideration duriez final data
analysis as a result of warnings, observations, and comments on the voicé channel,

The standard IRIG-B time code recorded on channel 10 wis used to precisely time
all recorded events, including recording system calibration and subjeet-introduction. By
this means, any event could be located on any analog tape with an aceuraey uf I «¢2in.
in 3600 fr). ; ;

The term “data epoch™ has been used repeatedly thus far in this text. and it i
now pertinent to define this teem: An analog data epoch is the total data contained in the
time period extending from 10 s prior to the presence of a solenoid control signal 10 10 «
past the time of the control signal. Thus, Figure 16 does not depict an entire. data analoy
epoch since the image cize allows observation of about @ 5 subsequent to the control

signal and only about 8 « prior to the control «ignal.
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The presence of the time eode allows the simple extraction of these epachs from the
- great mass of background EEG data. and- then it serves again as a backup identifier of
the digital event. ‘

Digital data epochs are defined in Section 1, "RESULTS.”

A typical recording ‘session began early in the dav with the pseudo-
random selection of a prime and an alternate test subject. Over the complete course of the

experiment. each animal spent a minimum of 1 periods int the test chamber, and thereby .

each subject contributed a“total of a?uiul 4+ h to the data bank. .

The subjects were maintained-on a diurnal evele such that they were in darkness
from 1800 h to 0600 h 7 davs a week. This rigid schedule was adopted so that no confu-
~ion or anxiety would-result from the sudden introduction of light just prior to a test se-

quence. Upan removal from the domiciliary area, the primary subject was placed first in .

the restraint device and then in-the Faraday Box. Following this transition, each subject
was given ample time to accoimmodate to the environment of the test chamber while
preliminary recording setup and calibration were in progress. The data runs began only
when the subjects were fully adapted to this milieq. ‘

Several subjects tested in the formal data recording sessions were first presented
e the test ~tation as an individual totally naive to any form of olfactory stimulus,
although each snbject was fully conditioned to the effects of self-induced EBS.-and each
was adjudged to be properly implanted. (Additionally. it was determined during EBS
‘training that each EEG electrode was sali;fac-luril_v'implanled.) .

The purpose of introducing the naive subjects directly to the test station was to
obtain EEG background both prior to and «iuring the first exposures to the odorants used
in the experiments, and thereby to attempt to discern if there were any unconditioned or
natural AESC in response to these 'm’cral,lll.ﬂ. '

Figure 13 is a reproduction of a data set randomly chosen from Data Tape 54
(~econd experiment). Note that d.c. calibration aceurred hetween relative time zero and 05
min. 13 % (00:15:13) and a.c. calibration then oc¢rurred between 06 min. 48 s, (00:06:48)
and 11 min, 19 » (00:11:19). This final system calibration was followed by 5 min of
" baseline EEG data, during which time the xubject wax allowed to adjust to the test
chamber®

ul In practice, this perioed wan often oo kng a0 | h (e those suhjects which demonstrated an unusaal reluctance 10 acerpl
the restraing ddesiee, {n these few care, the calibration svjience wus to-tun, and the dats sheet represents only the formal run as

shawnn,
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At the relative time 00:31:00. a "Pre-training™ or *Naive Data Set”™ was initiated,
The exact sequence of 15 TNT vapor and 14 control odorant exposures is detailed in
Figure 15.

Unfortunately. but not unexpectedly. Rat G and most of his test peers in the
naive state were very disturbed by the restraint—in spite of their thigmotactie nature—and
the number and magnitude of the muscle antifacts résulting from: their struggles to (-scépe
rendered much of the naive EEG data useless. An occasional epoch of value resulted from
the fortuitous coincidence of cessation of struggle and oderant delivery. From these
limited data. it was not possible to elucidate any statistically valid evidence of the AESC
prior 1o training. It is important to note that these data were r.corded for reasons of ex-

.perimental completeness and were not considered as part of the formal data set. since

there was no reazon a priori to believe that the TNT target odorant wouk] eveke an AESC
in a naive subject.

Figure 15 shows the next series of tests on Rat G where the subject was no longer
totally naive. !n the calumn at the extreme right of the figure, the training parameters for
thix subject are presented. The symbols are to be interpreted as follows:

Prior 10 subrsession 5. which began at relative time 00:530:00, Rat G had received
50 exposures to TNT vapor and 30 exposures to the control adorant. Coincident with each
TNT exponure, the subject wan given EBS. Conversely. no EBS was given during the 30
neutral (control) odorant deliveries, The notation “100%R™ indicates that EBS was given
in every instance of TNT odorant delivery, As the animal hecame more experienced, this
percentage was dropped until in the final sessions some days later. an EBS to TNT
odorant delivery ratio of about 60 percent wax established. Thix was done to prevent
habituation and to accent anticipation, as noted earlier. A

[

When sub-session' 3 ended ai (0:54:40, Rat G was then given 54 additional TNT

vapor/EBS pairings interspersed with 32 control odorant exposures, Following this train-
ing. sub-session 6 began at relative time 00:55:00.

In this manner, the fimt: day of Rat G's training and data acquisition lcy(-le

- progressed 1o its termination at 01 h. 00 min. 44 s, .

It is essential that the reader understand that the relative time displayed

on the data sheets wan for the convenience such markings present to data analysis, and
that the time readings bear no resemblance to true chronological events except during
data runs. Thus, it could have occurred that as little as 30 min. or as many as %0 min,
elapsed in real time between the évents defined us 00:54:40 and 00:55:00 in Figure 15.
However, the 03 min and 24 s which’ are shown to have elapsed between 00:55:00 and

00:58:24 represent real time in that the events occurring in this data interval were an

unintermpted continuum. '

*
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Data aequisition proceeded in the manner described above until at least 100

stimulas events oceurred in the case of cach test subject. In addition, over 60 h of
background EEG data were recorded as ancillary information in the event that extensive

examination of diurnal (or basal) EEG vartation became necessary *?

22. Data Playback Systems. The data plavback system for Experiment @ is
diagramed in Figure 17, All data were recorded on a Honevwell Model 7600 Magnetie

Tape Recorder, a~ described earlier.

MAGNETIC TAPE

RECORD 'PLAYBACK UNIT.

HONEYWELL MOD 7600

TNT TRIG

o ————-{
€EG SIG STIMULUS

e PRESENCE EEG - ANALOG
NEUT TRIG DETECTOR "1 FILTER

(LOGIC GATE)

‘ AuDIO

VOICE CHANNEL
AUDIO SYSTEM

SYSTRON. DONNER

TIME CODE
#~{ - GENERATOR/ ‘ ?gmg
READER
MOD Hi - 150

&

READ OUT: . COMPUTER OF
MNEMOTRON AVERAGE
510 DRIVE UNIT | |-etimaneed TRANSIENTS
IBM SELECTRIC . MNEMOTRON
TYPEWRITER MOD 400 B

- Figure 17. Dasta digitization and signal processing: Experiment |

"The solenoid odorant contiol valve energizing signal was recorded on recorder
channel 4 (TNT) or channel 6 (NEUTRAL). and this signal served as a precise trigger for
the logic gate in the stimulus presence detector. The logic gate could be set 10 admit for
analysis EEG data which consisted of pre-stimulux or post-stimulus segments. The analog

H2

These latter dats events were rather ra’mmllr examined. sinee an obvious need did i arine for extensise background

analysis an anticipated: howeser, the priney

le (e “excens data where practical”™ was followed in this reeearch, gad the
.

iachground data were simple and inevpensive 1o recond.
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filter was set to admit frequencies in 26 bands in the range 1.0 Hz to about 40 Hz to the .

Schmitt trigger. The Schmitt trigger squared those EEG signals with amplitudes above
the average recorder noise background and thus provided a computer of average
transients (CAT) with a trigger signal which was the analog of EEG frequency in the
band of interest. The CAT began a sweep of addresses at a constant rate of 3.2 kHz upon
receipt of a trigger pulse. The sweep continued until receipt of another trigger due to a
zero' crossing in the Schmitt trigger. In this manner, a histogram of timed intervals
between haseline crossings was accumulated. The CAT combined proper addresses and

delivered data for 26 bands of frequencies, which are shown in Table 3.

‘Table 3. EEG Frequency Bands — Experiment |

Upper Roll-Off Lower Roll-Off
EEG Band (Hz) (Hz) CAT Address

1 1.5 10 - 135-201
2 2.0 1.5 101-134 .
3 24 20 81-100
4 3.1 2.4 67-80
5 3.6 3 57-66
6 4.0 3.6 ' 51-56
7 5.1 . 40 ‘ 41-50
8 6.5 50 '34-40
9 . 6.9 6.6 © 30-33
10 7.7 6.9 ' 27-29
1 . 8.3 , 80 . 25-26
12. 9.0 ' 83 23-24
13 99 - ‘ 91 21-22
14 1o ' 10.0 X 19-20
15 124 ' . 1.1 .o 1718
16 13.2 . . 12.4 _ 16
17 14.1 13.2 C 15 -
18 15.2 : 142 14
19 16.4 : 15.2 13

20 17.9 , 16.5 12

21 197 . 18.0 11
22 21.8 . 19.7 S 10

23 24.5 219 - 9

- 24 27.9 ‘ 245 8

25 323 . 2719 : 7

26 38.5 324 6
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Optimum operation was determined to be obtained when an 8-torl time compres-
sion was used. This was achieved by operating the Honevwell 7600 at 15 IPS playback

“speed (all data recording was accomplished at 1-7/8 IPS). The CAT then sampled 400

points at a rate of 3.2 kHz for an equivalent real time sampling rate of 400 samp’.-:
second.

The overall data playbae k/dlglllzauon system used for Experiment if is shuwn
in Figure 18.

In order 10 simplify the search for useful data epochs, the -lata playback system
needed a search control module which could be set to stop the analog reproducer when
either a TNT stimulus solenoid signal was present or when a seutral stimulus signal was
present as the search operator wished. Consequently, the stimulis presence detectors and
the search control unit was designed to offer any signal sption to the operator, including
cessation of search at a preset time code. Since the quantity of data was staggering in the
raw analog format, this control module was an invz:iuable adjunct to final data analysis.

Prior to each data digitization session. the playback device was calibrated by
use of the standard signals included on ea-h data tape. These signals allowed for both
d.c. offset adjustment and for a.c. calibrztion. so that at the time of playback. the output
of the data playback system was an exact replica of the input data derived from the EEG
preamplifiers. Close control of d.c. offset not only allowed for the most linear operation
of the playback amplifiers in the tape systems, but it also. greatly simplified the process of
digitization. ' :

System digitization bandwidth was set by the Rockland dnalog filter prior 1o
A/D (analog-to-digital) conversion. The vverall system was found to be reliable and re-
quired no adjustment or repair throughout its service period. Indeed. the overall perfor-
mance of the playha('k/digitizalionl system of Experiment 1l greatlv exceeded the re-
quirements imposed by this researeh. ' :




¥30v3¥ 3009 INIL
~ 0618 QOW
¥INNOG/NOYLSAS

)

YOA

U

I',V
041NOD —~— .
Huvas [
e
¥0193130 40173130
WNIIS TWNDIS
o IIN3ISIU4 IIN3SIUd
%301 SNINNILS SNINWILS
Y WUININ INL
— | |
XdS GOW 0JSN3 TINNVHD 3010A
4304003y WISAS
341 WLI9I0 . olany
12L QON 1D *
40 ININOAWOD -
y344n8 Viva
12L GOW 15D
40 ININOJWO) WILS INL
¥314IANOD /¥ WILS 104INOD
- 93
918 WIISAS ANVINIOY -
43,114 SOTVNY - 333
933

009S TIIMAINOH ¥0

00t ¥4 XIdWY -
1IND ¥V8Ad

/43040J3¥ 34Vl JI1INIVN

65




II. RESULTS

23. Summary of Results. It is evident that each of the four Theses which
comp:ise this report have been proven beyond reasonable doubt. Thesis A postulated that
laboratory rats were capable of identifying the oder of military grade TNT in the
presence of olfactory clutter; Thesis B argued that if A were true, then the subjects could
be induced by the methods of operant conditioning to signal the presence of TNT vapor
and to refrain from signaling the presence of other (neutral) olfactory stimuli.

While a proof of Thesis A was initially suggested by the observation of unique
behavioral changes which occurred in test subjects only when TNT vapor was present,
much more definitive proof was achieved when Thesis B was verified. Hundreds of hours
of preparation and testing were involved in this seemingly simple set of proofs, and the
results are beyond question. It has been shown that laboratory rats (Sprague-Dawley
strainj can. indeed. identify the presence of minute quantities of TNT vapor and that they
will eagerly signal this identification by means of a bar press.

Thesis (. was proved hy the expedient of complete standardization of all training
procedures and by strict adherence to this protocol. Thesis C proposed that more than one
subject can be trained simultaneously by a single human operator whose sole function is
to initiate the ‘automatic program test sequence after placing the subjects in the test ap-
paratus. It is certain that large numbers of rats can be trained to detect and annunciate
the presence of TNT by automatic methods requiring the attention of only one laboratory
technician,

The proof is of great importance to the pragmatic aspects of various biosensor
programs, some of which have heretofore suffered defeat and elimination because of
training costs alone. '

. Thesis D) predicted that an event must occur in the cortical EEG as a direct
consequence of the arrival of an olfactory stimulus which had heretofore resulted in the
delivery of an extremely desirable reward. This event is referred to as an Anticipatory
Evoked Spectral Change in the cortical EEG signals; The event was postulated to occur
in a short time window immediately following the stimulus presentation, during which
window the test animal would anticipate—from prior classical conditioning—the delivery
of the pleasure reward which it so eagerly desired. '

The proof of Thesis D required extensive data analysis employing sophisticated
digital computers since this protocol was, ultimately, the only practical method for
elucidating the presence of detection signals heavily masked by the neural “noise” of the
_background EEG. Thesis D has been shown to be valid; unique EEG signal features ap-
pear following exposure of the subject to low concentrations of TNT vapor.

'
'
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Many years of intensive experiment lie betw<en this initial proof of Theses A, B,
C, and D and the realization of a feasible explosives detecting biosensor such as described
earlier, but the rationale for expending this time and effort now exists in this report.

24. Behavioral and EEG Data. The results presented below are based upon
the data collection of two major laboratory experimental efforts which consumed a period
of about 3 yr. In all, over 1300 data epochs were examined in varying degrees of detail,
and this quantity of data possibly would represent experimental excess, were it not for
suspected errors in early data which were resolved only after all data acquisition was
completed.

The presumed errors were related only to the procedures designed to verify
Thesis D. At no time was there reason to doubt those experimental procedures which were
implémented to verify the critical Theses A, B, and C. However, to preclude controversy,
the entire experiment was implemented twice to the extent necessary. to unequivocally
argue the validity of all experimental data. In the interim period hetween the first experi-
ment nd the second experiment, the entire data-taking process was reviewed for competen-
ey and was extensively revised.

The rationale for expending this total amount of effort stemmed from a probably
overcautious evaluation, wherein it was concluded that laboratory noise artifacts had
possibly contaminated the first data applicable to Thesis D, in spite of the exercise of due
caution. Also, there was some coneern that the initial experimental bandwidth of 50 Hz
was inadequate. since there was no a priori reason to believe that some sigrificant EEG
signal components did not exist at 200 Hz or beyond. Since it was impractical to review
the entire continuum of analog data from the first experiment through its many hours of
background EEG, immediate prﬁstlmulus EEG, and voice channel comments, it was
decided to rerun the experiment using extended bandwidth and more elaborate noise

elimination lechniques.

Examination of the expanded bandwidth second data set analog and dlgnal tapes

by spectral density measurements demonstrated that the most significant energy spectra
w-re positioned below 40 Hz. This result was not really unexpected, since human EEGs
have revealed the same distribution in. records reported in the literature. Of 818 data
epochs examined from the second data set, less than 10 revealed any evidence of signifi-
cant EEG signal energy in the frequengy region above 100 Hz, and these few instances
probably were random occurrences, since the events do not routinely repeat in the subject
during each data epoch (for a single type of stimulus) for that subject. No evidence of

significant energy was obtained above 200 Hz in any epoch examined.
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Since Experiment Il was instrumented to allow for a de*a handwidth raaging

from d.c. to 300 Hz, it would have been necessary to digitize at a sample rate of 1024 Hz
(to satisfy the Nyquist eriterion) if full bandwidth digitization were required. Considering

the amount of data on the analog tapes, the 818 analog data epochs (each ranging from 6

to 10 s in duration) would have consumed an inordinant amount of digital recording tape
(even at 1600 bits/in. data density) and, cons=quently, machine time during analysis
Thus, prior to full-scale data digitization, a trial digitization was begun using full ba..d-
width. A small section of severa! data tapes was examin=d to determine if a reduced
bandwidth of 200 Hz would be adeguate, since this would halve the digital recording
tape requirement by allowing sampling at 512 Hz at 1600 Lits/in.

The EEG spectral density, or power spectrum, was derived from the digital data of
‘Experiment II through the use of the procedure outlined helow. A sample of the total data
is X(1) defined over the period t, <t =<1, as depicted in Figure 19. Taking for Fast Fourier
Transform (FFT) of the data sample results in the relationship:

F(w) = a(w) + iblw) (1)
where

a(w) = the real component of

and

bw) = the imaginary component of .

x(t)

Figure 19. FFT relationships.

0
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The power spectrum is then derived as the summed squares of the absolute values
of a(w) and hlw): ‘

or - P(w) = a*w) + b*w). 2)

This expression is a real number representing relative power at any frequency in

the sample spectrum. A plot of this function expressed as amplitude vs. frequency for 12 .

© 300-Hz bandwidth data samples is shown in Figures 20 and 21. Figure 20 depicts the
calculated power spectrum for three samples of pre-TNT stimulus EEG data and three
samples of post-TNT stimulus EEG data. Figure 21 shews the same calculation plots for
pre-neutral and post-neutral olfactory stimuli data. '

. After several test runs, the plot bandwidth was reduced to the range of zero to
64 Hz, as shown. Similar plots of power spectra were made for other subjects and the
overall results showed the same general variations from epoch to epoch. The data for the
figures were chosen at random from these runs. The subject chosen was Rat B, the
regimen was his third session. found on analog data tape 2A (Experiment II).

It is evident from these plots that there are no significant speetral components

above 40 Hz in these data. and there is little evidence of significant signal power levels
above 30 Hz.

Considering the results obtained above and equating the cost of utilizing 300-Hz
bandwidth in digitizing, the data playback system bandwidth was reduced to 200-Hz up-
per roll-off. Digiiization then proceeded at 512-Hz sampling rate with 160041)ils/in.l data
density for all data epochs.

This verification of the appropriate bandwidth to be found in most. if not all. EEG
samples greatly enhanced confidence in the integrity of the data set from Experiment 1
~ which, ae noted earlier, was set at 50-Hz roll-off in the analog recordings. In spite of this

assurance, the data from the ploneer experiment were not used in proving Thesis D since

the data from Expenment I bore no residual stigma of any sort.

The behaviorai data upon which the proofs of Theses A, B. an C rest is contained

in the numerous data sheets from both Zxperiment I and Experiment Il such as those
shown in Figure 15, in numercus pages of laboratory notes, and in the collective memory
of the laboratory team members. The latter data bhank—fallible human memory—was

used in a series of “blind quizzes” to verify the unified data depicted in Figures 12 and

22. (Ar: astonishing degree of agreement was found to exist hetween the collective and

sometimes temporally distant observed behavioral characteristics and that depicted in the

smoothed data of these figures.) Since hehavioral data are noteriously difficult to
.'categorize, standardize, and record, this agreement served to amphfv conﬁdence in the
" proofs of Theses A, B, and C.
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25. Optimum EBS to Odorant Ratio. As described in detail earlier, some extin-
guishment of behavioral conditioning iwvariably accompanies any operational protocol
i which a conditioned subject is rewarded each time a correct operant or classical
response is effected in response to stimulus. Such behavioral response is termed habitua-
tion, and the negative effects, if unohserved or disregarded, can serisusly alter the course
of an experiment such as that under discussion. Further, these effects will probably be of
indeterminate magnitude a posteriori, thus 'leaving an unknown degree of biax in the
overall experimental results.

There is. in all creatures. a balance of emotion between habituation and
anticipation which can be optimized by experiment, and such optimization is found hy
slowly varying the ratio of rewarding stinulus to detection stimulus. In the instant case,
the frequency of availability of EBS wax varied while the odorant density (olfactory
stimulus level) was held a» constant as possible.

" Ten rats from Experiment I and five from Experiment Il were studied for the
effects of unity EBSodorant presence ratio. Habituation ~as evident in thase subjects
which had passed the 40-h conditioning regimen (during vihich time a unity ratio was the
rule) by about 20 h. Although the diminishment of the detection performance—as
evidenced by treadle press—was highly variable between subjects. the average diminish-
ment observed in all 135 subjects was found 1o be a drop to about 0.7 probabhility of detee
tion. Since all the selected subjects had evidenced 0.9 or better probability of detection at
the end of their initial $0-h conditioning regimen. this diminishment of performance was
significant from the standpoint of practical application in explosives detection service,

As the EBS/odorant presence ratio was varied from unity to 0.3 by withholding

EBS in a pseudorrandom manner. the average subject began initially to increase his prob- .

ability of detection (d.1e to enhanced anticipation) and then extinguishment again ap-

- peared. The curve of Figure 12 represents the average performance of the test subjects.

Note that there is a region, termed the “Zone of Maximum Anticipation.” where the .
EBS/odorant presence ratio may be varied over rather wide limits (0.7 to 0.5} with little
change in the observed detection performance. On either xide of this zone, performance
begins. to deteriorate rapidly, especially as the ratio diminishes past 0.3. The data.
boundary point noted on the curve fepresents the limit beyond which it seemed inad-

. visable to go wince the extinguishment of training would have been inimical to the ex-

perimental effort. The extrapolation (dashed curve) seems ;2 be appmpnale. but actual
data were not obtained in the lower zone for any rat.

26. Verification of Theses A and B. Prior to this research effort. there were no
known data which could unequivocally demonstrate that rats were able to detect TNT,
even though assumptions were voiced 10 the effect that this capability should exist. It was

" essential, then, that Thesis A be proven valid at the earliest pounhle moment in the
‘hmlory of the research.
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While Theses A and B are individual coneeptual entities and verification of each
was vital to the experiment, it became apparent early in the formulation phases of the ex-
periment that Thesis A was most convincingly proved by the concurrent proof of

Thesis B.
Thus. this phase of the experiment was destgred to include the steps below:

a. The rat was <haped as deseribed in Section 10 “METHODS AND
MATERIALS" ‘

b. Treadle pressing resulted in EBS self-stimulus ('mlﬁ' when TNT vapor
was present.

e. Ootimai values for reinforcement/olfacory stimulus ratio were determined
(Figure 12), ' '

in compliance with this schedule, each subject was shaped until it was centain
that the relationship between treadle press and the reward of EBS was firmly established.
Table + shows a comparison of the shaping) self-stimulating aetivity of 10 randomly
selected rats. These data show that the subiject animals elearly recognized the relationship
between treadle press and the generation of the highly pleasurable EBS. The sessions
enumerated in the right column were each approximately Y2 h in duration with a max-
aam of five sesstons permitted. Each subject was tested for maximal résponse in the first
session by varving the stimulating signal current and the duration of the bipolar EBS
signal deseribed in Figure 5. Only those subjects wich wonld respond to EBS ~ignals in
the range of 100 gA 10500 gA were considered useful to the program.

Table 4. Self-Stimulation Rates During Shaping

Treadle Press Rate © Stimulus Signal~ Stimulus Signal -Session

Rat ID - Per Minute Amplitudc (uA) Duration (ms), Number
A 03 300 300 4
B 187 o 250 . 300 4
¢ o 64 . 250 250 4
G* 44 - 00 550 3
S , 706 ' %0 250 3
97 R T 300 .. 200 2
98 ' 100 200 _ 200 2
100 . 170 : 200 150 2
103 110 : 200 . 150 2
104 170 : 200 150 2

*  Rat (; was, at this pont, a marginal performer, but at the end of the fifth and final session, he achieved the mini-
mal requirement of ﬁlﬂ treadle presses/minute. L
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The rationale for the choiee of these limits was:

d. 100 pA was believed 1o represent the lowest signal current which could result
in a reliable stimulus to the appropriate structures in the Medial Forebrain Bundle in
view of the subjeci-to-subject anatomical variations and considering the signal “scatter-
ing” resulting from the volume conductor nature of the brain tissue.

e. 500 uA represented the upper limit of safety from the standpoint of tissue
destruction resuiting from heating effects and from electrophoresis; further, it was known
from earlier experiments that signals much in excess of 500 uA could result in excitation
of neural structures which cause behavior radically different from that desired (see
paragraph 14, “EBS Signals”). '

Ultimately, 300 pA was chosen (prior to formal data runs) to be the optimum
stimulus current. and this level was held constant in all data runs in both Experiment I
and Experiment 1L '

Similarly. the duration of the EBS signal was varied.in initial testing and
only those subjects responding maximally to stimulus durations ranging between 150 ms
and 300 ms were chosen for further testing. It is important to note that stimvlus duration
is not defined as the pulse width of the stimulating signal which was held constant at a
pulse group width of 600 ms: rather, stimulus duration is defined as the pulse train
width. Since the pulse group repetition rate was set at 100 Hz, a 300-ms signal consisted
of 30 bipolar pulse groups. '

This duration was set at 200 ms (or 20 pulse groups) for the stimuhis periods
between EEG data taking sessions, and thus, a “standard™ EBS was defined.

In addition to the limitx imposed on the acceptable range of EBS signal
parameters, the rats were required to attain a threshold rate of 60 treadle presses per
minute. at the end of the fifth half-hour session. Those subjects which did not reach this
level were eliminated from further experimental service. Rat G was in jeopardy at the end
of his third session, as evidenced by his press rate of 44 per minute. By the end of his filth
session, however. he achieved the required rate of 60 per minute.

"It is of interest to note that the self-stimulus rate variation of nearly
“four 10 one (in the sample group shown in Table 4) in these early sessions did not repre-
sent any predictive index of performance as far as detection probability was concerned
for those subjects which survived to the final phase of the experiment. Data of the type
shown in Table 4 were essential, however, in verifving that correct placement of the EBS
electrode had been achieved during surgery. Clearly, this was the situation for all subjects
shown. although Rat G was a marginal case, especially in view of the 550-ms EBS dura-
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tion necessary to cause this subject to stimulate at even 41 treadle presses per minute in
his third session. Rat G represented the lower limit of acceptance of the group 20 “ubjects
surgically prepared for the second EEG experiment, while Rat B represented the upper
limit of perfofniance of this group. In spite of his low self-stimulus rate, Rat G was an ex-
celient detector of TNT, and he manifested evidence of extreme pleasure upon receiving
EBS. Further. he tended to sniff at rates in excess of 9 sniffs per second when TNT vapor
was present as compared to the group average of about 6 sniffs per second.  (Normal
breathing rate in the absence of TNT was generally about 1 rale per second in all text
subjects.) A high sniff rate was usually present in those animals which seemed from
observations of behavior to anticipate the pleasure of EBS to the greatest extent.

When a subject such as Rat G or B had shown interest in self-stimulus, the animal
was then available for use in proving Theses A and B, This regimen began by placing the
subject in a Faraday Box restraint in such a manner that he had access to a self-stimulus
treadle. After accommodating to the restraint (Figure 4). the subject soon hegan to seif-
stimulate as he had done in the more amicable environment of his shaping Skinner Box
{Figure 11). and finally all subjects appeared to be almost oblivious to the initially ob-
noxious restraint device.

The subjects were allowed to self-stimulate for about an hour at a’ 1.0 treadle
press/EBS ratio, and then an automatic sequence was begun in which the EBS rewar(l
was present only when TNT vapor was delivered to the test box.

" Figure 22 shows the greatly smoothed response of 10 randomly chosen subjects
to this environment. Initially. an average subject tended to press the treadle at a rather
high rate. but unless a press occasionally coincided with an “EBS ON" mode in the se-
quence. he soon lost interest in the treadl.  After a few successes in uhlamm;. EBS.
however. the interest was renewed as evidenced by «;&lt‘mlﬂl high-rate pressing for up to
15 x or 20 s after EBS was discontinued (Curve A). After about 30 1-h sessions. this ex-

tended post-EBS pressing had nearly disappeared. which implied that the subject had

most probably begun to recognize that EBS would be forthcoming only when TNT vapor -

was present in the test chamber. Atthe end of the fortieth 1-h session, the average subisct
had teduced his false ~|gnalmg probability to about 0.10, and he had brought his true
' alarm signaling pmbalnhty to almm 0.85 or belter. as sh«mn in (,uru- €.

The fcm‘gmng de«wnptmn greatly simplifies the regimen required to achieve the
final test sequence which was derived after many ‘trials with 40 rats during a period of
nearly 2 yr. The reader ix exhorted not to view the simple denouement as a meaxure of the
difficulty of the experiment. Numerous variants of the final procedure were attempted.
For example. the sexsion length was varied from 15 min to 150 min; the EBS duration
was varied: the re<traint was altered or even eliminated. and o on through numerous




iterations of test parameters. Toward the end of these preliminary triais. the only
variables which remained unresolved were session length and olfactory stimulus intensi-
ty. It was decided that a change in odorant intensity was not advisable at any point in the
formal proof of Theses A and B, since it introduced an unnecessary factor which yielded
no useful results in this research effort.

Thus. the procedure for verifying Theses A and B was derived and applied to the
test groups in each of the overall experiments as noted above. At the end of a 40-h test xe-
quence, the average subject clearly verified the Theses by his behavior. In the 'absence of
TNT vapor, the subject generally ignored the treadle after about 30 h of conditioning, ex-
cept for an occasional random press (perhaps this represented an attempt to hasten EBS,
or just “to see if anything good would happen™). When TNT vapor was present at the
40-h point, the animal began furiously to press the treadle in an attempt to extract the

-maximal pleasure from what it may have come to recognize as an ephemeral event. As

noted earlier, there was approximately a 500 % 70-ms transit time during which the
TNT vapor bolus leading edge traveled from the solenoid valve to the test chamber. By
using the solenoid energizing signal as an oscilloscope trigger, it was always possible to
observe the first treadle press signal and thus a measure of latency was obtained. It is not
possible 10 accurately define true physiological latency in this manner. however, since
uncertainty in odor bolus transit time was so great. and apparently the animals
occasionally were subject to spells of initial inattention—as are humans in long. boring
waits—and this factor possibly could add several milliseconds to the apparent latency.
However, it was always observed that the first treadle press was achieved within 1 second
of the origin of the trigger. Considering also that the coneentration of the odorant bolus
leading edge was probably lower than that at the center, some indeterminate delay in
signaling may have been due to an inadequate olfactory signal or diurnal variations in
olfactory sensitivity. In any event, the response was always rapid when TNT vapor ap-
peared, and the treadle press rate usually approached that achieved in self-stimulus ses-
sions during the final shaping experiments. For example, Rat B was observed on several
oceasions to be pressing at a rate of 170/min during the 10 “TNT ON™ time which cor
responds well with the rate shown in Table 4 for his fourth self-stimulus session,’* -

‘

B Ne forma; dats reluting to prese rate were ace lated after each animal had schieved ot feast the rrquited minimum rate of
6¥min within five training sessione, sitee these data were subjert t0 some degrre of diumal varistion and were of
ne foreseesble value 10 the experimental protocsl or rsults, (n iccasion, esch snimal wus placed in 2 Skinner Rov and
uheerved conunily simply 10 assure the test operatons thut no regressive hehavior patterns had become eatablished. No significant
(> 20 pereent) diminution of press rates were ever nted sithaetquent to final shaping unless wveral weeks of total inactivity
had oecurred hetween teat senaions, No olmersations were made after classicsl conditioning was begun, since no treadle pressing
was again atlowed after this milestone was achieved. : ’
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The probability that the observed behavior is due to pure chance is small.
It would have been necessary to apply various statistical tests (T-Test, etc.) had the results

“indicated signaling probabilities in the presence of TNT vapor of 0.50 or less, and signal-

ing in the absence of TNT to be 0.30 or greater. Since these signaling levels were never
observed in subjects which survived the first 10 h of a TNT/EBS pairing test. it was not
considered necessary to resort to statistics for any type of assurance as to the validity of
the observed results. It is significant to note that earlier work®* with dogs resulted in
much the same behavioral patterns only after several months of operant conditioning.

The realization that rats could be so rapidly and effectively trained was

gratifving,

It is important to stress at this point that the exact nature of the olfactory cue
was'never a matter for investigation in this research. Certainly military grade TNT con-
tains several substances in addition to 2,4.6-trinitrotoluene, but thesé substances are
always present in approximately the same propertions in all samples of military grade
TNT. and thus it is of no consequencr o this research if the animal identifies one compo-
nent or all components of this explosive, since detection of the aggregate substance is the
desired experimental goal. Further, the matter of distractants was not pertinent, and
henee this avenue of investigation was not explored in this resea=ch. It is evident from Ar-
my research with canines that certain substances (e.g.. cocaine) applied topically to search
areas ean reduce the olfactory sensitivity to the vanishing point, but there would have
been no merit in pursuing this matter during these experiments sinec the protocol sought
only to prove that detection could oceur and that this act could be made evident by the
biosensor animal. ' '

sSimilarly. no extensive effort was made to find the “ulimate™ neutral stimuli
since, in effect. anv olfactory stimulus other than TNT wax, by definition. neutral, and
degrees of neutrality were of no interest. In the long term, the matter of distractants (or
non-neutral. non-desired) stimuli will be of interest to the overall program of the sponsor.
but such investigations were totally beévond the scope and intent.of the instant program.

In summary, it was unequivocally sh;)\y'rl‘l)y this e:-;;n-rimenlal sequence that rats
could in fact deteet the odor of TNT vapor and that these mammals could be trained to
signal reliably when they were aware of the presence of the ‘TNT vapor. Thus Theses A
and B were shown to be valid assumptions, and the procedures for inducing this condi-
tioned behavior were entirely justified for continuing use throughout the remainder of the
experimental effort, - ' '

i Nolan. R. V. and Gravitte, 1) L., “Mine Detecting Canines.” Report 2217, LS. Army, MERADCOM, Fort Belvoir,
Virginia (1977 ' :




-

27. Verification of Thesis C. At the conclusion of the test series which demon-
strated the validity of Theses A and B, it seemed evident that Thesis C would be relatively
simple to verify and, in fact, this was the situation. Using the conditioning regimen
described earlier, five naive but behaviorally shaped subjects were chosen from the early
population of animals used in Experiment 1I. Each test subject was given identical
TNT/IEBS pairings, thus stimulating sequentially what would have oecurred
simultaneously had sufficient laboratory facilities been available.

The learning patterns, while exhibiting variations due to the ever-present
physiological and psychological differences in subjects, were. overall. similar to the
general trends shown in hgure 22, and at the end of the 40-h training periods, all sub-
jeets were performing within limits of about & 30 percent to the parameters of Figure 22,
These limits compare favorably with the recorded perfomlam'e on canines in earlier ex-
periments.*s

There are several potential sources of error in applving sequential training
to a simulation of simultaneous training. hut the magnitude of these probable errors are
of secondary importance when one considers the individual performance differences
known to exist across the total subject population, even in the “clone-like™ population of
the Sprague-Dawley rats. One source of experimental error is the diurnal variation in
relative humidity observed in the laboratory. Over the 5-day intensive test period used
here. relative humidity varied between 60 and 80 percent with in-test variations of 5 per-
cent or less, while the temperature of the ambient air was held to the range of 70° F to

° F. These two environmental factors will result in some variation in the con« entration
of TNT in the odorant bolus delivered to the subject. and these variations could cause
some variation in the detection performance of the subjects. No valid argument—pro or
con—can be made for the magnitude of this physiological varianee, since the present
knowledge of the entire olfactory process borders on ignorance. Further, since it was
always assumed that the odorant signal was well above the threshold for any normal sub-
ject, these small variations in odorant concentration are must probably insignificant as
far as this rﬂwar('h is concerned.

Of far greater slgmhcam-c is the diurnal variation in the psvehological faetors
attendant to detection, and these effects would pertain regardless of whether the testing
was sequential or simultaneous, Certainly rats exhibit daily changes in mood as do all
mammals. hut the rat. probably by virtue of its lesser intelligence, does not manifest the
great swings in willingness to perform a given task, which is routinely observed in dogs
(and humans). The psychological factors cannot be realistically evaluated in objective or

' quantitative terms. The collective observation of the research team indicated that a diur-
- nal variance in a perceived “eagerness to work™ of perhaps 5 or 10 percent occurred

5 Notan. R. V. and Gravitte, 1) L. “Mine Detecting Caniorn.” Repors 2217, US, Army. MERADCOM. Font Helbvoir.

Virgina (1977).
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across all subjects, Since such observations cannot he given great sctentific credence. ine
impact of psychological factors and observed hehavioral minutiae were adjudged to be of
marginal significance in the proof of Thesis C. especially <inee all research participants
agreed that “little variation™ was evident in individual subject performance throughout
any -10-h test period. Since it was not possible to evaluate accurately the psvehological
status of any test subject at any time, one can only assume that any subject was operating
fas a detector) at some “near mid-point” between its maximum and minimum limits at
any given time. If this premise is acceptable. then the possibility exists for indeterminate
unit-to-unit variations in performance, regardless of whether the units were tested sequen-
tially or simultaneously, and therefore a sequential test program can indeed simulate a
simultaneous test,

v

It is most important to note here that the continuously observed indifference evidenced
by all test subjects toward man as an individual argues strongly in favor of the coneept of
automatic training. since even if the test operators were changed several times during
training. there would be no renullm" impact upon the depth of conditioning.®®

Thix final factor is of great significance not only to the immediate test results,
but in consideration of future svstems employing rats as biosensor detector elements, since
the optimal biosensor animal must be one whuh requires no emotional ties to any
‘human element in system operation.

Considering the arguments above. it is possible to state that the u.-suﬁlptinll of
Thesis € is valid. _
28. Verification of Thesis D. It became apparent through behavioral observations’
in vhe earliest phases of this research. that an emotionai event of extreme intensity was in-
.duced by the arrivai of the TNT vapor/air mixture at the nares of pmpt-rl\ trained test
subjects. Similarly, it was apparent that little or no excitement was manifested by the sub-
jeets when neutral olfactory stimuli were delivered. Even totally naive observers were .
almost immediately able to determine tle nature of the applied olfactory stimulus by
~i|||;n|\" watching the gross behavioral changes which oceurred following activiations of the
indorant delivery relays, Comparison of these “blind tést™ observations with a pre-planned
imulus delivery schedule demonstrated that—after -perhaps 5 min of test observa-
tion—the ohservers could correctly state which relay activations' caused TNT vapor
delivery and which allowed a neutral stimulus to pass to the subject.

Emotional events of this magnitude sure  must result from strong excitation
of some undefmﬂl focus or foci in the brain of the test subjects, The most. hkelv locus for
these foci is in the structure of the lir “ic system. and one would therefore expect to find
the strongest event- relaled poten!mlw m the cingulate. EEG eleﬂrmle.

. .
H#6
T pmlmh- even a suggestion nl rrmr in this concept vlunng this re-nmh onldy ot test operator was emploved in the
experiment for Thesis €, even th . th three yeam of experience argued that rats are totally mvh(frmu to nhuh haman is present

andior which human is handling |hem phy«cally or operationally. .
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While all anaiyses were directed first to the ensemble of three rlectrodes, the final
analysis ultimately was concentrated in extensive examination of cingulate electrode
signals. ’ '

For the sake of histerical completeness, the analytical ‘methods which yielded
minimal results will be summarily described first. Following these descriptions, the

algorithms which successfully elucidated event-related spectral features mll be discussed
in depth.

a..Pearson Product Moment Correlauons In Experiment I, the raw analog
were fed into the data system described in Section IL. In this system an analog filter ad-
mitted frequencies between 1.0 Hz and 39.0 Hz (12-dBloctave roll-off)to a Schmitt trigger
which, in tura, delivered a serjes of pulses which were the analog of the baseline crossings
of the applied EEG signals (see Figure 17). Only signals from desired data epochs were
ahiowed to pass through the gate in the signal stimulus detector.

The desired epochs thus delivered trig},;ers to the Computer of Average Transi-
ents (CAT) which scanned through its addresses (at a 3.2-kHz rate) ir the intervals
between triggers. The digital processing in the CAT allowed for combining like addresses
in the 26 EEG frequency bands shown'in Table 3, thereby generating histograms of time-
in-band versus frequeney band.

The hist.\grams so derived then represeuted the relative power spectral density
of the data epoch -nder examination. Computations of this type were made for the
following permutations of stimulus events:

Pre-TNT vs Post-TNT.
Pre-Neut vs Post-Neut.
Pre-TNT vs Post-Neut.

These data were then presented to a PDP-11/44 dl«vltal computer pmgrammed
to perform Pearson Product Moment Correlations upon these histogram data from the

‘CAT. The correlations were made from the 26 data points in the power spectrum in the

permutations shown above.
Briefly stated, the Pearson Correlation is described as:

Lt X = (X;. Xu .. X))

Y=0,Y,....Y)
Correlation between X and Y.is acc;omplished by p‘zﬁring
X, Y\ (X._.. Y)...X,,Y)
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The general results are available from these data. Fram the CAT. the relative
power spectral density between events can be exaniined. and from the Pearson Correla-
tions, a measure of the statistical relevancy of the examined events may be obtained.

If the background EEG signals were statistically stationary during the period of
a data epoch. then this technique would have considerable merit since it is sensitive to
changes in the spectral density so derived. However, even in test subiects which are quies-
cent physically. the EEG is far from satisfactory even over a 1-s interval. Over an 8~ in-
terval. such as was used in this early attempt. it was soon evident that the Pearson
method cannot accommodate the background signal variations resulting from normul
brain activity. ’

The data were examined for evidence of lew correlation coeificient nambers
which would indicate that a change in spectral density had oecurred which was uniqufly
related to the stimulus event occurring in the post-stimulus data epoch. it was postulated
that. when comparing epochs with high stationari'y, high correlation coefficients woui-
appear when a stimulus other than TNT oceurred and low coefficients would appear
when a TNT stimulus caused an anticipatory shift in the post-stimuus cortical EEG spec-
trum. :

A glance at Tables 5 and 6 (which depict data from Experiment ) wiil -

~hm~ that this ideal situation does not exist. Table 5 shows a slightly higher mean valuve
for the coefficients than does Table 6. and one is tempted to assign significance to the fact

" that there is a greater shift in the pre-event/post-event TN_T coefficients than existed with

pre-event/post-event neutral stimulus data. Tables 5 and 7 depict only brief samples of
the data mass, but nothing of great significance was found by this method when over 100

data epochs were examined by the Pearson Correlation Method.

It was also tempting to ascribe significance to ohserved changes in each of the
26 EFG frequency bands, and. in fact. early in Experiment I it appeared that there was

“an increase in *normal® speetral density in bands 1 thrqugh 4 and bands 25 and 26

when. and only when, TNT «timuli were present. The T-test gave some indication that

statistically, a change did occur. but, overall, the results were too nebulous to consider

from the pragmatic credo which drove the experiment. For this reason. the Pearson cor
relation method was abandoned in Experiment L. It was tested again in Experiment II (as

‘noted in Tables 5 and 6) and again there was no significant merit to the method. and thus

this siznal treatment approach was finally dropped from {further consideration.
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Table 5. Pearson Product Moment Correlations: Neutral Event
Session 2 (Analng Tape 2A)

Rat 8
Pre-Event/Post-Event Correlations
Event No. EEG Site* . Correlation
1 P ‘ 0.289
2 o) ' 0.357
4 P | 0.549
5 | (o) ‘ 0.663
7 P | 0.525
8 o 0.610
10 P | . 0.504
11 (o) | _ 0.369
13 P L s
14 o) o 0.831
16 P - 0.732
17 0 ﬂ o 0651

*P = Parietal

*0 = Occipital

Pre-event = 4 s prior to olfactory stimulus.
Post-event = 4.3 after arrival of olfactory stimujus.
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Table 6. Pearson Product Moment Cerrelfations: TNT Event
’ Session 2 (Analog Tape 1A)
Rat B
Pre-Event/Post-Event Correlations

Event No. ‘ EEG Site* Correlation
1 ‘ P 0.401
2 0 - . 0342
4 A : P . 0.644
5 o] | 0.646
7 P 0.722
8 o) . 0.532

10 _ P 0.347
hn | 0 : | 0.100
13 - -'P ' 0.139
14 o o] o 0.350
16 " | .v P . ‘ .0.395
17 . 0 | ' :0.273

*P = Parietal
*0 = Occipital

Pre-event = 4 s prior to olfactory stimulus. i
Post-event = 4 s after arrival of olfactory stimulus.
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b. Spectral Separator. In an attempt to locate the most applicable technique
for identifving the presence of an unknown signal in noise. several organizations which
were known to offer expertise in signal feature extraction techniques were contacted. A
romising alvorithm discovered during this search was the proprietan technique devised

~ - » : - .
by ENSCO, Incorporated. of Springfield. Virgina, which was termed Spectral Separator,
This technique was originated to measure spectral differences hetween two elasses of
events—with no a priori knowledge of cither event—which was the presumed case with

the EEG epochs, .

Assume that there are n_data segments for type A data. and that there are
n, data segments for type B data. Spectral Separator then functions as follows:

" The power spectra of type A events is formed and averaged over all n samples:

: n,
, 1 a
: Pw) = — 37 P (w) ()
n, =t
where -
i = ith record
w = measure of frequency
also: ] .
‘ ' L '
Py(w) = — Z P, (w) %)
, Ny =l !
" Then the variance of type A and type B events is caleulated:
A l,' a | AN
- b= _L_ v [Pa ('L.))-Pa(w)]2
a n, -1 ] ! , #)
: b A
and 6 L s [P - Pb(w)]’ ©)
L ‘ '
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From these «teps is derived the relationship:

[/l}u(w) -f/l’\b(w)] ,
S(w) = : _ (10)
[ﬁj«w)+f}g(w)] :

and Nw) is termed the estimator or Speetral Separator.

Now assumse that a pew event—a new data reeord—hecomes available, and its
power spectrum P_(w) is formed. Combining P (w) with Mw) te form R:

‘ w max
R Y (P (w)- S(w)] (1n
wmax g
where W max = maximum fro.-quem'y examined.

R tends to be small if the new event helongs to the set of type A,
and tends 1o be karge if the new event is of the set of type B.

Over a large number of events, a 'distribution normally' aceurs wherein the
values for R for type A events are separated from the grouping of values of R for type B
events as shown in Figure 23. R, the group intersection point. is chosen 2id the premise
is made that: ' X

if R > R, then a type B event is likely;

if R < R then a type A event is likely.

. ' The greater the separation of R values for types A and B events, the more

dissignilar the classes of events, When the differences are blurred—that is, when values of’

K fall nearly equally on either side of R, for each clase of events—then there is low
pruhalnlm that two nh-lmcl clarses exint, and the events are therefore random occur-

rences, ' ' .

This technique. is especially sensitive to class differences sinee it searches
only for «pﬂ‘lral differences, and then it weighs these differences bv their respective
variances,
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= ¥

Figure 23. Spectral separator relationships.

The plots of Figure 24 show thé distribution of R valuex for a xegmeat of data -

set SA (for Rat Gi. It is tempting to examine such data and to visualize an envelope to the
A and B groupings of R values, and indeed, Spectral Separator appears to show. in this
instance, some separation of R values for both neutral and for TNT stimuli. but the dif-
ference is slight, and statistically there is no real evidence of a significant difference

between R groupings for the two classes of stimuli, as is apparent from the values for the -

mean (p) and for the standard: le\iamms (0). Thus the technique is of 1. value with the
data avallable ”

Failure of Spectral Separator did not preclude the existence of an AESC; rather,
this failure implied that the spectral variation is either too random in structure or- 100 low
in amphtudc (or both of these) for this method of deleﬂmn.”

¢. The Covariance Proceu; One of the two successful signal anal_vsis'
processes used: for the proof of Thesis D. was an algorithm in the general form of the
. Covariance process. The process ‘used niay. be described by the basic considerations
below.
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The dats of Exprriment | were not testedd sinee no rrason was ohvious (o6 using thiee judentially less “clean™ ruts,

Data denived from the succrmslul anglvass show that the ll!'lill i met random. merely low an umplitiude,
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If we let each of N sampled functions of time be represented as:
Xp | = XXX e Xy (12)

where the meun of each function, taken over an interval from i to i + Ais:

. i+A
X, (&)= L 5% a3
and the variance, over the same interval is:
1 i*4 -
FICRES [ 3 O, - K, @) ] (149
j=i .

By definition, the normalized average cross product of any two functions, K and H, is the

correlation coefficient:

i*a
P> [xxl . xKi(A)][ Xy - Y,,i(A')]
g Xty = 2 L L
E _ A (15)
P X 2 X 2
j=i [x'x' 'K?(A)] 1}-'? [x"i x"'(é)]'
Since the normalization is with respect to thc’ derivation, g, we ha;'e:
CiX,. Xx. 8) = L. | o (16)‘

Considering now all possibile combinations of K and H in equation 4, the cor-
relation coefficient mairix is configured ax: "’ ‘
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CaXe Xp 8 CiUXy X3, ) CEXy L Xy, Ah . CXy, XL 8)

C(X3. X1, 8) C(X3.%X3.8) CiXy, X3, 8). .. CXz. X, B

l~1|(A) = Ci(X3. Xl N A) (‘!(X:,, x‘z, A) . (}(x;. x;. A)- .. CJX}, Xn"A)
CXa X1 B CiXpu X30 B CiXy X5, AL . €Ky Xy D)

Exanination of the matrix reveals that it is symmetrical about the diagonal. It
is-then apparent that only half the matrix—excluding the diagonal—need be caleulated.

From equation 16: . CeX,. XI. Ay =1
and C(X, X,0 8) = 1 and 50 "“.~

l‘from equation 15: CiX X, Q) = CeX,. \k A) ahd 5001,

If A is termed the “sample window.” then this N* matrix is defined for
every sample, i. In order 10 simplify the inspection of the ensemble covariance. the \crms
of the matrix thus calculated are summed and averaged as:

(T M (AT - N)

A (D) =
(N? -N)

(17)

where T is a vector of ‘l.fngt_h N (L'L L . .. (note that the diagonal is not
included). A, then, has the property such that: '

12 A = -1
and A is zero for ensembles which do not covary.

In the Figures 25 through 39, the curves displayed are plots of A (A
The values of A, given in data points per second, are shown on each individual plot.

on o




v\ | IR, \

"D 1Y “5y20d0 #i8p GZ 10} $) |SAI01UI 10} SIURIDILH00 PIURLIEACD | LT JO URS °GZ 8nBiy

SINIOd Viva .

R BRI CHSSAM . i) =4

MEAN OF All COVARIANCE COEFFICIENTS

92




106 " s1~I10d Yivd _ 1

COEFFICIENTS

MEAN OF All COVARIANCE

“Whed (0 350108 SJUSWILISAXS GOL ‘IINWINS | NL PUE [RIINSU 10§ SILSIIIE00 SIURLIEAOD POZI[IIION JO UTEYY ‘gz eanbiy

— V/€Z-1
" v/61-N
— 9/€1-1
g9/01-N
2/6Z-1
3/0Z-N
86/8-1 .

86/8-1
a/e1-1
a/v1-N
001/6-1
- ooﬁ\wwz

£01/01-1

€01/5-N

=
o,
-l
[ ]
P>
(&
e
[
-t
| 2o
& .
[0
[=]
-t
S
2
~
w
|
b2
—
23
-
[
i
fxe
o
-4
m
-4
[=]
2
3]
29
=

.93




MEAN OF All COVARIANCE COEFFICIENTS

10S

\\

ﬁ
!
i
i
i
|
|
i

*L—1 {9AI03U) BULIND 322 AQ SUBL . 9OURBLIBAOD | |7 POZIRWICN “£Z 9inBig

SINIOd VIVA

. LA \A\ LY

ey

l.,.im
— w1
. JJI. /st
J%_l mma.

— a/€l

-— 0ot/§

— gor/ot

NUMBER OF EXPERIMENTS/RA?'IDENTIFTCATION

94




MEAN OF All COVARIANCE COEFFICIENTS

"$L 18AIeIU) Bupinp Jei AQ sugew eduelRAnd || pezijeuony gz sanBiy

105 A SINIOd Vivd

e

, / AL N\ad ) A YA W2 . >.>P o
muxwwmu;gpﬁ\j<u Nz+: “, Y \J | : ,wH ]\ v ?\4:1 v/Ez

— 86/8

— a/e1

— 001/S

T to1/01

NUMBER OF FXPERIMENTS/RAT IDENTIFICATION

95



MEAN OF_All.COVARIANCE-COEFFICIENTS

“{+1 jeasajul buinp jes AQ sueaw aduBLIBAOD | LY PaZiRUION “gZ 3nbiy

105 : SINIOd VLV . . T

v/ee
— q/€1

— UNON

fu 86/8

96

— Q/€1

— 001/¢

NUMBER OF EXPERIMENTS/RAT IDENTIFICATION

— €01/01




0§

...... TR A s

"7 JO uonsUN; B s8 P) ur Z 19/622 2.5.- 18 SUROLL GOURLIRL™D | |7 JO§ GIURIIEADD JO URSW OE ...__a_u.

SINIOd VIVA
€z : 1

1€
]
—

\ . N
v

97

MEAN OF A1l COVARIANCE COEFFICIENTS




18y

*1=1 19AI03U) BulInp $2€1 JBNPItIPUY JO SUBBUI SIUBIINAOD | |/ JO URGLS SIUBLIRACD LEV L€ ®1nbig

SINIOd <H<Q.

MEAN OF A31 COVARIANCE COEFFICIENTS

98

T b e




‘¢1 eareduy Bupnp aias {ENPIAIPUY JO SUBSUS SSURLEADD [ |7 4O URSUS 2URLIRAGY (£ “ZE Binbig

SINIOd V1IVa

MEAN OF A31 COVARIANCE COEFFICIENTS

99




i8%

"L+ 19A103U1 BULIND S102 (ENPIAIPUL JO SUROW SIURLIBACD | |/ JO USSW SIURLIRADD |EY "EE 81nBiyg .

SINIOd Viva

MEAN OF A3l COVARIANCE COEFFICIENTS

100




411 COVARIANCE COEFFICIENTS

MEAN OF

‘L =N [SAI01UI BULINP 184 AQ SUBSIL SIURIIPAOD | |7 POZIIRWION “yE 9inbi4

ﬂOm o SINIOd Vivd

v/6l

w\c~
Q\ON.
86/8
a/n
001/¢

€01/¢

NUMBER OF 'EXPERIMENTS/RAT IDENTIFICATION

101




10§

CIENTS

11 COVARIANCE COEFF1

MEAN OF A

"N As1 Bupng 181 AQ suBew soURIIRAGO |7 PeZIRWION ‘e aimBig

SINIOd VIVa

— /91

— 001/S

A — €01/S

NUMBER OF éXPERIMENTS/RAT IDENTIFICATION

102

B




MEAN OF All COVARIANCE COEFFICIENTS

{0

"L4+N 1AL Bulinp Jes AQ SURSLI 82UB1IRADD | LT PEZIRILION ‘OF 0By

SINIOd Vvivd . 1

Do AN PN N g A AR A

VEE

— V/61 -

- a/01
ﬁm.u\ow
86/8
a/v

— 001/¢

-— €01/¢

S e e e g )

NUMBER OF EXPERIMENTS/RAT'IDENTIFICATION.

103




8%

LN 1eas3u Buninp s1es jenpiaipus jo suesws S3URLIEADD | |V JO USBW 2IURLIRACD L £ /€ 0inByy

SINIOd Viva

MEAN OF 6431 COVARIANCE COEFFICIENTS

. 104




"N [sAISIUt BULIND K185 [ANPIAIPUL JO SURSLU SIURIIBACD || JO URLU IIUEUTACD LEY ‘BE 04nbiy

SINIOd V1vd

MEAN OF A31 COVARIANCE COEFFICIENTS |

108




LN [RAIRU Ruling $185 [ERPIAIDU) JO SUSSL BIURIIEADD | |V JO UL SQUBLIRAOD LV “GE ®inBig

18Y o SIN10d Viva 1

106 -

MEAN OF A31 COVARIANCE COE!"FICIENTS




.

In order to maximize the covarnance of the desired signal features. one
may vary the wiidth of the sampling window. A, until the optimum mean value of
covariznee coefficients is obtained for the specific feature desired. It must be kept in
mind during this process that the number of covariant events will deerease ax A i~ in-

creased. and conversely. more events will covany a~ & hecomes smaller.

This relationship is evident from consideration of the natare of random and
preudorrandon events, Given a window which ¥ narvow and which examines a farge
ensemble of events, the probability of two or more events careving in the window is much
greater than for the case of a wide window whiich examines a much larger population of

the same Jdata.

For the data used in the proof of Thesis D (obtaized from Experiment i)
the computer was used to plat covuriance means versus window width for all data point
values of & between | and 100 for a <pecific feature, such as that seen at data point 220
in Figure 23, For this and cenain other plots, the optimum value for & was found to be
11 data points and this is designated on all appropriate plots as A1 Six of the Figures
(Figures 31, 32, 33, 37. 38 and 39) were plotted using & = 31 data peints. The reasons

for the different window <izes will be discvssed in the text to follow.

d. Covariance in EEG Signals, It is important 10 consider the “physical™
significance of the covariance proeess as it relates 1o the data of the experiment. The EEG
i~ not a atisfactory stationary event taken as a' whaole, sinee the signals which comprise
this waveform are apparently the result of neural events which are individually non-
evelie, or at best aperiodie, for the most pant. There are certain musele antifacts which are
evelie and even scomewhat constant in frequeney over short time periods (breathing, heant
action, ete.) but there is no sound evidence that there is sigaificant cortieal aetivity related
1o these routine events, Oceasional intene musele activity. such as heavy. deep sniffing.
clawing, gnawing. and o on. may cause motor cortex activity’ which is briefly a sta-
tionary esent in the EEG, and these cortical activities can coneeivably oceur in time svn-
chrony with other events, such as the solenoid activation signal (the trigger signal). Fur-
ther. it is extremely likely that muscular activity sach as this can cause EEG antifacts due
to muscle action potentials, especially if these 'mlh'mizlls originate in the general area of
the head and neck,

Sinee the covariance process werves to define areas of signal featnres across an
ensembie of data which vary in the same manner but which do not necessarily exhibit
simifar degrees of amplitude sariation, it i< always possible that a Large motor signal
could by chance tend 1o covary as dies a cortical neural signal of much lower amplitude
which was generated in response to olfactory dimulus recognition and EBS anticipation,
thus causing greater degrees of covariance than would exist for an AESC alone; itis not
possible, a posteriori. (o identify. muscie action potential antifacts, nor was it feasible to
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continuously observe and record musele activity in the test subjects. The rats were, as
described ea+lier, radically restrained and did not appear to tend toward either con-
tinuous or even sporadic struggling after accommodating to the restraint, but head and
neck musculature was most certainly in action during some poriion of all test perivds,
and thus one must cite thes structures as the probable source of much of the FEG artifact

content.

e. Detai! Consideration of the Signal Analysis. Prior to discussion of the
specific details of covariance signal analysis and feature extraction, it is necessary to
define the various terms used in the signal processing output plots. ' ,

As noted in an earlier section, the basic data epochs in. the digital data con-
sisted of the time intervals ranging from 4 » prior 10 the trigger to 4 s subsequent to the
trigger. These epochs, in turn, were extracted from the continuous analog data which con-
tained several hours of background signals intzrzpersed with the test periods-in which
105 of olfactory stimulus was applied. As prelhininary analysis progressed, it became ob-
vious that the 8- digital data epochs were much too long, and even the slow. =t “learning”
signal processor would need only 1 s of pre-stime:lus daia io enable it to evaluate the up-
date signal data from periodie search intervals which would consist of olfactory samples
of perhaps 2 10 3 s duration. .

Conseqquently, the final datz epochs were reduced to three 1-s intervals
defined as follows: : :

(1) Interval T-1: The period of data occurring in the- 14 interval
immediately prior to the trigger. '

(2) Interval T¢ The period of dala occurring in the 1l |nterval
immediately subsequent to the trigger. '

(3) Interval T + I The period of data occurnng in the l- interval
immediately subsequent to the T¢ interval:

() The trigger, an no(rd carher. in dcfned as the Icadmg edge of the d.c.'
pulsse applied as the activation signal to the odnram-delnery solenoid valve relays.

(] Al!' is the symbol used to designate those covariance  processes in -
which the window width was 11 data pointa,
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(6) A31 is the svmbol used dc«lgnate lh(»e covariance processes in which the
window width was 31 data points.

(7) The mean of the covariance ((K‘fﬁ(‘lenls. seen as the abcissa on most
plots, is specifically defined in equation 6.

With these terms in mind, it will now be of interest to examire Figures 25
through 39. Figure 40 depicts a small segment of the raw analag monopolar signals ob-
tained from the cingulate electrode of Rat (. Here are preserted 23 epochs of the interval

Ty with the relative amphtude~ of the. signals mzintained in true relationship to the

original signals.

'

In this figure there appears to be little similarity among these epochs even

" after considerable perusal by the naked eve. but this is not surprising since this research

would have been completed some vears previously had such simple evid-nce of an
olfactory-induced AESC been available.”® Data of the general form of that in Figure 10
were lested against each of the mathematical processes deseribed earlier ir this section,
and, as noted. little of consequence to the proof of Thesis ) was ohserved. Almost from its
inception, however, the covariance process began to elucidate signal features which were
quite significant, since they were not only highly visible, but, most importantly. they were
consistently positioned in time such that their occurrence coincided with the time of
known stimulus-related events, such as trigger origin and odorant bolus arrival.

Figure 25 depicts an earlv result of the application of the covariance process,

In this plot one observes two outstainling events. First, there is a large peak near the left
edge of the plot. Since the abeissa of all figures (in the group of Figures 25 through 39,
excluding Figure 30) represents 1 s of time—minus the window width—and since the data
sampling rat_ 1s 512 data points/s, the first large peak seen in Figure 25 occurred at about

40 ms subsequent tq the activation of the TNT odorant solenoid valve relay. At first, this .

event was assumed to be perhaps fortuitous, but after examination of 20 or more other.
similar data epochs acru:s the rat population, it became apparent that this peak must be
related to the solenoid valve relay activation in a relativ +ly invariant manner. Such a
repetitive event was seen to exist also in all plots of covariance coefficient mean values
where the neutral stimulus odorant-delivery solenoid activation pulses were the genesis of
the trigger. The most reasonable explanation of this ubiquitous signal feature is that it
represents the effect of the relay “click™ on the auditory processing circuits in the rat
bzain!

3,

Abundant data of this nature were svailable for y signhals t lm- the parietal and ocvipital electrdes and
from the biypmlar comnhinations of these electriodes (panetaloccipital. panetalcitigulaste, and cing vipital) but trial anaiyvees
led me to conclude thet the optimum AES( features wer 10 be fiund in the cingulate rlectrade data. The bipolar data were

not examined in great detail since these werr opportunistic data tahen beegnes it was 8 -unplf matter to achieve, and
sinee these dats could offer mnhml \vhu‘.‘l was unavailable in the pola. dete. The ¢ s wpolar data from the

parietal and cecipitel electrwdes could he examined in greatee depth ot some future dute. bat for thin' research,
ittle could be gained from the sdditional effort expended in -urh unalveis,
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It must again be emphasizéd that, from the beginning, there was intention
to attemipt to explain the physiological processes involved in this research. The protocol
sought only to prove the existence of a unique event in the EEG subsequent to exposure to
the TNT stimulus event. This philosophy remains operational and the only reason for ad-
vancing a supposition as to the nature of the peak at ‘0 ms lies in the unique value of this

~ignal feature to the analysis process as a time mark and to its presence across all epochs

for all olfactory stimuli.

While published data as to the value of the auditory physiological processing
lag. or laten. - are scarce, it appears that the observed 40-ms lateney in the test subjects is
comparabie to tha; observed in humans. Since the relays were physically located at ahout
1.5 m from the . .raday Box and since the click can be clearly heard on.the vcice channel
of the analog data tapes, one must assume that most if not all rats could hear the solenoid
activations. Considering that the activation click originated within 2 ms of the applica-
tion of the trigger (the beginning of the 1-s data period of Figures 25, 26, 28, 32, 35, and
38) and considering that the sound transit time was about 3 or 4 ms, a physiological
latency of about 30 ms added to these delays would cause an auditory signal feature to
exist within the limits observed in the data. Thus this signal feature has been termed the
*auditory event” and will be so designated in the test to follow.”®

The plot data for Figlure 25 were derived from the raw digital data by the

covariance process by using a window, or A, of 11 data points. Note that this figure is

actually an enlarged plot of the cascade trace labeled 25C in Figure 28. The auditory
event is clearly evident as it is routinely in T¢ and N¢ interval plots. Figure 25 shows

~ evidence of olfactory stimulus recognition, but, standing alone, this evidence would not
“suffice for verification of Thesis D,

Figure 26 shows the All covariance means across the entire ensemble of

165 experiments of neutral and TNT stimulus events. Figure 27 d‘isplays the plots of 84

T — 1 experiments in which TNT was to be the olfactory stimulus; Figure 28 is the plot of
the T¢ interval of this data set; and Figure 29 is the plot of covariance means for the in-

- terval T 4 1. In these plots the ordinate represents the viaue of the mean of the unique

.or 501 data points.

covariance matrix coefficients (excluding the diagonal and the “image” half-matrix).
Since the window is 11 points, the total span of the abeissa is seen to represent 512 — 11,

From these conviderations and from detailed study of the many data ploge obtained from carlier eovariance efforts,
certain hasic operating parametem of a potential rat-hiosenwor explonives detectar became apparent. It was fortunate that the
awditory s'ynal from the odorant-delivery . solenoids was available to the ratx pince this signal could serve as an alenting
signal which “superwensitizes™ the detector rat to the imminent presesee of an odoeant, and. of coume, the auditory
peak in the EEG could weve ax a monitor of the state of awareness of ihr.drin'hr rat. Futute microprocessors programmed to
recognize the covariance-derived xignal features 16 he dencribed below can’ emplay the anditory peak ax a ‘'go-ghead™ signal.

'

11 B .“c‘aoa”‘
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Figures 27 and 29 will be discussed in conjunetion with Figures 31 and 33.
Of special interest here is Figure 28. Several significant signal features are evident in
Figure 28. The most evident signal is the auditory event seen at about data peint 20,
which is near the left edge of the plot. No similar structure is evident in either the plots of
T — 1 or those of T + 1, and this observation further accentuates the legitimacy of the
assumption that the Tg plot event at 40 ms is indeed of aunditory origin,

Since the transit time of the odorant bolus is known to be 500 £ 70,
ms, a careful examination of the mid-abeissa region of the T¢ plot in Figure 28 may
reveal some evidence of unusual covariance at about data point 220; but in these cascade
ensemble plots, the feature is not as immediately apparent as one might wish. However,
.after some study, it became apparent that these unique signal covariances at or near data
point 220 occur only on tue plots for Ty, g .

In order to make the feature at data point 220 more evident, a second
application of the covariance process was effected on all Al1 data sets. The results of this -
process are shown in Figures 31, 32, 33, 37, 38, and 39. Prior to effecting this processing.
it was again necessary to optimize the window width for the set of features known to exist
near data point 220. Figure 30 displays the process whereby a trial plot similar to
Figure 32 was analyzed for optimum A. The trial plot was the A11 covariance of the sum
of the plots of Figure 28. While the trial figure resembled Figure 32. A1l was not op-
timum, as seen from Figure 30 where the peak occurs at A23 with essentially a flat-top
response to A31. As noted earlier, a larger window is a better choice than a narrow win-
dow, since only events with similar covariance characteristics will tend to peak in a large
window, and thus the most accurate feature identification is obtained. A31 was then
selected and Figures 31. 32, and 33 were generated. These plots. then. represented the
A31 covariance mean of the Al1 covariance means observed in the plots of Figures 27.
28, and 29,

Flgure 32 is of great ~|gnlf!cance to, this research effort since it repreeenh
vraphlcal evidence of the validity of Thesis D!

To recapilulate the events displayed in Figure 32:

(1) 84 separate experiments derived from the data for Rats A, B, €, D. 98. 100,
and 103 were analyzed over the T¢ interval.

(2) All covariance means were obtained for the ensemble of 84 experiments.

(3) A31 covariance means ‘were derlwd for the summed results of the All
calculations,

(4) The unique features seen in Figure 32 were obtained only for TNT Stimuﬂi. '
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It is pertinent now ta move to Figure 38 which is the equivalent to Fignr‘c- 32
except that in this figure the data for neutral stimuli in the N@ interval were examined.
One may observe the clearly evident anditory signal at about 30 ma—data point 22 is the
median point—into the N¢ interval. However, there is no significant covarianee observed
at data point 220, and there is no significant pairing such as that seent in Figure 32. The
special significance of the initial peak in Figure 32 at date point 220 is that this
represents the earliest arrival time of the odorant holux faliout 430 or 114 s pest-trigger).
Likewise, the singular configuration and amplitude of the departure of these peaks (for
the short period of 150 ms or thereabouts) from the background covariance when the
TNT odorant first arrives, is also significant.

In Figure 38. the earliest N¢ peak which could possibly be related to an
olfactory stimulus oceurs at about data point 290, which represents a time just bevond the
upper measured limit of odorant arrival time. Thus. while the single large peak in the
center of N¢ ensemble may or fluu}' not represent some olfactory related event. there is lit-
tle doubt that the twin peaks seen in Figure 32 are evidence of an event related only to the
presence of TNT vapor. There is, of course. no valid manner in which one might verify
that this event is truly anticipatory. but judging by the behavioral ohservations made over
hundreds of experiments. the test subjects certainly appear to experience anticipation at
the first arrival of TNT vapor, From this subjective evidence. it was determined that this
event will continue to be called an Anticipatory Evoked Speetral Change in the EEG.

Since all data taking sessions resulted in interlaced TNT and neutral olfactory
stimulation in a pseudo-random manner, there can be no reason to assume that the data
are time or event biased in any manner which might accidentally prejudice the results,

Returning to the remaining Figures 27, 29, 31 and 33 which are in the TNT set.

it will be seen that Figures 27 and 31 representing the T — 1 interval, and Figures 29 and

33. representing the T + 1 interval. show no features as significanmt as the outstanding
twin covariance peaks of Figure 32. One would not expect te find any features related to
the'stimulus events in the T — 1 interval of Figures 27 and 31 since the test subject has
been in an unstimulated state for random periods ranging in length from 20 < or 30 s to
perhaps 60 min or more prior to-the T — 1 interval, and thus the EEG should show only
the homeostatic pr(k‘eskes typical of the restrained animal. Intervals T¢ and T + 1 ob-
viously also contain  features resulting from the homeostatic processes, and interval
T + 1. shown in Figure 33, was presented primarily to demonstrate that the TNT
recognition feature elicited by the covariance process appeared to exist only in the T¢ in-
terval. ) '
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Finallv., the Figures 34 335, 36, 37. and 39 must be examined.

Figures 34, 35, and 36 are the neutral stimuli homologues of the TNT stimulus plots of

Fignres 27, 28. and 29, and Figures 37 and 39 are the homologues of Figares 31 and 33.
Figure 3.4 is the plot of the.covariance means for the full second immediately prior to the
trigger (the N -1 interval). while Figure 35 is the pli»l of the 1-s interval imme.diately
~ubsequent to the trigger (the Nginterval) and Figure 36 is the plot of thr N + linterval,
which is lht' 1= m!vr\dl follewing the N¢ interval.

As was ll_w case with the same time iuler\'al.- for the TNT stimulus events,
the N = I and the N '+ 1 intorval plots show v features which have significanee to this

program. Figures 34, 36, 37, and 39 further show the quasi-tationary nature of the

background EEG. Nothing of significance to olfactory processes is discernible in the
N — 1 interval of Figures 34 and 37 for the reasons noted for the T.— 1 interval,
Likewise, it is apparent that no olfactory events are seen in the N'+ 1 interval.
Ba~ed upon the foregoing analvsis. it is virtually centain that a unique feature
appears in the output of the Covariance Process when—and only when—the input EEG is
derived from a fully coaditioned test subject during a period of olfactory stimulation by
TNT vapor. Sinee the elucidation of a specific EEG feature thus derived was the research
zoal in the effort directed toward Thesis D. the Covariance Process could have served ad-
nnrdbl} as the single metric for the proof of Thesis D. However. the continual search for
suitable signal processing lechniques led to the development of a second proeess which
was also capable of recognition of a unique EEG event and which appears not only to
verify the results of the Covariance Process, but which also gives an insight into the
nature of the Anticipatory Evoked Spectral Change. This process—the Segientation Pro-
cess—in concert with the Covariance Process. leaves no doubt as to the existence of the
unique feature called for.in Thesis D. - ‘
f. The Segmentation Process. The second mathematical technique which
offered confirmation of Thesis 1) was devised by the BDM Corporation of McLean,

Virginia, under the ganidance of l)r. lgor Frolow. The basic metric is much akin to the

Specieal .Sopardlor process dese rived earlier.. In the Spectral .Sepdmtor process, the l-s
data interval prior to the trigger was compared to the 1-s data segment immediately subse-
quent to the trigger with a window width of 1 x, whereas the Segmentation Process ex-
~ amines the sume intervals (and more) by seanning. using a small slepping‘wimlow. In ad-
dition, the Segmentation Process offers an 'update function which places this scanning,
iterative process into the category of an adaptive feature extraction technique. As a‘result
of these additional steps, the Segmentation Process was capable of detecting the AESC
when the less complex Speetral Separator could not,
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The basic process.is defined below:

thi Define an initial window W - consisting of the fiest N points of a given
time series.

2) Deseribe the <signal within the window using an appropriate measure such as
the power spectrum.

(3) Move along the time axis in increments of | points, cach time defining a new
window of length N and computing the corresponding measure

th A~ long as the new measure. when compared to that of Wi less than a pre-
specified level 3. step 3 s repeated. Otherwise, identify the beginning of a new <egment
and retum to step 1. using the remaining time serie. in all further calealations,

Stated differenthy . the process is defined as:

Let the raw EEG data be expressed by the Fourier transform

N

) § mt
Alm)y = x. () cos 2w ' (18)
s T A |
' } N mt
B’(m) = __ Z x)(l)sin M (19
, N =1 . N
The power ~pectram then is .
l"(m) = \m) + B’,(m) ‘ o (20)

where l',m'n = mth component of the jth power spectrum.

Likewise

P (m) = mth component of the o power spectrum,

s o

i A bl P 2,




The variance of the jth interval is :

N .
] a— 2
= : D
a — le)(l)l XJI , (21
N 9
where X = sample means

and the varianee of the Oth interval is

N v
— X 2 22
3 I X, (==}
Let N be the number of data points in the window W : then the error function,

or the degree of mismateh between the curve sampled in the Oth nm-r\ al and .|l| following
(jthy intervals, is then defined as:

N-1 P(m) P,m) |2 .
= ! 123)
m=1 o o} L

_ In physical terms, this technique may be ensisioned by examining a «wgment

of raw data such as that shown in Figure 16, If the analysis begins at exactls 1 s prier to
the adsent of the TNT trigger. the beginning of this interval will be the Oth position of
the window. and this window will be termed W,. The window is then stepped across the
~egments of data in im-r--nuj:n- of 1 equal 10 10 data points, M each step. W W, W,

the power spectral variatiog is equated against a predetermined threshold. 3. If at any

~h-|'p the threshold is not exgeeded. E is equated ‘against the power spectral value deter-

. minea in W using the expression 6, “above. If the threshold is exceeded. then the original
W, is discarded and the valie at W then becomes the new W which then remains fixed
at it~ data point of vrigin uptil it. in tarn, is replaced by a later W,.

The selection of |window width is of -considerable significance since an
injudicious choice can impair the Segmentation Process to the point of failure. The win-
dow size. ax in the Covarianee Process. can be varied between 1 and 312 data points.
Realistically. the practical limits range between 32 and 256 data points since windows
smaller than 32 will show onlv the highest frequency components, while windows larger
than 256 data points may exceed the brief periods of quasi-stationarity which have heen
seen to exist in these data. After several trial processes, 128 data points were chosen to he
the optimum window for the data of this research,
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The threshold value of E. 8. was selected by trial for this initial process.
tLater versions of the Segmentation Process mav allow for automatic threshold set.) The
winimum vaiue for 8 was found 1o be 0.130 for the data examined in this effort. To be
cer an that this threshold lc-wl wis not too-low, a detailed computatian of 3 was made
for the case of random noise. It was determined by thix caleulation that for truly random

“white™ noise. the mean value of I',] = 0.0155 with 62 = 0.0000095.

Figure ! depicts the results of application of the Segmentation Process to 4
single TNT stimulus experiment from the data set for Rat B. The window width was
set—as itwas throughout the final iteration of this process—at 128 data points. The value
of 3 war 1.0, Note that the abeissa is the time axis. and. in terms of the Covariance Pro-
cess terminology. intervals T — 1. T¢ and T + | are contiguous in presentation in this
and all similar figures in the <t extending from Figure 41 1o Figure 58. Since the ex-
perimental apparatus was known to manifest a 500 % 70 ms delav between the trig-
ger—which occurs in this figure at 1.0 on the Time axis—and the arrival of the odorant
bolus. those events which occur at or near 1.5 on the Time axis are worthy of close

serutiny. In Figure 1, there is an event, beginning at 1.3 s which achieves an F‘ or error
- function value of about 0.180. To investigate lhl- region further. the process was rerun

using 3 = 0.175.

Figure 12 shows the recults of this step in the process. The first window,
W in this and all figures, is positioned in time at the fiest significant departure of E
from zero. which occurs in this figure at about .25 s, As W stepped across time, al
power spectra were compared to the power spectrum of this W, and the values of k. were
plotted. The appearance of Figures 11 and 2 are thas identical (even though 8 ix
assigned different values) until the 1.5~ event is reached. In Figure 12 W i then reset
since the peak value of E now exceeds the threshold. and the W at this point now
becomes the new W . The character of the plot then 1"hamg~: Attine 1.7 s or thereabouts,
this W i replaced by the value of W at 1.7 < and an updated W is fixed at this poimt
and remains the comparison standard until 2.5 s, where the iteration again occurs,

In the ~earch for the Anticipatory Evoked Spectral (.h.mge. the Segmentation
Process uniquely satisfies the need to identify the nature of the spectral ('h.mge. Figure 15
shows the spectral density function obtained when the fird W, is pomitioned at 0.25 <. The
value of the dominant frequencey of the spectral density is seen to be about 3 Hz, which is
extremely interesting since this dominanee is known to occur-in the so~called Theta band
in mammalian EEGs when the animal is at rest (not at maximal alertness, but_also not
asleep). At time .25 those animals which had adapted 1o the test fixture had cearrd 10

struggle against the restraint and weree, insofar as visual obwervation could discern, at .

rest,
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Figure +1 i~ a plot of the spectral density funetion at 1.3 s where W was first
resel as the threshold was dropped to 0.175. The peak value of 16 Hz¢which oceurs in the
Beta band in EEG conventional terminology) seen here is consistent with the mammalian
state of intense alertness, as defined in numerous texts on the subject of elee-
troencephalographic interpretation.?'™*

Figure 45 shows the spectral density function for the event 'sween at 1.7 s
in Figure 42. Again, the animal appears to be at rest even though he has recently received

" a TNT odor bolus which obviously excited him. This behavior could represent the

realization that EBS was not forthcoming, bui this “explanation” is pure conjecture and
merits no particular credence, '

Figures 46 and 47 show frequeney spectra at 2.5 s and 2.7 <. It should be
noted that no further iteratin of this pattern was seen in the dala past 3.0 s in the few in-

stances where this search could be conducted.

.Figure 48 is the neutral-~timulus homologue of Figure 41, As before, W is first
located at 0.25 ~ with 8 = 1.0. The large values of E in this plot cuggested a 8 of 0.350
which resulted in the plot of Figure 49. Figures 50 through 36 show the nature of the
spectral density at each new window location across the epach, as suugested by the peaks
seen in Figure 49. Since the number of variable factors which couid disturh any in-
dividual experiment are legion, it is important to present the ensemble of data across all
rats for the segmentation process, as was done with the Covariance Process. Figures 57

and 38 achieve this goal.

Here are displaved the composite plots of the individual spectral density
functions for the subjects A, B, C.G. 97, 98, 100_ and 103. Each figure depicts the spec
tral nature of the events occurring in the windows c-lm«-ul to 1.5 « (0.5 s poststrigger) acras
the ensemble, - ' oo
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In Fizure 57, the Segmentation Process elucidates two deminant peaks and one
apparently spurious peak. The <ignificant peak at 8 Hz may possibilv represent those _ :
physialugical processes associated with the «o-called Alpha rhythms in mammals (8 to 13
Hz) or it may have a more obscure meaning here, The peak at 20 Hz oecurred inone sub- -

ject only and mav be an artifact which would he insignificant in a larger data <ample.
The most significant neak inthis figore is that existing between about 10 Hz and 17 Hez.
Lesser peaks are seen to appear out to nearly 60 Hz with TNT stimuli data.

[
'

Figure 38 al-o manifests a domivant peak at about 7 Hz ta 8 Hz, and it proba-
blv has the <ame ~ignificance as it does with TNT data plots. A secondary. broad peak
centered at about 10 Hz is seen a~ well as small peaks out to 125 Hz

The <ignificance of the spectral density function patterns hevond 18 Hz cannot
be explained in terms of current knowledge of physiological function versis EEG strue-
ture in mammals. but the gross differences which <o elearly exist between the TV and
neatral ensembles hevond 18 Hz argue almost as strongly for the existence of an AESC a<
do the manifest differences which oceur helow 18 Haz,

Clearlv. the . AESC appears in the plots of Figure 37 primarily as the
frequencvidonsity peak seen between the 8-Hz cluster and the single 20-Hz preak. The
composite siracture is o different from that generated by the neatral <timulus data
presented in Cigure 58, that the broad peak in Figure 57 must be called unique, es-
preially when it is coupled with the 18-112 to 60-Hz peak «tmneutre and when the entire

structure is then compared to the neutral ensemble! '

'

This. then. i< the final argument in
Two totally different processes—covariance and
the prrsqﬁu-r of unique cortical speetral features
plication of TNT olfactory stimuli in the spee
dividually, each process presents a goind argume
collectively, there is Jittle doubt that an identifi
quence of the TNT stimulus, and there is little

support of the postulate of Thesis D,
.u-;:mt-nlq(imt—pn‘wni strong evidenee of
wecurring in time coincident with the ap-
ally trained test populaiion. Taken in-
it for the ocensrence of the AESC: taken
able feature does exist as a direet conses
vestigial douit that this feature can be

identified by existing microprocessor technology, especially if theee or more experiments

are summed before recognition is demanded in
therefore, that Thesis 1) is proved to be valid.

g. Signals or Noise, When signal featy
as that experienced in this research program,
nature of the plots which are pn‘M"llll‘d to show
merely plots of the covariance of random ng
covariance of special signal features which relaty
olfactory stimulus,” begs 1o be answend,
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e extriction is as difficult to achieve
1were, mayv be some doubt as to the exaet
mgnal features, The question, *Are these
vise, or do they actually represent the
s to the ('ullditimia-c}‘rt‘~|mn.-c' to a specific
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Figures 59 and 60 answer the question graphically, and in so doing. attest
to the authenticity of Figures 25 through 39. Figure 59 is the plot of 25 I-s intervals of
random noise sampled at 512 data points. This figure is the random-noise equivalent of
Figure 40, which displays the -aw avalog EEG signals of 25 experiments using Rat C as
the test subject. Figure 25 is the plot of the All covariance means of the data of
Figure 40, Figure 60 displays the plot of Figure 25 as the bottom trace, while the plot of
the A1l covariance means of the noise samples seen in Figure 59 is displayed as the top

trace,

Clearly there are great differences between these covarianee plots in beth
Aamplitude and structural detail. The difference in average amplitude implies that the
degree of covariance of the noise samples is much less than that of the EEG signals, whil~
the gross structural differences relate to differences in the degree of stationarity between

the two data sample sets,

The difference of about three to one between the auditory peak of the EEG in
the lower trace and the highest peak in the noise covariance plot in the upper trace is
evidence of the great degree of covariance of the aperiodic EEG signals which are time
related (throughout all the EEG data) only to the solenoid valve sound. Other peaks in the
SEG covariance mean values exceed the highest noise covariance peak by a considerable
arrount, and these peaks must represent some (undefined) physiological quasi-stationary
event arising from the aforementioned “housekeeping”™ corticai and skeletal neural
activity. '

Another salient structural difference in the curves of Figure 60 is the
obvious difference in signal bandwidths, The EEG plot indicates the ahsence of high-
frequency covariance, and it has béen stated earlier that the maximun frequency of the
cortical spectrum was found 1o be generally lower than 64 Hz, eéven throughthe data
system bandwidth was 200 Hz. and probably in most epochs the maximum frequency of
significant power was about 40 Hz.

The noise covariance plot gives evidence—in its fine structural detail~of
much different frequency distribution. This is not unexpected, since, at a-sampling rate
of 512/s, the maxintum unambiguous frequency present can be 256 Hz with totally ran-
dom distribution of amplitude—and thus we may expect the noise covariance to reflect
this speetral configuration, ' ' ‘

One must conclude from these and other observations that the covariance plots

for EEG signals assuredly do not have the characteristics of the covariance observed with
random noise, ' '

138







sninwas |NJ ‘D ey Joj sysode 533 GZ pus s9jdwes 9510U WOPURS G2 JO FIUBIBADD L LT JO vosuedwo) 09 %inbi4

106 SINIOd ¥lvd

A NA A AN, A A

ATRERN [T 5 :55

MEAN OF All COVARIANCE COEFFICIENTS

140

Whoioni




_ Similar observations as to the non-random nature of the EEG are also in order
for the Segmentation Process, Figure 61 displays the error function, Ej. versus timie of two
signal samples. The upper trace displavs the E, of random noise over the 3-- interval with
B = L0. As noted in the diseussion of the Segmentation Process. the predicted and
measured value of 8 for random noise is 0.0155 and this relationship is eviden. here
where the Ej plot displays virtually no peaks of visual significanee.

The bottom trace of Figure 61 is the plot of E for an EEG experiment from
the data for Rat €. Here, there is ample evidence of the non-rdndumnews of the rat EEG,
over short permd~ of time. These plots when augmented by the plots of Figure 60 are con-
vincing proof that the results of the experiment are based upon physiologically signifi-
eant events and are not the result of mathematical operations upon random oecurrences.

Even though the plots of covariance and segmentation appear to argue incon-
testably in favor of the proof of Thésis D, it was decided to apply- a single statistical test
to one set of data as the coup de grace. Since the segmentation process was the final
metric used. the data were conveniently accessable in the MER A[)( OM computer, and
thus these data were subjected to the test.

The particular test applied was the standard Wilcoxon signed rank test, which
is fully deseribed in many texts, This technique is a relatively simple nonparametric test
which will determine whether or not a set of paired values manifests a significant mean
difference. Here. the word “significant™ may be used to indicate that sufficient (or insuf-
ficient) evidence exists in the tested data to accept {or reject) the hypothesis. For the TNT
data from the segmentation process, the “1ail™ probabilities indicate significant values
ranging from 0.005 to 0.05. which clearly demomstrate the extreme unlikelihood that the

: data would be as they are if only random events oceurped in the 1-s interval following the
© T trigger. .
Much ‘of the data taken during this long series of experimerits has yet to he
analyzed. When—and  if—all remaining data are examined by the covariance and
segmentation process, it seems highly likely that the statistical evidence will he weighted
even further toward solid proof of Thesis 1), slmplv as a result of the greatly increased
numlwr of samples. ‘

h. Experimental Controls. The nature and extent of the experimental controls
appears to be most appropriately treated as the final argument in support of the stated
results after all experimental data have heen fully discussed. and for this reason the ra-

‘tionale apnears under Seetion 111, “*RESULTS.™ in thix report.
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W hile it would perhaps have been possible to conearrently maintain two popu-
lations of experimental subjects for the purpose of comparing the surgically and
behaviorally modified rats at cach hl(;p in the research programe to a totally and con-
tinually naive control group, the additional factors of time. expense. and data complexity
were judged to be,in all. of negative value to the program. For this reason. the use of a
continually naive control group per s was excluded from consideration early in the
program. ' '

However. the test group population was, itsell, suitable to serve as a totally
naive control group by use of the EEG recordings derived prior to test protocel implemen-
tation from each surgically madified subject. Tt was alwavs nevessarv. as explained in
Section 1L “METHODS AND MATERIALS. to ascertain that the EBS and EEG elece-
trodes were prope  located and functional prior to use of anv rat as a test subject.®”
Thu~. the term “naive™ applied throughout the test population refers to naivety with
regard to the pairing relationship of EBS 10 TNT vapor presence and not to ignorance of
the emotional phenomena associated with simple EBS.

To accomplish this control function, each test participant was placed in the test
fixture and subjected to random application of TNT and seutral olfactory stimuli while
the EEG was continnously recorded. 'As might be expected. little of consequence was
derived from these naive-ubject data. There was, a priori. no reason te expeet a unigque
feature in the character of the EEG signals derived during perieds of unfamiliar olfae-

“tory stimuli. and. in fact. no repeatable, discernable feature was obsersed in the EEG
signals a posteriore across all naive rats when they were exposed 10 TNT vapor. Aleo.
there was no behavioral evidence w hich might indicate that TNT was a significant olfac-
tory slillllllll‘; at any time prior to TNT/EBS pairings.

Figures 62 and 63 show the All covariance means for one totally naive
subject—Rat 100, The highest of the po-uk.; near the left edge are believed 1o0°be the resulk
“of long-lateney processing of the solenoid valve relay acoustic signal. Generally. the same
(approximate) peak location was observed across all naive rats, hut the individual varia-
tion was large, hoth with respeet to the peak amplitude—and henee to the degree of
covariance—and with respect to the Lateney, It was interesting to observe the change in the
nature and position of the auditory event as the subject was hronght from the naive state
to an awareness of the likelihood of EBS when TNT vapor was present. As with other
olwerved physiological and behavioral events, there will be no discussion of the possible
reasons for the change in this event. since it is inappropriate here. Suffice to say. there
was generally a <hift in the temporal position of the auditory event from a naive-subject
location at perhaps 60 ms 10 70 s postetrigeer to the #ms “final location™ in fully
trained subjects. These plots, for the T and N¢ interval vovarianee means of 10 ex-
periments, were chosen at random from a collection of similar figures.

had The realder with revall that BBS mus ™ apphied in‘the full-reemvein. ‘-lsntgir._d state tes comfirm the cnerect placement of the

electonde i the MEB. BRG duta are, alsn obmervesd sin this tedt hawe ta sktermune: the patenes of the cotuct between
the surface of the dura mater and the L EG electrde, and the patency of thie cap’ connevtems,
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Except for the evidence of a rudimemary auditors event. there is nothing
remarkable to be seen in these plots, nor was there ansthing of consequence to be ~seen in
the plots for T— LT + LN = Loand N + | for this naive rat. Examination of many
similar plots offer convincing arguments to the effect that there is nothing inherent in the
experimental protocol which, of itself. causes the characteristic vhanges observed in the
To EEG of the trained test subjects. Therefore, it appears certain that those features just
described. which appear uniquely with the presence of TNT, are indied due to the emo-
tional response of a trained subject to the potential arrival of an E8N reward, The
representative figures (62 and 63} certainly ~how no evidence of any profound or
“characteristic™ covarving event to odorant presence such as that seen in Fizure 32,

Additionally, it must be recognized that the fully trained subject population
served as controls across the various time intersals examined in data processing. In those
series of events where TNT was the olfactory ~timulus, it was always evident that the

“covarianee process background EEG interval. T — 1. wa-, in essence. a control period for

comparison with the T¢ interval. as was also the case for the T + 1 imterval. The same
was true for N@ comparisons with the N — I and \ + [ intervals. Funher. the neutral
events in all intervals (N — 1. Ng¢ and N + 1) served as control data in the seare h for the
unique event in the Ty interval.

While the events portrayed in Figures 62 and 63 are hased upon the Covariance
Process, the remarks are. in reneral, true for all metries, and thus they apply in concept to
the Segmentation Provess, For the sake of completeness. however. Figures 6.3 and 65 are
included 1o show the output of the Segmentation Process to the naive data of Rat 100, As
with the plots of vovarianee, there is no discernibile evidence that the naive ml ix affec lvd
by the presence of TNT as is the trained rat,
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IV, SUMMARY AND CONCLUSIONS \

29. Summary. As noted in Section I, one of the most promising research domains
is the largely unexplored area of biosensors wherein both in vive and in vitro applications
of the sensory functions of living creatures may be used as sensory elements in new detec-
tion systems. Binsensors using a living creature as the sensor—the in vivo approach—offer
the best chanee of near-future application in light of eurrent knowledge. In this ap-
proach. the practical research goal i~ to achieve the optimum animal/machine interface,
which is defined as that operational configuration which results in optimum sensitivity
and specificity while maintaining a reasonably high true reponse to false response ratio
(10 to 1 or betier). '

The research program discussed herein was the first significant step in this
direction, It is elearly evident from the data presented that albine male rats of the
Sprague-Dawley strain can reliably detect some charaeteristic olfactory signal from the
effluents of military-grade 2.1.6-trinitrotoluene when the effluent concentration ix very
small. This program may perhaps best be defined as the successful upeniﬁg gambit in a
series of research efforts directed toward the use of composite rat/microprocessor systems
for the detection and annunciation of the presence of extremely low concentrations of a

- variety of target substances. As stated in the text, no effort was made to quantify the
m.aimum detectable concentration across the test subject population.

There was no effort in this program to identify odorant targets other than
TNT which the test subjects might detect because—~as is the case with sensitivity—the ef-
fort is vast and complex and far bevond the intent of the instant research.

It must be stressed that the field of biosensor detection research is in an
embryonic state where every effort appears to be largely a pioneer effort with little prior
knowledge to serve as guide posts, Hopefully, the success of this research program will
spur competent researchers in both the public and private sectors to delve deeply—and
(jlnickly—inlty the methods for optimal use of animals as detection system sensors.

Briefly. the instant research program sought to prove that rats could detect
TNT vapor via the olfactory sensory madality and that lhe_v‘r.uuhl he trained both to
signal the fact of detection by operant means—a treadle prexs—and by evidencing a
distinetive change in their cortical EEG at the moment of detection. Prior to achieving:
this goal, it was necessary to demonstrate unequivoeally that rats could detect and
operantly annunciate the presence of TNT vapor. Proof of the existence of a TNT-
dependent EEG signal feature was complex, and over half of the research effort and
funding wans expen:led in this area. :
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Several mathematical approaches were applied to the raw analog and digital EEG
data. with each approach becoming more sophisticated. The final elucidation of the
elusive Anticipatory Evoked Spectral Change was achieved by two processes which are

quite different in nature. ,

The first successful process emploved the covariance relationship between similar
events, whereas the second suecessful process compared the errcr function existing
betv.een significant events in power spectra across a data epoch. Selection of the best
microprocessor program t6 perform these functions in the suggested rat/microprocessor
configuration was not a research goal. and hence, no recommendation is made as to
which technique is better for the ultimate purpose of explosives detection. Such decisions
must await the outcome of future research—and neither technique may be chosen for the
first field-test svstem. if the contiruing search for more efficient metrics is effective.

30. Value of the Research Effort. The net value of the research to the sponsoring
agency ix. at this point. perhaps indeterminate. While it has been demonstrated that small
laboratory animals can, in fact. indicate the presence of a target substance with no con-
scious action on their part. the gap between this achievement and a practical detection
system. for man-portable service is wide and formidable. However. there are now no
known technical barriers which cannot be crossed by ample research. Given adequate
funding—always the most uncertain aspect of research—it is rational to anticipate field
testing of a portable rat/microprocesser device within a 5-yr period. Deployment of field
grade devices might require another 3 vr past initial testing, in view of Army develop-
ment cycle scheduling.

Future Research. It is important to include herein a general outline of the
immediate steps which should be followed to continue the effort. The areas for immediate
investigation are: '

a. Signal analysis by the covariance process should be expanded to include
“dithering™ of the existing .fata from individual experiments to determine the limits of
variation of physiological and experimental Iau-nry of response from experiment to ex-
periment and from animal to ammal

_b. The remaining unexamined data from this pioncer program should then be
analyzed, wing both covariance and segmentation, to the point of diminishing return.
There residual data include the monopolar signals derived from the parietal and oecipital
slectrodes, plus the bipolar data derived from the various lead combinations (parietal-
cingulate, parietal-oecipital and cingulate-oceipital). While it is somewhat dovubtful that
these data contain more significant information than that obtainsd from those cingulate
electrode data segments used in the instant research, it would be inconeeivable not to ex-
amine these data prior to undentaking further animal experimentation. -




¢. While the covariance process and the segmentation peocess were successfully
used to define the presence of an olfactorv-induced AESC, it is lugieal to assume that
other signal processing ~schemes may exist which could be used either in an ancillary
function with one or both of these processes, or individually. to improve the effectivity of
signal feature extraction. At present, a suitable source for such advanced methodology
cannot be specifically identified but new computer algorithms appear mare or less con-
tinuously in the vast and expanding area of signal processing. and possibly a centinuing
search will diselose a more appropriate algorithm for future EEG signat analvsis,

d. In order to achieve effective detector performance in a real-world environment,.
the AESC must be elucidated from the data of no more than three or four suecessive 1=
EEG samples from any individual subject. To aecomplish thix goal. several major
research steps must he made, .

i1) The locus of the AESC must be defined more precisely than at present.
This goal can probably best be achieved by a precise and orderly mapping of the brain
structures of the Sprague-Dawley strain of laboratory rats used in the instant research,'®
Mapping should be extended to all areas above the mid-brain. beginning in the general
structures known as the limbic system and progressing to the highest cortical structures.
Isolation of a relatively small cell cluster (say <1 mm) as the AESC locus would do much
to raise the effective signal-to-noise ratio. and thus the pre-xs of AESC detection could
possibly be resolved to a single EEGlolfactory stimulus egowch which. in turm, would
result in a high reliability, real-time detection capability.

{2) Once the locus is generally known, all subjects can be testedd to performance
~tandard~ by automatic test equipment. as is standard practlcf vnth mass pmdut'ed elecs
tronic circuit elements. .

(3) Overall. a fully functional sensory element such as the rat/microprocessor
combination could be “produced™ in the main by automatic training and testing pro-

cedures based upon the cesults of the instant research,

100 Therr 1o no vaivd reanon “for evamining nd mapping Ih' heain in other <raimn, wmer the teat -ul-yrﬂ- unerd throughout

this program hnw evidenced no advere rhluﬂrn-ln\ . .
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Note: The following hibliography was compiled both as background reference material
for the research program deseribed in the text and as a basic reference set for future ex-
periments in biosensor systems, Sinee each citation has heen examined and found 10 bhe
pertinent to this research field, it would be an'aet of redundaney to compile an abridged
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which are direetly noted in the text. Thus, the text designation for direct references are the
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To simplify the task of examining the reference materials. the citations are grouped by
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pr g grouping ) ;
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f

‘152




v, Eleclroenvephul;)gl:uph_v

V. Sensory Physiology

VL Miscellaneous

Citations l%sted by Subject Mauelr.

. ‘lu. General Olfactory Physiology.

4, 5.6.7.8.9. 11, 12, 13. 14, 15. 16, 17, 18. 29, 32, 38. 42. 48, 58, 59. 69, 72.
80. 89. 92, 100, 111. 1 1.1 121, 122, 123, 124, 130, 133, 135. 136, 139, 141. 151, 155.
156, 157, 159. 177. 182, 189, 203, 210. 211, 212, 213, 214, 215, 216, 217, 219, 241.
242, 25]. 252, 253. 255. 256. 277, 278. 283, 289, 295, 296, 297, 300, 303, 315. 318.
319. 329, 330. 333. 339, 341, 359, 375. _ :

Ib. Olfaciory Measurements,

~6,7.10. 12,13, 15. 19, 21. 41 73. 102, 130. 136, 151. 155. 156, 195, 209, 214.
215, 256, 277. 289, 317, 529. 333. 344. 345, 351, 361. 308.

Ha.  General Physiology of the Nervous System.

2, 9. 1112, 13, 14, 15, 16, 21, 22, 24, 31. 35. 36. 37. 40, 1i 49,
51.57. 61 65. 66. 69. TL 81, 87. 88. 89. 96, 97. 98, 103, 104, 108. 109, 111. 115. 116.
122, 123. 124, 128. 131, 132, 133. 134. 138, 142, 143, 146. 151, 154. 160. 161. 164.
168, 171, 172, 173. 174 176, 178, 179, 183. 184, 193. 194, 198, 199, 202, 208. 210,
211, 218, 219, 223, 224, 225, 226, 227, 228. 229, 230. 234, 239, 241, 242, 244. 246.
217, 260, 262. 265, 266, 267, 272, 274, 279, 280, 281. 282, 284. 286. 292, 293, 302.
307, 308, 320, 321.-330, 331, 336, 340, 347, 349, 350, 353. 356. 357. 360, 365, 372.

I1b. Stimulus-Chemical.

8. 12..32, 66, 104. 107, 111, 123. 172. 191, 196, 205: 213, 216, 232.
. 244, 251, 254, 275, 287, 303. 323, 324. 328, 352, 358. 367, 372, 374.

153




Ilc. Stimulus-Electrical.

1, 22, 23, 25, 26. 27, 28, 34 37, 39, 40. 43, M. 46, 47, 19. 50,
52,53. 54 56. 62, 63, 65, 68. 71, T4, 75, 82, 83. 81, 85, 86. 87, 90.91. 93, 91, 96. 97, 98.
99, 104, 105, 108, 109, 120, 147, 150, 158. 161, 165, 170, 174, 179, 180, 181. 183. 185,
186, 187, 191, 198, 202, 204, 205, 206. 223, 224, 225. 226, 227, 228. 229, 230, 233,
235, 237, 239, 240, 243, 258, 259, 262. 263. 265, 267. 268, 270, 272, 274. 275, 276,
280, 282, 285. 286. 287. 288. 298. 306. 308, 316, 325. 326, 327, 328, 335. 316. '%h
348, 349, 352, 358. 360, 361, 363. 36! 366. 370,

Il Conditioning and Behavior.

19, 22, 23, 28. 30. 34, 43. 4 45, 46. 50. 54, 35, 56, 60. 62. 84

85, 86. 90. 91, 93, 94, 95, 99, 105, 110, 112, 113, 127, 129, 137, 1.10, 144, 147, 118,
149, 150. 162, 164, 165. 167. 179, 180, 181, 186. 190, 191. 197. 200, 201. 20:4. 205,
206, 208, 213, 220, 221, 222, 223, 224, 225. 226, 227, 228, 229. 230, 231. 232, 233.
234, 235, 236, 237, 238, 239, 240, 247, 248, 249, 254, 257, 258, 239, 261, 262. 261,
271, 275, 276, 280, 281, 282, 284, 287, 288. 290, 291, 294, 2096, 298. 302, 305. 306.
308. 309, 310, 311, 312. 313. 31.t. 315, 316. 321, 322. 323, 325. 326. 327. 328. 335,

337, 338, 341. 342, 348, 349. 350. 352, 353, 355. 357, 358, 361. 363. 364. 365. 367.

~ 370, 371, 373, 374.
v, Electroencephalography.

31. 36, 41, 61, 63, 67, 68, 70, 79, 99, 106. 125. 126, 128. 131. 132, 145.

153. 154, 166, 169, 175, 196. 199. 210, 211, 245. 250, 268. 269, 270. 292, 293. 299.-

301. 304, 318. 319, 334, 340. 343.
V. Sensory Physlology

'3.4.5,6, 17, 8, 20, 29 33. 38, 42. 59, 77, 121, 138 139, 151, 182. 189, 192,
193, 194, 207, 251, 252 318, 354. 369.

VL Miscellaneous.

: 76, 78, 118, 163. 182, 188;,118‘). 190, 220. 251, 266, 273, 314, 332. 339
343, 354, 375. ' '

154




L. Adeyv, W, R. 1975, Evidence for cooperative mechanisms in the susceptibility of
cerebral tissue to environmental and intrinzic electric fields, bn: Sehine FoO. (ed).
Functional linkage in biomolecular scstems. Raven Press. New York.

2. Adev, W, R. 1977, Models of membranes of cerebral cells as substrates for informa-
tion storage. Biosystems 94):163-78.

3. Adrian. E. D. 1928. The basis of sensation. Christophers. Losidon,

L* Adrian, E. D, 1948, The sense of smell. Advanced in Science 128792,
5. Adrian, E. D, 1950, Sensory diserimination with some recent evidenee from the
olfactory organ. British Medical Bulletin 6:330-33.

6. Adrian. E. D. 1951, Olfactory diserimination. Annals of Psychology 50:107-13.

T.*Adrian, E. D. 1953, Sensory messages and sensation: The response of the olfactory
organ to different smells. Acta Physiologia Seandanavia 29:5-15.

8. Adrian, E. D. 1953, The mechanism of olfactory stimulation in the mammal. Ad-
vances in Science 904 7-20,

9. Aguilar-Barturoni. H. Ul Guevarra-\guilar, R.: Arrechiga. Ho: and Aleoeer-Cuar,
C. 1976. Hypothalamic influences on the -electrical activity of the olfactory
pathway. Brain Research Bulletin 1:263-72.

10, Alber. Ko Mrowinskic D Gieseno M oand Schwab, W. 1971 Objective olfae
tometry in clinical dizgnosis, Archiv Fur Klinische Experimentale Ohren Nasen
und Kehlkopfheilkunds 199:687-92, :

11, Albents, J. R. 1974 Producing and interpreting experimental olfactory defeets,
Physiology and Behavior 12:657-70. '

12, Allen, W F. 1936, A comparative study of the olfactory and trigeminal reflexes
elicited by various vapors in’ different mammals. Journal of the Washington
Academy of Science 20:166-73, ‘

13. Allen. W. F. 1937, Olfactory and trigeminal conditioned reflexes in dogs. Ameriean
Journal of Physiology 118:532-40.

It Allison, A, €. 1953, The morphology of the olfactory system in the vertibrates,
Biological Review of the Cambridge Philosophical Society 28:195-2.41,

155 -




© 15, Allison. T, and Goff. W, R, 1976. Human cerebral evoked responses to odorous
stimuli. Electroencephalogiaphy and Clinical Neurophysiology 23:558-60.

16. Amoore, J. E. 1963. Stereochemical theory of olfaction. Nature 198:271-72.

17. Amoare, J. E. 1965, Current status of the sterie theorv of odor. Annals of the New
York Academy of Science 116:457-76. '

18.* Amoore. J. E. 1969. A plan to identifv most of the primary odors. Proceedings of
the Third International Symposium on Olfaction and Taste. Rockefeller University

Press. New York.

19. Amoore, J. E. 1971, Handbhook of Sensory Physiology IV-L (hemu‘al Senses.
Springer-Verlag, New York.

20. Anokhin. P. K. 1974. Biology and neurophysiology of the conditioned reflexes and

its role in adaption behavior (trans, by Corson. 8. A.) Pergamon Press, New York. .

21.%Ashton, E. H. 1957, Olfactory acuity in the dog. Nature 179:1069-70.

22, Atrens, D. M. 1970, Reinforeing and emotional consequences of electrical self-
stimulation of sub~corticai limbic forebrain, Physiology and Behavior 5:1461-71.

23. Atrens, D. M. and Mehdelson. J. 1970. An inexpensive swivel device for delivery of
brain stimulation to unrestrained animals. Physiology and Behavior 5:707-8.

" 24, Baklavadzhyan. O. G. and Astivatsatrvan, E. G. 1976. Analysis of neocortical elecs

trical responses evoked by stimulation of various hypothalamic structures. Neuro-
«lenu- and Behavioral Phwmlo;_v T3 l89-‘)a

25. Baldwin. B. A.; Parroti. B F.; Ryder, C. M. ; and Cooper, T. R. 1977, A method for
intra-cranial electrical ~stimulation in the pig using movable electrodes. Physiology
" and Behavior 18(3):979-81.

26. Barry, F. E. 1974. On the optimal pulse’ duration in electrical stimulation of the
brain, Physiology and Behavior 12:7149-54.

27. Bartels, K. E. 1976. Surgical impﬁm(ali«m of electroencephalographic electrodes in
. the dog. American Journal of Veteranary Research 37:83-5.

28. Barlet, J. R.: Doty, R. W.; Lee, B. B.: Negrao, N.: and Overman, W. H. 1977,

Deleterious effects of prolonged electrical excitation of siriate cortex in macadques.
Brain. Behavior and Evolution 1.41):46-66. :

156




20

30.

31.

33.

34

- reinforeed by electrical stimulation of the brain. Seience 196:5 17-19.

36.

37,

39.

40.

41,

. Bedicher. R, 1960, The sense of ~mell. Doubleday and Co. New York,

Beeeroft, R. S.1966. Classical conditioning. Psyechonomie Press. Golita. California.

Begleiter, H. and Porjesz. B. 1975, Exvoked brain potentials a» indicators of deci-
~ion making. Science 187:75 33,

Beidler, L. M. 1966. Chemical excitation of taste and odor receptors. Advanced
Chemical Series 36:1-28.

Beidler. 1. M. (ed). 1971, Handbook of sensory physiology IV, Part I' Chemical
Senses. Springer-Verlag, New York,

Beninger. R. ). Bellisle. F.: and Milner. P. M. 1977. Schedule contral of behavior

5. Bennew. M. V. L. (ed). 1974 Synaptie transmission and neuronal interaction,

Raven Press. New York.,
Bergamini. L. and Bergamsco. B. 1976, Possibility of the elinical use of ~ensory
evoked potentials transeranially recorded in man. Electroencephalography and

Clinical Neurophysiology 26:1 14,

Bishop, M. P.: Elder. 8. T.: and Heath, R. G, 1963, [utracranial self-stimuluation in
man. Science | #):39 196,

Blondal. H. 1957, The sense of smell. Zeitsehrift Fur Pavehologie Mit Zeitschrift
Fur Angewante Psvehologie 161:292:95.

Blundel, J. E. and Herbert. L. J. 1968. Relative effects of nutritional defecit and

deprivation period on rate of electrical self<stimulation of lateral hypothalamus,

Nature 219:627-28.

Bock, P. R.: Pollock. B. W.: Fuchs. A. M.: and Von Schmude. D. 1975, Modified
method for.recording cortical and subcortical visually evoked potentials in the con-
scious rabbit with chronically implanted electrodes. Drug Research 25:17 16-55.

Bokina, A, L and Eksler. N, D. 1973, Electropbysiological analvsis of the action of
certain air pollutants on the central nervous system. Gigiena 1 Sanitariia 38:11-16.

. Bomanyi. 8. J. and Blanchard. C. 1. 1962, Psveologalvanic skin respouse olfac-
tometry. Annals of Otology, Rhinology and Laryngology 71:213-21.

157

B Lot o Mo o




83,

n

1.

19.

0.

Bower, G Ho and Miller N EC 1938, Rewarding and punishing effeets from
stimdating the same place in the rat’s brain, Journal of Comparative and
Ph_hinln;irul l'-)vhulng_\ 31:664..

Brady. J. V. 1960, Temporal and emotional effects related to intraceantal clectrical
seif-stimulation. Eleetrical Studies on the Unanesthetized Brain, Hober, New York.,

c Bradv 3oV and Nantas WS L 1953, Subeortical mechanisms in emotional

behavior: affective changes following septal forebrain lesions in the albhine rat.

Jonrnal of Comparative Physiological Pavehology 16:339- 16,

Brivlev, Ko Noand Alkent. D J0 19770 Supprescion of VM lesion indueed reae

tivity and aggressiveness by electrical stimufation sentral to the anterior septum in

the rat. Physiology and Behavior 18:507-T1.

Brennea. K. R 1977, The Characterization of transcutanecons stimulating elee
trodes, ITEEE Tran<actions on Biomedieal Engineering 337-10,

Briges. M. H. and Duncan. R BL 19620 Piament and olfactors mechani=m. Nature

195:4313-1 L.

Brindles, G, and levin, W, {968, The sencations  peaduced by electrical
stimulation of the visual corten, Journal of Physiology 193:179-93, , ,

Brown. . Wooand Cohen, B, DL 1959, Avoidance and approach learming motivated
by stimulation of identical hypotbalamie Toet, American Joumal of Phy<iology 197,

"Rrown. J.‘I‘)TT. Mind. Brain and Consciousness, Vcademic Press. New York. _

Brammer, 5. B, and Turner. M. ). 1977, Electrochemical considerations for safe

cleetrical stimulation of the nervous svstem with platinum électrodes, IEEE Trans-

aetions on Biomedical Engineering 2 k3963,

¢

Brammer. S, B, and Turner. M, J. 1972, Electrochemical aspeets of neuromuscular

stimulation “in functional nevromuscalar stimulation: report of a workshop. .

Wa»lﬁnghm. DLC Nationad Ncademy of Seienees,

Brunner. A, 1976, Self-stimnfation in the rabhitz an anatomical map of stimulation
effeets, Journal of Comparative Newrology 131:015-29,

Brash, F. R 1971 Aversive conditioning and learsing, Academii Press, New York,

Burton. Coand Maurer, D DL 19T 1 Pain suppression by transeutaneous electronie
stimulation, IEEE Transactions on Biomedical Fngineering 21:81-88.

158




“t

Byz-ahi. G Grastvan, koand Lenard, Lo 1978, Hippocampal inhibition and the
fornix. Behavioral Biology 22(1):67-T6.. - '

8.2 Cain. W. S0 19770 Differential sensitivity for smell: noise ai the nose. Seience

195:796-98.

39.%Cain, Wo S, 1976, Olfaction and the common chemical sense: same psychophysical

6,

61.

62,

63,

64,

contrasts. Sensory Processes [:37-67.

Catavia. A, 1963, Contemporary research in operant behavior, Seott, Foresuian,

Glenview, Hlinois. '

Cavazza. B Ferrilloo Foi Rosadini. G and Sannita. W, 1978 A computer analy-is
of buman interictal epileptic spikes. In: Harris. P. and Mawdsles, € (eds),
Epilepsy. Churchill Livingston. New York. '

Chisholm. DL Coand Trowill, )0 AL 1976, Consummatory respanses as sources of
reinforcement in electrically indueed bhehavior, Phyvsiology and Behavior 16:51-53.

Chocholova, L: Kobisova, Moz and Fiseher, J. 1977, Stimulation of the thalamus
and its effect on electrographie manifestations of the brain in wnrestrained rats.
Physiologica Bohemoslavea 2006)1:507-15.

Clark. Do Looand Dosner. B S0 19730 Neurophysiologie effects of  general
anestheties, L The electroencephatogram and sensory evoked responses i man.
Anesthesiology 38:36 182, ' :

65.%Cooper, 1. S and Upton, AL R ML 1978, Use of chronic cerebellar stimulation for

66.

67.

04.

09,

disorders of disinhibition. Laneet 393-600..

Cooper, J. R.: Bloom, F. E: and Roth. R, E. 1974, The biochemical basis of

‘neuropharmacology. 2nd edition. Oxford University Press. London.

Cooper. R Osselton. ). Wi and Shaw. J. C. EEG technology. Butterworths,
London,

Cooper. A: Winter, A, L.: Crow, H. F.zand Walter, W, G, 1965, Comparison of sub-
cortical, cortical and sealp activity using chronically indwelling eleetrodes in man.
Electroencephalography and Clinical Neurophysiology 18:217-28,

Corrigal. W. A Crain, S, M and Bornstein, M. B: 1976, Electrophysiological

studies of fetal mouse olfactory buth explants duricg development of synaptie fune
ions in eulture, Journal of Neurobiology 7(6):521-36.

159




-1
<

71.

72,

73.

76.

77.

8.

. Courchesne, E. 1977. Event-related brain potentials: comparison between children

and adults. Science 197.5.

Crago, P. E.; Pechnam, P. H.; Mortimer, J. T.; and Van Der Meulea. J. P. 1974.
The choice of pulse duration for chronie electrical stimulaticn via surface, nerve
and intramuscular electrodes. Annals of Biomedical Engineeriny 2:252.

Crain, W. 1924, The dog as detective. Science Monthly 18:38-#7.

Crocker, E. C. and Henderson, L. F. 1927. Anélysis and classification of odors, an
effort to develop a workable method. American Perfumer 22:325-7: 356.

Crow, T. J. 1972. A map of the rat mesencephalon for electrical self--timulation.
Brain Research 36:265-73.

. Crow, T. J. 1972, Intracranial wlf—~l|mulauon with electrodes in the regivn oi the

locus coeruleus. Brain Research 36:275-87.

Dahl.. J. L. and Hokin. L. E. 1977. The sodium-potassium adenosine
triphosphatase. Annual Review of Biochemistry 43:327-56 '

Darwin, C. 1872/1873. Perception in the lower animal. Nal;jrv 7:360.

I)arwin., C. 1873. Inherited instinct. Nature 7:281.

© 79.*Davidoff. L. M. and Dyke. C. G. 1951. The normal en(-ephalogram Lea and

81.

82.

Febiger, Phlladelphla

Davies, J. T. 1971. Olfactory theories. In: Biedler, L. M. (e(h Handbhook of sensory
physiology. (hcmlcal Senses. Springer-Verlag, New' York.

Daw, N. W. 1973. Neurophysiology of color vision. Ph_vsinlogy Review 53:571-611.

Delgado, J. M. R. 1952. Permanent implantation of maltilead electrodes in the
brain. Yale Journal of Bmluglcal Medicine 24:351-358. :

. Delgade, J. M. R. 1952. Rcsponm evoked in waking cat by electrical stimulation of

motor cortex. American Journal of Physiology 171:436-16.

84.*Delgado, J. M. R. 1977. Therapeutic programmed stimulation of the brain in man.

In: Sweet, W. H. (ed). Neurosurgical treatment in pychiatry, pain, and epilepsy.
University Park Préss, Baltimore, '

160 -

Lo e e ae
g 2 BN




81.

9.

91.

92,
93.

94,

95.

96.

97,

. Delgado. J. M. R. and Anand. B. K. 1953. Increase of food intake induced by elec

trical stimulation of the lateral hypd(halamus.' American Journal of Physiology

172:162-68.

Delgado. J. M. R.: Roberts, W. W.; and Miller, N. E. 1954. Learning maotivated by
electricai stimulation of the brain. American Journal of Physiology 179:587-93.

Deniau. J. M. 1978. Effects of substantia nigra stimulation on identified neurons in
the VL-VA thalamic complex: comparison between intact and chronically decor-
ticated cats, Brain Research 145:27-35.

Dennis. M. J; and Gerschnenfeld, H. M. 1969, Some phyvsiological properties of

identified mammalian ne_u_mglial‘ cells. Journal of Physiology 203:211-22.

Dennis. B. J. and Kerr. D. 1. 1976. Origins of olfactory bulb centrifugal fibres in
the cat. Brain Research 11(¢3):593-600.

Dennis. 8. G. 1976. Adaption and aversive brain stimulation. II. Effécts of current
level and pulse frequency. Behavioral Biology 18(1):515-30.

Dennis, 8. G.: Yeomans, J. 8.; and Deutsch, J. A. 1976. Adaption and brain

stimulation 1l Excitability characteristics of behaviorally relevant neural
substrates, Behavioral Biology 18(4):531-44. '

Denton, D."A. and Cogalan, VJ. P. (eds) 1975. Olfaction and taste V. Proceedings of
the 5th international symposium. Academic Press, New York.

Deutsch, J. A. and Albertson, T. E. 1974. Refractory period and adapticen in pro-

- longed brain reward. Behavioral Biology 11:275-79.

DeVietti. T. L. and Kirkpatrick, B. R. 1977. Stimulation of sircific regions of,

brain in rats modifies retention for riewly acquired and old habits. Journal of Com-
parative and Physiological Psychology 91:662-73.

Dews, P. B. 1970. Festschrift for B. F. Skinner, Amrlton—(leﬁtury-(frﬁfla. New

Yorkv.

Dobelle, W. H. 1974, Data processing, LSI will help to bring sight to the blind.
Electronics 47:81-6.

Dobelle, W. H. 1973. A prosthesis for the deaf based on cortical stimulation. An-

nual of Otology, Rhinology, and Laryngology 82:445-63.

161

[ S




98. Donchin, E. and Lindslev, D. B. (eds) 1969. Average evoked potentials. NASA
SP-191, Washington, D. C, :

99. Doy, R. W, 1977. Electrical mmuiauon of the brain in behavwral contett »\nnual
Review of Ps\chologv 20:289-320.

100. Diavnieks, A. 1762, Possible mechanism of olfcetion. Nature }94:245—47.

101.*Dymond. A. M. 1976. Characteristics of metal-tissue interface of stimulation elec-
trodes. IEEE Transactions on Biomedical Engineering 23:274-80.

102, Eaves, J. T. and Moulton, D. G. 1960. Studies in olfactory acuity. L. Measurement
of olfactory thresholds in the rat. Il. Relative detéctability of n-aliphatic aleohols
by the rat: Quarterly Journal of Experimental Psychelogy 12:90-8;99-109.

103. Eccles, J, C. 1964. The physiology of synapses. Springer-Verlag, Berlin.

104, Edelson, A.; Gottesfeld, Z:: Samuel, D.; and Yuwiler, A. 1976. Effect of iithium
and other alkali metals on brain chemistry and behavior. 1. Intracranial self-.
~timulation behavior. Psychopharmaeologia 45(3):233-7.

105.*Ellman, S. J.; Ackerman. K. F.: Bodnar, R. J.; Jackler, F.; and Steiner, S. S. 1974
Comparison of behaviors elicitéd by electrical brain stimulation in dorsal brainstem
and hypothalamus of rats. Journal of Comparative and Physiological Psychology.

106.°Elul, R. 1972, Randomness and svachronv in the . generation of the elex
troencephalogram. In: Petsche, H. and Brazier, M. A. B. (eds) Synchronization of
- EEG activity in epilepsies. \pnngerVﬂ'lag. New York.

' 1ot Englamler, R. N .Johnwn. R. N Bnckley.] J.; and Hanna, G. R. 1977. Fffccts of
antlcpllepm drugs on thalamocortical excitability. Neurology 27(12):1134-9.

108. Erickson, M. D. and Chou, S. 1974. Implantable electrical devum for pain relief.
Miunesota Medicine: 210-12. S :

109. Farber, J.; Steiner, S. $.; and Ellman, S. J. 1972. The pons as a self-stimulation site.
Psychophysiology 9:105.

110, Fearing, F. 1964, Reflex action: a study in the hmury of phyuologlcal psvchology
Hufner Publishing Co., New York

111 l'cldman. S. and (.onfom. N. 1977, Adrenommcal rexponses to nlfactory stimula- -
tion in rats with partial hy;mlhalamw deafferentations and lemonn. Neuroen- . . o
doe rlnnlogy 24:167-8, o ' , S . -

162




112.

~ Century-Crofts. New York.

113.

114

116.
117,
118.
ll‘)..
" 120.

121,

122.

Ferster. . B. and Skinner. B. F. 1957. Schedules of reinforcement. Appleton-
Ferster. .. B. 1975, Behavior principles. Prentice-Hall, Englewood, Cliffs. New
Jersey.

Forrester, A. T. and Perkins, W. E. 1951. A test of the infrared absorption theory of
olfaction. Seience 11 1:5-6.

5. Freeman, W. J. 1974, Topographie organization of primary olfactory nerve in cat

and rabbit as shown by evoked potentials. Electroencephalography and Clinical
Neurophysiology 36:33-15.

Furshpan. E. J. 1964. Eleetrical transmission at an excitatory synapse in a
vertebrate brain. Science 1+4:878-80,

Gallistel. €. R. 1969. The incentive of brain stimulation reward. Journal of Com-
parative and Physiologieal Psychology 69:713-21.

Ganong, W. F. 1973, Review of medical physiology. 6th edition: 179, Lange
Medical Poblications, Los Altos, California. '

Geddes, L. A. 1972, Electrodes and the measurement of bivelectric events. Wiley —

Interscience, New York. ‘

Gerken, G. M. and Judy, M. M. 1977, Electrode polarization and the detection of
electrical stimulation of the brain. Physinlogy and Behavior 185):825-32.

Gesteland. R. C. 1966. The mechanics of smell, Discovery 27:29-38, .-

Gesteland. R. C. 1971, Neurdl coding in olfactory receptor cells. In: Biedler. L. M. .
(ed) Handbook of Sensory Physiology. Springer-Verlag, New York.

123.*Gesteland, R. C. 1971, Chemical mechanisms and neural cuding in vertebrate

chemosensors.  Aerospace  Medical Research Laboratory Report No. AMRL-
TR-70-117. Wright-Patterson {Air Force Base, Ohio,

124.%Gesteland, R.: Lettvin, J. Y.:|Pitta, W. H.; and Chung. S. H. 1968. A code in the

nose, In: Oestreicher, H. L.
and Breach, New York.

S -

nd Moore, D. R. (eds). Bionies Symposium. Bondon

'12,5.‘($ihlm. F. A. and Gibbs, E. [ 1958. Atlas of rlm'mg-nﬂ'phalography. Vol. I. Ad- .~

dison — Wesley, Reading, Mansachunetts,

e




126. ‘(ubba, f' A. and Gibbs, E. L. 1964, \tla- of electroencophalography. \ul IL \d- _
dison — Weslev, Reading, Massachusetts. -

128.

130.

131.

132.

133.

134

. Gilbert. R. M. and Millenson, J. R. (eds) 1972. Reinforcement; Behavior analysjs.

Academie Press, New York.

Glassman, R. B. and Malamut. B. L. 1976. Recovery from electﬁkhcephalcgraphic
slowing and reduced evoked potentials after somatosensory cortical damage in cats,
Behavioral Biology 17(3):333-54. '

Grayv, J. A. 1961. Pavlov's typolugy: recent theoretical and experimental develop-
ment from the laboratory of B. M. Teplov. Pergamon Press, New York.

Greeley, W. R. 1961. A quantitative study}’}of the perceptive function of the olfac-
tory organ. New England Jounial of Medicin>, 264:1302,

Greenberg, R. P.; Maver. D. J.; Becker, D. P.; and Miller, J. D. 1977. Evaluation of
brain function in severe human head trauma with multimodality evoked potentials,
Part I: Evoked brain-injury potentials, methods. and analysis.

Greenbevg, R. P.: Becker, D. P.; Miller. J. D.: and Maver. D. J. 1977. Evaluation of
brain function in severe human head trauma with multimodality evoked potentials.
Part 2: Localization of brain dysfunction and correlation with posttraumatic

neurological conditions,

Haberly, L. B. and Price, J. L. 1977. The axonal projection patterns of the mitral
and tufted cells of the olfactory bullb in the rat. Brain Research 129(1).152-7.

Hablitz, J. J. and Re.a. G. 1976. Cerebellar nuclear stimulation in generalized
penicillin epilepsy. Brain Research Bulletin 1(6):599-601. :

135.*Hainer, A. G. 1964. An information tim)ry of olfaction. Annals of the New York

136.

137.

Academy of Science 116:477-81.
Haler. ID. 1954. Does iron smell. Lancet 267:143.

Hall, J. F. 1916. Clessical conditioning and instrumental learning: a contemporary
approach. l..ippim'ml. Philadelphia.

Hamburg, D. A Prmram. K. H.: and Smnknrd Al (edn) 1970. Pﬂwpuon and
its disorders. Williams and Wilkins, Balllmore

164




139.

1.4,

141,

142.

143.

144

Havashi. T. (ed). 1967. Olfaction and taste Il. Pergamon Press. New York.

Heath, R. G. ted). 1977. The role of pleasure in behavior. Hober Medical Division,
Harper and Row, New York.

Henning, H. 1915. Der Geruch. ieitung Psychologie 73:161-257.

Herkenham. M. 1978, The connections of the nucleus reuniens thalami: evidence
for a direct thalamo-hippocampal pathway in the rat. Joumal of Comparative
Neurology 177(4):589-610. -

Herkenham. M. and Nauta. W. J. 1977. Afferent connections of *he habenular
nuclei in the rat. A hors -adish peroxidase stydy, with a note on the fiber-of-passage
problem. Journal of Comparative Neurology 173(1):123-16.

Hilgard. E. P. 1961. iiilgard and Marquis’ conditioning and learning. Rev. by
Kimble, G. A. 2nd ed., Appleton-Century-Crofts, New York.

145.°Hill. D. and Parr, G. (ed~), 1963. 'Ele('troenrephalography. Macmillan, New York.

116.

147,

18,

149,

150.

152,

Hinds. J. W. and MeNellv, N. A, 1977. Aging of the rat olfactory bulb: growth and
atrophy of constituent lavers and changes in size and number of mitral cells. Jour
nal of Comparative Neurolezy 72(3):345-67.

Hodos, W, H. 1965. Motivational properties of long durations of rewarding brain
stimulation. Journal of Comparative and Physiological Psychology 59:219-24.

Honig, W, K. 1966, ()peranlv behavior: Areas of research and Applicat'ioh. _

Appleton-Century-Crofts, New York

Holland. J. G. and Skinner, B. F. 1961. The analysis of behavior. McGraw-Hill,
New York. ' : o

Huston, J. P. and Bordely. A. A. 1974. The thalamic rat: General behavior, operant
learning with rewarding hypothalamic stimulation, and effects of amphctamine.
Physiology and Behavior 12:433-48,

. Iggo. AL (ed). 1973, Handbook of sensory ph.\"siolngy. Vol. I, Somatoseasory

systemn, Springer-Verlag, New York.

Jaffard, R.: Ebel, A.: Destrade, C.; Ayad, € ; Mandel, P.; and Cardo, B, 1976. ‘The'

role. of hippocampal cholinergic mechanisms in the acquisition of a barpress
response, Pharmacology, Biochemistry and Behavioe 53):371-4. -

165

~ s SR i




153.

- 154,

Jasper. H. H. 1958. The ten-twenty electrode system of the international federation.

~ Electroencephalography and Clinical Neurophysiology 10:371-75.

Janz.' D. (ed). 1976. [‘:pi‘leplolngy - Praceedings of the Tth international symposium
‘on epilepsy. Gerog Thieme, Herdweg, Germany. ‘

155.*Johnston, J. W, 1963. An application of the steric odor theory. Geargetown Medical

158.

159.

- 160.

161.

162.

163.

164,

165,

Bulletin 17:40-42.

. Jones, F. N. 1955. A comparison of the methods of olfactory stimulation — Blasting

vs sniffing. American Journal of Pevehology 67:147-51.

. Johnes, F. N. and Jones, M. W. 1953. Modern theories of ulfdumn A eritical

review. Journal of Pswhulmr\ 36:207-241.

'

Juslesen. D. R.; Sharp. J. C.; and Porter, P. B. 1963. Self-stimulation of the caud .te
nucleus by instrumentally naive cats, Journal of Comparative and Physiological
Psvehology 56:371-74.

Kaissling, K. E. and Priesner, E. 1970. Die riese hwelle des wulﬂhpuuwn Natur-

wnsemhaften 57(1) 23-8.

Kandel, E. (ed) 1966. Handbook of lhe nervous -.yst(-m Vol. I. American
Physwloglcal Society.

Katz, B. 1969. The release of neural transmitter substances. Liverpoo! University

‘Press, ,'Li verpool.

Keesey. R. E. and Goldstein. M. D. 1968. Use of progressive fixed-ratio procedures
in the assessment of intracranial reinforcement. Joumai of Experimental Analysis
of Behavmr 11:293- 301 :

Keller,' HL. 1908. The world I live in. Hodder & Stoughton, London.

Kelty, M. F.1975. Study of the use of psychbsurgery in the United States. Informa-
tion request of the National Committee for Protection of Human Subjects of
Biomedical and Behavioral Research. Presented at the Fourth World Congress of

P&v(‘hlalnc Surgery, Sept 7-10, Madrid.

Kesner, R. P. and Wilburn, M. W. 1974. A review of electrical stimulation of the

" brain in context of learning and retention. Behavioral Biology 10:259-93.

166

4 o




66.*Kiloh. L. G McComas, A, )i and Osselton. J. A, 1972, Clinical elee-
troencephalography. Appleton-Century-Crofts, New York.

167. Kimble. G. A, (ed). 1967. Foundations of conditioning and leaming. Appleton-
Centurv-Crofts, New York.

168. Konorski, J. 1967, Integrative activity of the brain: An interdisciplinary approach.
University of Chicago Press, Chicago.

169.*Koo. K. A. 1971 l‘undanwmah of vlwtro«m ephdluurdph\ Harper & Rnw. New
York.

170. Kornblith, C. and Olds. J. 1968. T-Maze learning with one trial per day using brain
' stimulation reinforcement. Journal of Comparative and Physiological Psvchology
66:488-91.

171, Krettek. J. E. and Price. J. L. 1978. A de~c nptmn of the amygdaloid complex in the
rat dll(l cat with observation on intra- -amvedaloid axonal-connections. Journal of
Comparative Neurology 178(2):255-80.

172. Krug, M.: Ott. T.; Schulzeck, K.: and Matthies, H. 1977, Effeets of orotic acid and
-
pirazetam on cortical bioelectrical activity in rabhits. Psychopharmacology
'533(1):73-8.

173. Landowne. D.: Potter. L. T.; and Terrar. D. A. 1975. Structure-function relation-
ship in excitable n!eml)r'anes Annual Review of Physiology 37:458-508.

174, Larson, 8. J. and Sances, A. (eds). 1975. Electroanesthesia: Biomedical and
' biophysical “tudies. Academic Press, New York.

175. Lehman. D. Human scalp EEG fields: Evoked alpha, sleep and spike-wave pat-
terns. In: Petsche, H. and Brazier, M. A, B. (eds). an(hmmzamm of EEG Activity
in Epilepsies. Hpnngvr-\crlag. New York.

176. lmmard. C. M. 1969, The prefrontal cortex of the rat. I Cortical projection of the
mediodorsal nueleus. H Efferent corrections. Brain Researeh 12:321-43, '

177, Lettvin. J. Y. and Gestelland, R. C. 1965. Speculations on smell. Cold Springs Har-
hor Symposium on (_)udnllld(lw Biology 30:217-25.

178. Leéwis, A, J. 1976. Mechanisms of neurological diseasr. Little, Brown & Co.. Boston.

179. L iebman, J. M. 1973. Self-stimulation lun in lht' mldlnram gray matter uf the rat
B«hdvmrdl Bmln;.v 9:299-306. :

167

\

T | i b & B

A




180.

181.

182.

183.

184.

185.

186.

187.

Lilly, J. C. 1958. Learning motivated by subcortical stimulation: The start and stop
patterns of behavior. In: Reticu’ ir Formation of the Brain. Little, Brown and Co.,

Boston.

Lilly, J. C. and Miller, A. M. 1962. ()'peram conditioning of the bottlenose dolphin
with electrical stimulation of the brain. Journal of Comparative and Physiological
Psvchology 55:73-9. ‘

Linneaus, C. 1756. Odores Medicamentorum. Amoenitates Academicae 3:283-301.

Linzer, M. and Long. D. M. 1976. Transcutaneous neural stimulation for relief of
pain. IEEE Transactions on Biomedical Engineering 23:341-45.

Livingston, R. B.; Pfenninger, D.; Moore, H.; and Aken, K. 1973. Specialized

paranodal & interparancdal glial axonal functions in the peripheral & central ner-
vous system: A freeze-etching study. Brain Research 58:1-24. i

Loeser, J. D.: Black. R. G.; and Christman, A. 1975. Relief of pain by
transcutaneous stimulation. Journal of Neurosurgery 42:308.

Logan, F. A. 1960. Incentive: How the conditions of reinforcement affect the perfor-
mance of rats. Yale University Press, New Haven.

Long, D. 1974. Cutaneous afferent stimulation for relief of chronic pain. Pro-

ceedings of the Congress of Neumloglcal Surgeons 21:257-68.

188.

189.
190.
191.

192,

193.

Lubow, R. E. l977 The war animals. Doubleday & Co., Inc., New York.

Lucretius. T. .. CA 47 B. C. The nature of the universe. 1951. English Tramlanon
by Latham. Penguin Books, London.

Machan, T. R. 1974. The pﬁeud(r«‘lem-e of B, F. Skinner/T. R. Machan Arlington '

House Publlshers. .\ew Rochelle, New York.

.\larlxan. P. D. and Delgado, J. M. R. 1953. Electrical ‘and chemical stimulation of
frontaltemporal portion of limbie system in the waking animal. Elec

troencephalography and Clinical Neurophysiology 5:91-100.

Marke: L. E. 1974, Sensory processes. Academic Press, New York.

Marshall, J. F. 1971. Sensory neglect produced: by lateral hyi)ot'halami,.c dax;lage in-

rats. Journal of Comparative and Physiological Psychology 86:375-95.

168




194,
195.

196.

. 197

198.

199.
200.
201.

* York.
202
203
204.
205.
206.

207.

Marshall, J. F. 1975, Inereased orientation to semsory stimuli following medial
hypothalamic damage in rats. Bruin Research 86:373-87.

Mateson. j. F. 1955. Olfactometry: It techniques and apparatus. Journal of the Air
Poltution Control Association $:167-70.

Matsumiya, Y. and Mostofsky, D. L. 1972, Somatosensory evoked responses elicited-

by coreal and nostril air puff stimulation. Electroencephalography and Clinical
Neurophysiology 33:225-27.

Maxwell, A, E. 1977. Multivariate analysis in behavioral research.. Chapman &

Hall, London.

Maver, D. J.: Wolfle, T. L.: Akil. H.: Carder. B.; and Lieheskind. J. D. 1971.
Analgesia resulting from electrical ~tm|uldlmn in the brain stem of the rat. Science
174:1351-54.

Mavo Clinic Staff. 1963. Clinical exanminations in neurology. W. B. Saunders Co..
Philadelphia.

McGuigan, F. J. and’l,'ump‘wn. D. B. 1973. Contemporary approaches to learning.
V. H. Winston, Washington.

Meichenbaum, D. 1978. Cognitive-behavior madification. Plenum: Press, New

Melzack. R. and Will, P, 1971 A new appruarh to pain. Emergencv Medicine
241-51.

Michels. K. M. 1956. Odor and ulfdmun. a lnblmgraphy 1948-1960. Peroep(mn

and Motor Skills 15: $(r72

Miller, N. E. 1958. Central stimulation and other new approaches to motivation .

and reward. The American Psychologist 13:100-8.

Miller. N, E. 1960, .\I«;livatiq;ngl effects of brain stimulation and drugs. Federation
Proceedings, Federation of American Societies for Experimental Biology 19:8-16-5.1.

Mis, F. W. 1974. Electrical brain stimulation as the reinforced as in Pavlov's condi-
tioned lnhlhuon paradigm. Physiology and Behavmr 12:689-92.

~Moncrieff. R. 'W. 1967, The (hemual senses, 3nd edition. Leonard Hill, London.

169

A e




20d.

Morgenson, G. J. 1977, The neurobiology of behavior. L. Erlbaum Associates,
Hilisdale, New Jersey,

200.* Moshowitz. Ho R 1974 Standardized procedure for t‘\[)l’l‘hslll" odor intensity.

210:.

212.

(M)
—
ot

217.

218.

219,

Chemical Senses and Flavor 1:235-7,

Motokizawa. F. 1974 Electrophysiological studies of olfactory projection to the
mesencephalic reticular formation, Experimental Neurology 44:135-41,

. Motokizawa. F.and Furuya. N. 1973. Neural pathway associated with the EEG

arousal response by olfactory stimulation. . electroencephalography and Clinical
Nvurnphv.-iulogy 35:83-91. ' :

Moulton. D. G. 1960, Studies in olfaction {Dixsertation), l niversity of annwh.nn.
l'nulam

3. Moulton. D. G.: Turk. A and Johnston, J. W, 197 i Hum.m response !0 en-

vironmental odors. Academie Press. New York.

+ Moulton, D. G., Turk. A. and Johnston, J. W, 1975, Methods in olfactory research.

Academice Press, New York.

3. Mozell, M. M. and Jagodawicz. M. 1973, Chromatographic separation of odorants

by the nose: Retention times measured across in vivo olfactory mocosa, Seience

181:12147-9.

. \Iurra\. C. 1974 lnw(h may obtain ex -attractants fmm plants, € h«'mu.ll and

Engineering News.

Murphy. C.J Cain, WS and Bartoshuk, L. 1977, Mutual action of taste and olfae
tion. Sensory Processes 1:20.411,

Needham, C. W, 1978, Cerebral logie. Charles C. Thomas, Springfield. Winois,

Nichols, F. L. and Bailey. E. ll._ S. IWIRS". le sense of smell. Natnn- 35: 745,

220.”Nolan, R. V. and Gravitte, D. L. 1977. Mine «lelmtmg canines, Rep«m 2217, U.S,

221.

Army, MERADCOM, Ft. Belvoir. Virginia.

Norris, K. 8. 1965. Trained porpoise released in the open sea. Marine Technology -
Society Journal 147:10.48-50. ' '

170 N




222, Notterman. J. M. and Mintz, D, E. 1965 Dynamics of response. Wiley, New York.

223.*0lds. J. 19535, Physiological mechonisms of reward. In: Jones, M. R. {ed). Nebraska
“Syumposium on Motivation, University of Nebraska Press Lincoln.

- 220*0lds. J. 1956. Pleasure centers in the brain. Scientific American 195:105-16.

225.%01ds. J. 1956. A pretiminary mapping of electrical reinforeing effects in the rat
brain. Journal of Comparative and Physiological 2sychology -19:281-85.

226.*Olds. J. 1956. Runway and maze behavior controlled by basomedial forebrain
stimulation in rats. Journal of Comparative and Physiological  Psvehology
19:507-12.

227.%01ds, ). 19538, Self<stim.lation of the brain. Seienee 127:315-24.

228.*0Old~. J. 1938, Satiation effects in seli-stimulation of the brain. Journal of Com-
parative and Physiological P-vehology 51:675.

29.201ds. J. 1958, Effects of hunger and male sex hormone on self-stimulation of the
brain. Journal of Comparative and Phyvsiologicar Psvehology 531:320-21.

230.°0Olds. J. 1960. Differentiation of reward svstems in the brain by self-stimulation
techniques. In: Ramey. E. R, and O'Dohenty, D, S, (eds) Electrical studies on the
unanesthetized brain. Hoeber, New York.

231.°0ldx, J. 1960. \pproach-avoidance thwn iations in rat brain. American Journal of
Physiology 199,

232 *Olds, J. 1961, Differential effects of drivex and drugs on self-stimulation at dif-
" ferent brain site~. In: Electrical *lmml.muu of the Brain. University of Texax Press,
Austin 'i.)()-()() :

233.‘1)Ids. J. 1962. Hypothalamic substrates of rewaed. I'Hy:-iulugival Review 12.

235°00dx, J. 1967, In: Adey. W, R, and Tokizane, T. (eds) Progress in Brain Research
27, Structure and Funetion of the I,nmlm System. Flsevier Publishing Co., New
York.

235.°00ds, 3. aned Milner. P. 1954 Positive rrmfun ement produced by electrical allmula-

tion of wpl.nl area and other regions of rat brain. Journal of Comparative and
. Physiological Paychd tagy 47:419-27,

17




236.*0lds, J. and Olds, M. E. 1957. The mechanisms of voluntary behavior, In: The Role
of Pleasure in Behavior, Hober Medical Division. Harper and Row, New York.

237.%0lds, J. and Olds, M. E. 1963. Approach avoidance analysis of rat diencephalon.
Journal of Comparative Neurology 120¢2):259-95.

238.*0lds, M. E. and Olds, J. 1962. Approach-escape interactions in rat brain. America;n

Journal of Physiology 203:803-10.

239.*0lds, M. E. and Olds, J. 1969. Effects uf lesions in medial forebrain bundle on <elf-

stimulation behavior. American Journal of Physiology 217:1253-64.

210. Oleson, T. D.: Twombly. D. A.: and Liebeskind, J. C. 1978. Effects of
pain-attenuating brain stimulation and morphine on electrical activity in the raphe
nuclei of the awake rat. Pain 43):211-30.

241. Ottoson, D. 1970. Electrical signs of olfactory transducer action. In: Wolstenholm
and Knight (eds) Taste and Smell in Vertebrates. Churchill, London.

212. Ottoson, D. 1971. The electro-olfactogram. In: Biedler, L. M. (ed) Handbook of sen-
sory physiology. Springer-Verlag, New York. .

213. Overdijk, J., Van der Poll. N. E. and Van Dix. H. 1976. A simple stimulator for
electrical self-stimulation of the brain. Physiology ‘and Behavior 17:333-5.

244. Pager, J. 1978. Ascending olfactory information and ventrifugal influxes con-
tributing to a nutritional modulation of the rat mitral cell responses. Brain

Research 14(¢2):251-69.

215. Pampiglione, G. 1967. Some observations on the variability of eveked potentials,

" Electroencephalography and Clinical Neurophysiology 26:97-9,

246. Pappas, G. D. and Waxman, S. G. 1972, Structure and function of synapses. Raven
Press. New York. - C :

247.*Pavlov, L. P. 1960. Conditioned reflexen: an invextigation of the physiological ac
tivity of the cerbral cortex. Translated and edited by Anred, G. V. Dover publica-
tions, New York.

248.*Pavlov, L. P. 1962. Essays in psychology. and paychiatry. The Citadel Press, New

York. , .

172




249.*Pavlov. 1. P. 1963, Lectures on cenditioned reflexes. Translated and edited by

250.

251

252,

253.

259

260).

(Gannt, W. H. International Publishers, New York.

Petsche. H. and Brazier. M. A. B. 1972, Synchronization of EEG activity in epilep-
sies. Springer-Yerlag, New York. ’

Pfaffman, C. (ed) 1969. Olfaction and taste lll. Pméeedings of the 3rd interna-
nonal symposium, The Rockefeller University Press, New York.

Pfaffman, C. 197]. Sensory r. ception of olfactory cues. Biology of Reproduction
+327-43. ' ' :

Phillips. A. G. 1972. Enhancement and inhibition of alfactory bulb self-stimulation
by odors. Physiology and Behavior 5:1127-31. '

. Phillips, A. G. and Fibiger. H. C. 1976. Long-term deficits in stimulation-induced

behaviors and self-stimulation after 6-hvdroxydopamine administration in rats,
Behavior and Biology 16¢2):127-43.

. Phillips. A. G. and Mogenson. G. J. 1969, Self-stimulation of the olfactory bulb.

Physiology and Behavior $:193-7.

. Pinching, A. J. 1977. Clinical testing of o"actiun reassessed. Brain 100:377-83.

Pinel, J. P.; Skelton, R.: and Mucha, R. F. 1976. Kindling-related changes in after

discharge “lhrﬂhulds."‘ Epilepsia 17(2):197-206.

. Pliskoff, S. S.: Wright, J; E.; and Hawkins, T. D. 1965. Brain stimulation as a rein-

forcer: Intermittent schedules. Jourmal of Experimental Analvsis of Behavior
8:75-88. ' '

Popova, E. I and Pavlova, O. G. 1977. The effect of lateral hypothalamic stimula- - |

tion during different stages of acquisition of conditioned responses. ACTA Nervosa
Superior 192):107-9. ‘

Price, J. 1. and Powell, T. ™. 8. 1970. An rxpeﬁmeillal study of the origin and

~ course of the centrifugal fibres to the olfactory bulb in the rat. Journal of Anatomy

201.

107:215-37.

Prokasy. W. F. 1965. Classical mndilicmiﬁg: a symposium. Appleton-Century-
Crofts, N-w York. < :

173

T




262.*Pudenz. R. H.; Agnew, W. F.; and Bullara, L. A. 1977. Effects of electrical stimula-

tion of brain. Brain. Behavior, and Evolution 24(1-2):103.25.

263.*Pudenz. R. H.: Bullara. L. A.; and Talalla, A. 1975, Ele~trical stimulation of the

261

brain: L. Electrodes and electrode arrays. Surgical Neurology 4:37-42.

Rachlin, H. 1970. Introduction te modem behaviorism. W. H. Freeman,
San Franecisco.

265. Ramey‘. E. R. and O'Dohenty, 1. S. (eds). 1960. Electrical studies on the

267.
208
269.
270.
271.
272,

273.

unanesthetized brain. Paul B. Hoeber, Inc., New Yo k.

. Rawdon-Smith. A. F. 1938, Thmnes of sensation. Cambridge University Press,

Cambridge, l'nuland

Ray. C. D. and Maurer, D. D. 1975. Electrical neurological stimulation systems: A
review of contemporary methodology. Surgical Neurology 4:82-90.

Rebert, C. S, and Iewin, D. A. 1973. Simple electrode conﬁguratmn for chronic or
acute remrdmg of DC potentials from subeortical nuclei of the brain. Elece
troencephalography and’Clinical Neurophysiology 34:44042.
Regan, D. 1972. Evoked potentials. Chapman Hall. London.

Reite, M.: Swett. J. E.: and Jackson, D. 1972, Electrode localization in large brains:
A rapid and inexpensive lﬂ'hnique. Physiology and Behavior 9:859-61.

Keynolds, G. S, 1975. A primer of operanltondmomng Scott, Fomwan Glenview,
. Mlinoix.
Rhode..' D. L. and Liebeskind, J. C. 1978. Analge-ia from rostral brain stem

stimulation in the rat. Brain Rmarvh 143:521-32.

Rice. 5. 0. 1941, Mathematical analysjs of random noise. Bell System Technu'al
Journai 23:282-332.

278 *Rie hardmn. D. E. 1976. Brain stlmulanun for pain mntml IEEE Trahmmns on

275,

Biomedical hngmcermg BME-23(1): 'S(Mr()ﬁ

Robbins, T. W. and Koob, G. F. 1978, Pipradnﬁl enhances reinforcing properties of

stimuli paired with brain stimulatior. Pharmacology, Biochemistry and Behavior

8:219-22.

. 174

- A ———




L BRI L 4 a1 RN REITIR T s e Ay o g = e

276. Roberts, W. 1958. Both rewarding and punishing effects from stimulation of
posterior hvpothalamus of cat with same electrode and same location. Journal of
Comparative and Physiological Psyehology 51:400-07.

" 277.%Robertson. P, W. 1961. Do smells have frequencies? New Seientist 11:419.
278.*Robinson. 1). Z. 1959. Theory of smell. New Scientist 3:71%

279. Rockstein, M. ted). 1973, Development and aging in the nervous system. Academic
Press. New York.

280. Rolls, E. T. 1974 The neural basis of brain stimulation reward. In: Kereut, G. A.
and Phillis. 1. W (ed~). Progress in Neurobiology 3{2). Pergamon Press. New York.

281. Rolls, E. T. 1975. The brain and reward. Pergamon Press, New York.

282. Rolls, E. T. and Cooper. 5. T. 1973. Activation of neurones in the prvfmnml cortex
_ by braintimulated reward in the rat. Brain Research 10:351-63.

283. Rosenbent. B. 1968. Mechanism of olfactory transduction. Nature 217:123-27,

281.*Rosenzweig. M. R. 2ud Bennett. E. L. (edsi. 1976. Neural mechanisms of leamning
and memory, The MIT Press. Cambridge. o

285. Rottenberg. A. and Sloan. M. 1972, \c-lf«lmmldtmn in the frontal cortex of Rattus
Norvegicus. Behavioral Bmluv\ 1:067-72.

286. Kottenbert, A. 1971, Forebrain pathways of rvmml in Rattus Norvegicus. Journal
of Comparative and Physiological Psychology 73:269-76.

287. Routhenbent. A, and Lindy, 1. 1963, Effects of the availability of rewarding <eptal
- and hypothalamic stimulation of bar pressing for food under conditions of depriva-
tion. Journal of Comparative and Physiological Psychology 60:158-61.

288. Sadowski. B. 1972, Intraccanial self-stimulation patterns in l.ln;,{s. Physisdogy and
Behavior 8:189-93. '

289. Sagarin. E. 1950. On the inherent invalidity. of all. current svstems of ador
('la.-’r\iﬁl'ali"!l. Juumal of the Society of Cosmetic’ Chemists 2:25-35.

290, Sagvolden, T. 1976. i'rﬂ-uperanl dVﬂldle'l‘ hehavior in rats with lateral w-ptdl le-

sions: Effeet of shock mu-rmlv. Brain Research 110(31:359-7 L.

175




291, Salter, A. 1949, Conditioned refiex therapy: the direet approach to the reconstrue-
' tion of personality. Creative Age Press, New York,

292, Saltzberg, B. 1976. A model for relating ripples in the EEG power spectrai density
to transient patterns of brain electrical activity induced by subcortical ~pka
IEEE lran-a(lmm on Biomedical Engineering. 23:355-56.

293. \'«hem‘r.‘J and Calvet, ). 197- In: Petsche, N. and Brazier., \l.‘.ﬂ. B. (eds). Syn-
chronization of EEG a(lnm in epilepsies, \prm;.er-\ erlag. New York.

294. Schoenfeld, W. N, (ed). 1976, The theory of reinforcement schedules. Appleton-
Century-Crofts, \ew York.

205.*Schneider, D, 1969, Insect olfaction: deciphering system for chemical messages.
Science '163:1031-36. ‘

296.*Schneider. D.; Block. B. C.. Boeckh, J.; and Priesner, E. 1967. Die reaktion der
mannlichen seidenspinners auf bombkol und seine isomeren: elektroantennogram
und verhalten. Zeit~chrift Fur Physiologie 53:192-209,

297.*Schneider. D Kasang. G.; and Kaissling, K. E. 1968. Bestimmung der
riechschwelle von bombyx mori mit tritium-markiertem bombykol. Natur

wissenschaften 53(8):395.

298. Seword. J. P.: Uvida, A. A.: and Olds, J. 1960. Reinforcing effects of brian stimula-

tion on ruway performance as a function of internal hetween tnals. Journal of Com-

parative and Physiological Psycholozy 53:22:4-8.
- 299. Shagass, C. 1977. Early evoked potentials. Schizophrenia Bulletin 3(1)80-92.
300. Sharp, F. R.: Kauer. J. 5. and Shepherd, G. \l‘ 1977. Laminar ‘.malv-‘i-t of

2-teoxyglucose uptake in olfactory bulb and olf.mory cortex of rabhit and rat.
Journal of Nevrophvsiology HX-4):800-13,

301.*Shaw, J. C. and Ongley, €. 1972, The measurement of sy nchn;niiuli«m. In: Petsche, -

H. and Brazier. M. A, B. (eds). Synchronization of EEG 'at'livil_v in epilepsies,
Springer-Verlag, New York.

302. Sheer, D. E. (ed). 1%01. Electrical stimulation of the brain. University of Texas
Press, Austin, '

303. Shepherd, G. M. 1976. Olfactory nlimtiiation.".\'runm-i«nvf Research Program
" Bulletin 144:478-84. ' '

176

o ot i, ot




30+ Shibasaki. H.: Yamashita, Y.: and Tsuji, 0. - 77. Somatosensory evoked prten-
- tials. Dingnoestic  criteria and abnormali‘ies in cerebral lesions. Journal of
Neurological Seience 3-43):427-39.

305. Siegfried, B. and Huston, M. P. 1977. Properties - preading depression-induced
consumatory behavior in rats. Phvsiology and Beh.. ' ¢ 18(5:841-51.

306. Siegfried. B.: Shibata. M.; and Huston. J. P. 197.. Electrophysiological con-
comitants of eating induced from neocortex and hippocampus by electrical stimula-
tion and injection of KC1 or norepinephrine. Brain Research 121{1):97-112.

307. Singh., 8. C. 1977. The development of olfactory and hippe-ampal pathways in the
: brain of the rat. Anatomy and Embryology 151:183-99.

308. Sinnamon, H. M. and Schwartzbaum, 1. 5. 1973. Dorsal Hippocampal unit and
EEG responses to rewarding and aversive brain stimulation in rats. Brain Research

56:193-202,

309.*Skinner, B. F. 1938. The behavior of organisms; an experimental analysis. Ap-
pleton Press, New York.

Z&l().‘Slginn'er. B. F. 19536. Science and human behavior. Maximillian, New York.

311.*Skinner, B. F. 1969. Contingencies of reinforcement: a lheorclicaﬁ analysis.

Appleton-Century-Crofts. New York.

~312.°Skinner, B. F. 1972. Cumulative Record. 3rd ed. Appleton-Century-Crofts, New
York.

313.*Skinner, B. F. 1974. About behaviorism. Knopf. New York.

e Skinner. J. E. 1971, Nfurmwirncc: a laboratory manu:gl'. W; B. Saunders, Co..
Philadelpkia. - .

315, Siotnick. B. M. 1972, Odor detection and discriminators in rats following section of
lateral olfactory tract. Program Society for Neuroscience,

316. Slotnick, B. M. and Nigrosia, B. J. 1975, Olfactory discrimination, reversal learn-

ing and stimulus control in rats. Journal of Comparative and thsmlnglal
Prye hologv 8§9:285-94, ’

177




317,

318.

319,

320.

]
[
—

322.

Slotnick, B. M. and Nigrosia, B. J. 1974, Olfactory stimulus control evaluated in a
small animal olfactometer. Perceptual and Mutor Skills 39:583-97. :

Smith. [). B.: Allison. T: and Goff. W. R. 1971, Effects of destruction of the
trigeminal or olfactory nerve on human cerebral evoked response 10 adorous
stimuli. Paper delivered at U. 5. Eastern EEG Society. Ste. Marguerite. Canada.

Smith. D. B.; Allison, T.: Goff. W. R.; and Principato, J. J. 1971, Human odorant
evoked reponses: effects of trigeminal or olfactory deficit: Electroencephalography

and Clinical Neurophysiology 30:313-17.

Somjen, G. G. 1975, Electrophysiology of neuroglia. Annual Review of Phvsiology

37:163-90.

. Sokolov, E. N. 1976. Learning and memory: habituation as negative learning, In:

Rosenzweig. M. R. and Bennett, E. L. (eds) Neural Mechanisms of Learning and
Memory, MIT Press. Cambridge,

Spence, K. W. 1966, Behavior theory and conditioning. Yale University Presx, New
Haven, '

3. Stark. P. and Bovd. E. S. 1963. Effects of cholinergic drug< on hypothalamice

. stimulation response rates of dogs. American Journal of Physiology 205:715-8.

324,

" 326.

321,

328,

329.

Stein, L. 194, Self-timulation reward pathwayvs: norepinephrine vs dopamine. Jour- .

nal of Psvehiatric Research 11:115-24.

. Steiner, 8. 8. and D'Amatoe, M. R, 1961, Rewarding and aversive effects ot
"amygdaloid self-stimulation as a function of current intensity. Psvchonomie Science

1:27-28.

Steiner, S, S.; Beer, B.: and Shaffer, N. 1969, Eczpe from self-produced rates of
brain stimulation. Science 163:90-1,

Steiner, S, S Bodnar, R, ) Ackermann, R, F.oand Ellman, 8, J. 1973, Escape

“from rewarding brain stimulation of dorsgl brainstem and  hvpothalamus,

Physiologice’ Behavior 11(1),

Steiner, S, 8. and Stokelv, S. 1973, Methamphetamine lowers elf-stimulation
thresholds, Psychonomic Science 1:161-64, ’

Stone, H, 1963, Influenve of temperature on alfactory sensitivity, Jonmal of Ap-
plied Physiology 18:716-51, "

. 178

P




330, stone, Ho: Williams, Bz and Carregall Eo L AL 1968, The role of the trigeminal
nerve in olfaction. Experimental Neurology :11-19. '

331, Straumanis. ). ). and Shagass. € 1976, Eleetrophysiological effects  of
tnicdothyronine and propranolol. Psvchopharmacologia #x3):283-8.

332, Strong. B 1970, Biophysical measurements. Tektronix. Ine.. Beaverton, Oregon,
333, Sumnper. D, 1962, On testing the sense of smell. Lancet 11:895-7.

334 Suton, 3. 1969, The specification of nsvehological variables in an average evoked
potential experiment. \verage Evoked Potentials. NASA SP-191, Washington,

335, Sweet. W H. 1977, Neurosurgical treatment in psvehiatry, pain, and epilepss.
Universits Park Press. Baltimore,

336. Szentagothai. J. 1972, The basie neuronal cireuit of the neocortex: In: Petache, H.
and Brazier. M. A0 B. {edsi Syachronization of EEG Activity in Epilepsies,
Springer-Verlaz. New York.

337, Tapp. ). . 1969, Reinforcement and Behavior, Academic Press. New York.

A38. Teitelbaum, H.: MeFartand, W, }.: and Slattsson, J. L. 1977, Classical conditioning
of hippocampal theta patterns in the rat. Journal of Comparaiive and Physiological
Puvehology 91:67 1-81.

339, Theophrastus. ca 320 B, C. 1916, Concerning odors, English Translation by Hant,
4. Heincmann, London,

Thompson, R. F. and Patterson, M. M. 1973, Bioelectrie recording techniques Part
“Az cellulas processes and brain poténtials. Academic Press, New York,

311 *Thoendike. E. L. 1898. \mmul intelligence: an experimental . owdy of the
associalive processes in animals, Paycholagical Monograms T(8).

342, Thorndike, E. L. 1935, The psychology of wants, interests and attitudes, Appleton,
New York. '

Trappl. R, 1972, The fast walsh transform: a new method {00 anaivzing EEG data,
In: Petchie, Hooand Braziee, M, A B, eds) Svachronization uf EEG Activity in
« Epilepsies, \prl.lgc‘r-\»rl.q_. New .urk

311 Tue lu-r. b. 1963, Olfactory. vomeronasal and’ !n;:c-muml n-u-pmr n'~|mn~m to
/
““odorants, In: Olfaction .md Tasie, MaeMillan, New York, :

179

h....‘-o A




345, Tucker. D 1963, Phvsical vanables in the olfactory stimulation process. Journal of
Ceneral Phyvsiology $6:453-49,

. Unsing R Unsin, Hog and Olds, ). 1968, Self-wtimulation of hippocampus in rats.
Joumal of Comparative and Physiological Psvehology 61:353-9.

. Valenstein, E. 5. 1966, The anatoniical foeus of reinforcement. In: Schmie, F. O,
ed). The Neurosciences, Second Study Program. Academic Peec. “.rw York.

. Valenatein. E. 5. 1976, The inte=pretation of hehavior evoked by } -ain stimulation.’
In: Wauquier, A, and Rall., k. T ted <) Reain-Stimulaticn R-vwiedi. North-Holland,

Amsterdam.

. Valenstein. ‘E. 5. 1977, Brain mechanisms of reinforcement. In: Neurosurgical
Treatment in Psychiatey. Pain and Epilepsv. Universi'v Park Press, Baltimore.

*Valenstein. E. S. and Campel! J. F. 1966. Me ! -t { rebrain bundle—lateral
hypothalamic area and rewnforcing brain st'r:uiaiion. American Journal of
Physiology 210:270-4,

51. Vierling. J. 8. and Roek, ). 1967, Vaiianons in olfactory sensitivity during the

bt B

menstrual evele. Journal of Applier 5'nlv,ﬂin|‘('»gy 22:311-15.

. Vincent, J. H. and fenver. i, 1. 1976, Effects of 2.5-dimethoxy-4
methylamphetamine on. stxcessive sensory diserimination behavior maintained by
electrical stimulation of the brain. Psyvchological Renonts 35:1083-92,

. Voronin, L. L. 1977 % ~ndy of cellular meci.a, ixai of conditioning (proceedings).
Activitas Nervaxa Gaperior 1011074, '

. Walk, R. ). and Dick, H. 1. 1972 Peree,uion and experience. Plenum Press, New
York. '

. Waiker. E. L. 1968." Conditioning’ wnd instrumental leaming Brook«/Cole
Publishing Co.. Belmont. California,

. Walton, J. No(ed). 1977, Brain's dixeases of the nervous system 8th ed. Oxford
University Press, New York, :

Weinstein, 8. and Weinatein, C. 1975. Development of neurophysioiogical pro-

cedures for the detection of organic.contaminants in water. Final Report, Contract
DAMD17-77-C 7003 U, S, Army Medical Rexearch and Development Command.

180




Eqck 3, i,‘&gw*\?\’wﬂw

338. Wenzel, B, M. and Sieck. M. H. 1972, Effects of awymmetrical moceeal ~timulation
upon two-order direrimination in the rat. Physiology and Behavior 9:287-43,

359.*Wenzel. B. M. 1971, Olfaction in birds, In: Biedler. L. M. ted). Handbook of Sen-
sory Physiology. Springers-Verlag., New York.

o). Wetzel. Woo O, T.; and Manthies, H. 1977, Hippoeampal rhvthmic slow activity

(theta) and behavior elicited by medial <eptal ~nmulalmn in rats. Be-hauural
Hloh)g\ 19:43.4-42,

361. Wetzel, W.: Ou. T.: and \lauhw- H. 1977. Post-raining hipp-eampal rhythmie

slow activity (theta) elicited hy weptal stimulation improves memary consolidation
in rats. Behavioral Biology 21:32-#0.

362. White. H. H. 1962, On testing the sense of smell. Lancet 1168.

363. White. N. 1976, Strength-duration analvsis of the organization of reinforcement

-~y o

pathuau in the medial forebrain bundle of rats. Brain Research 110:375-91.

364 White. 8. D.: Wayner. J. J.: and ('.olt. A. 1970. Effects of intensity. water depriva- .

tion, prior water ingestion and palatability on drinking evoked by lateral
hypathalamic electric stimulation. Physiology and Behavior 5:611-19.

365. Wilcott. R. i Sabol. B. A and Yurcheshen. R. P. 1976. Frontal cortex’

and response suppression in the rat. Brain Behavior and Evolution l3:l,l3-2l.

366. “nlkmmn. H. A. and Peele, T. 1963 lnlracramal *cl(-mmnlalmn in cats, ]uumal
of (.nmparalne and Phwmlugwal Paychelogy 121:435-40.

367. Williams. J. M. and Slotnick, B. M. 1970. A multiple choice airtrdam «irsign for
olfaﬂorv discrimination training of small ammal-. Behavioral Research Methods

and Instrumentation 2: 195-7

.368. Windsor, A. L. and I\urrhm. R. 1939. A device for obumm‘ conttant olfactory
stimulation. American Journal of Paychology 52:1145.

369. ‘ul-lmhulme. G. l'. Ww. and Kmrhl. J. 1970. Taste and smell jn vertebrates.
Churchill, London,

370. Wurtz. R. H. and Olds, J. 1938, Amygdaloid stimulation and c:|n~fani reinforcement
in the rat. Journal of Comparative and Physiological Psychalogy 116-237-51.

181




-

371 *Warwicha, W 1972 The mechanismes of conditioned bebavior, a eritical ook at the

3L

375

phenomena of conditiomng, € C Thomas Springfield, HHinoie,

Yeune )G Yaksh 1oL and Rudy, T AL 1977, Concurrent mapping of brain
sites for ~ensitivity 1t the direct u”»ﬁvu!inn of morphine and focal electrieal
stimulation in the production of antineeioeeption in the rat. Pain §1:23- 10,
Zieyler. Hoand Wakoff. Lo B 19601, Obérving responmes and diserimination learn-
ing. Ouanterhy Journal of Experimental Pavehology 13:120-40,

Zvartan. B K197 Hypothalamic wlftimulation ander the chronie morphine
treatment in the rat. Research Communications in Chemical Pathology and Phar-
wacology, 16 h:T07-19,

Zwaardemaker. Ho 1895, Die Physiologie des Gerueks, Wilhelm Engelmann, Leip-

zig. Germany,

R R




No. Copies

T AN R a5 L e e

DISTRIBUTION FOR MERADCOM REPORT 2343

Addressee
Departfnen( of Defense

Director of Defense Research
and bEngineening
ATTN. Deputy Dir, Research and
Advanced Technology
" Deputy D, Tactical
Warfare Systems
Washington, DC 20301

Director. Tactical Technology
Detense Advanced Research
Projects Agency |

1400 Witson Bivd

Arlington, VA 22209

Detense Documentation Center
Cameron Station
Alexandria, VA 22314

Comunander
US Army Materiel Development
and Readiness Command
ATTN DRCDE-DM
DRCLDC

" 5001 Eisenhower Ave

Alexandria, VA 22333

-Commander

US Army Traiming & Doctrine
Command

ATTN.ATCD-SI

ATORHLIT
ATCDCM -
ATCD-MC
ATCD-T™M
ATCD-TP -~
ATCD-SP-L

" Fort Monroe, VA 23651

© 183

No. Copies

4

s

Addresce

HQDA = . .

ATTN: DAMA-ZF
DAMA-AZZ.A
DAMA{SM
DAMA-RQA

Washingion, DC 20310

President
US Army Armor and Engineer
Board
ATTN:. ATZK-AE-TD
ATZK-AE-EN
Fort Knox. KY 40121

Commandant

US Army Command and General
Statf College

ATTN ATSW-RT-L

Fort Leavenworth, KS 66027

Commander
US Army Test and Evaluation Com
ATTN: DRSTECT-T(3)
DRSTE-TO-L
Aberdeen Proving Ground, MD
21005

Commander

Material Test Directorate

ATTN: STEAP-MT-1

Aberdeen Proving Ground. MD
21005

. US Army Armameats Research &

Development Command
ATTN: DRDAR-QAAQ

, DRDAR-LCU-E
Dover, NJ 07801




No. Copies

i

‘Commander. DRDME-Z

Addressee No. Copies

Duector ' )

US Army Matenel System»
Analysts Activity

ATTN DRDSYGR

“Aberdeen Prowng t round, M

11005

Commandant

L'S Army Engineer School

TATTN ATZACDT D

ATZALDC
TATZACDM D)
Fort Bebvwoir. YA 22060

[ 104

—_—td e

Commandant

U Army Armor Center
ATTN: ATZKCD-TE
Fort Knox, KY 40121 3

Commandant '

US. Army Infaniry Center

ATTN: ATSHCDM {
Fort Benning. GA 31908

Commander
US Army Logistics and tvaluation
Agency : i
ATTN DALO-LLED )
New Cumbertand, PA 17070

MERADCOM

Techmical. Durector, DRDME-ZT
Assoc Tech D!(IR&D‘ DROME-ZN

" Assoc Tech Dir/Engt & AcQ.

DRDME-ZE

Spec Asst/Matl Asmt, DRDME-ZG K]
Spec: Asst/Scs & Tech. DRDME-ZK
CIRCULATE :

184 -

- Addressee

€. Pngy & Wit Res Lab, DRIMEAG

. Vies Pws Lab, DRDAME |

C. Cam & Topo Lab. DROME-R

C.Mar & Br Lab, DREOMEM

¢, Mech & Constr bapt Lab.
DRDMEH

C.Cu Surv/Ctr Intrus Lab, DRDME-X |

¢, Mati Tech Lab. PRDOME-V

Dir. Product A&T Disectoraic.
DRDME-T

CIRCULATE

Counsesmine Lab, DRDMEN

Mine Det Div, DRDME-ND

Systems Office, DRDME-O

Tech Library, DRDME-WC

Plans. Programs & Ops Ofc.
DKDME-U

~ Tech Reports, DRDME-WP

Department of the Navy

Director

Naval Research Laboratory
ATTN: Code 2627
Washington, DC 20375

Commander

Naval Weapons Center
ATTN: Code 3263
China Lake, CA §355%

Commanding (ieneral

Marnine Corps Department and
tducation Command

ATTN: Engineer Br. Development Ctr

Q'uantiw‘ VA 22314

Technical Director

© US Army Ballistics Laboratory

ATTN: DRDAR-BLV
DRDAR-BL
DRDAR-BLL-FTV

Aberdeen Proving. Ground MD

21005




L Uit

PR Aed

-

No.Copies  Addressee

30 US Army Toxic and Hazzrdous

Materal, Agency
DRXTH-TH (Cpt Staniec)

+ Aberdeen Proving Ground, M

21010

185




