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20. ABSTRACT (cont.)

~.the interaction of multiple sensory modalities in the central nervous
system. Human experimentsrizsing experimental pat T~ have demonstrated
that this form of BA has definite analgesic effects, characterized
certain features of electrical waveforms and sites of stimulation , and
permitted ~th~~~ttainment of institutional sanction toLeatitfou~t~~begin
tests on pathological pain in patients. — Geeeurr’entiy> e,cperiments in
behaving cats1 have 4es-$been initiatedjollowing deve1op~ent of the
experimental model , and are bein~- tised to continue the study of .~~~~,

waveforms and anatomical sites. 9Effective BA has- been,~demonstrated
using subcutaneous stimulation near the mental foramen.

The second mechan1~m , R~ceptor W{ock EA,~ involves localized stimulation
at the focus of pain origin. Such effects have historically been ~ 

-
~~~~~ ~~~~~~~~~~~~~

attributed to anodal blockade, but~uur remaeka~le~succ~Bè with a novel~~—- - - - —~-
pulsating direct current waveform suggests ~or~~subt1e~ nechanisms
having superior clinical practicality. The experiments-heviiinvolved
acute recording procedures from single pulp—driven units of the - -
Gasserian g~ i~lion in anesthetized cats. Using et2r - ftov.el~pulsating
waveform,içw4 -h~ve demonstrated analgesia equivalent to continuous
direc t current while virtually eliminating theA

serious side effects~
of the latter waveform . — ‘- ~~s~i~o-~ I’L~ 
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• ABSTRACT

Peripheral nerve transmission and perceptual awareness associated with
pain can be controlled by the application of electrical current . Our
goal is to assess the feasibility of using electrical currents (Electro—
analgesia , or BA) to control acute or chronic orofacial pain.

Our present work concerns two specific and entirely distinct pain control
mechanisms . One mechanism , Gating Block EA, involves a distributed low
current—density electrical stimulation of the skin or mucous membranes,
and Is believed to be effective by virtue of inter-modality interactions
In the central nervous system, to interference with peripheral nerve
conduction , or , more probably , to a combination of both mechanisms. The
second pain control mechanism under investigation is Receptor Block BA.
The latter technique features localized , low—power electrical stimulation,
and is believed to be effective by virtue of interference with receptor
mechanisms at the level of actual sensory transduction and/or the block
of conduction in initial portions of primary afferents. To reiterate, our
work is directed to the study of two totally distinct EA mechanisms , and ,
realistically , should be viewed as two entirely separate projects.

The Gating Block BA program presently involves two experimental series,
Human Psychophysiological Experiments and Chronic (Behavioral) Psycho-
physiological Experiments , respectively. The Human Experiments of the
present contract year were directed first to the study of the efficacy
of BA in relation to electrode configurations and anatomical sites of
stimulation, and , secondly, to a comparison of the best configuration
and site thereby identified with our standard intraoral site used
historically . The latter tests were particularly important since the
optimal site identified had an extraoral location and therefore offered
Importan t advantages regarding accessibility. The Chronic experimental
model has been under development for some time. Its principle importance
follows from the ability to test analgesia at the perceptual level and
the greater flexibility afforded by animal models permitting tests not
allowed in humans. During the present contract year, development of the
Chronic model was completed and data was collected to quantitatively define
its characteristics. In addition , preliminary data derived from the initial
definitive BA experiments are described .

The Receptor Block BA program has exclusively Involved Acute Neurophysio—
logical Experiments to date. Work of the present contract year first
established the feasibility and potential advantages of using a pulsating
direct current waveform instead of continuous direct current . This
represented a major breakthrough, because we have previously shown that
continuous direct current , while effective , induces significant irreversible

• effects. The pulsating direct current waveforms permitted circumvention
of these problems . The latter experiments were followed first with an
experimental series to identify the optimal duty cycle of the pulsating
direct current waveform, and , secondly, with an experimental series just
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recently completed to identify the optimal frequency of the pulsating direct
current waveform , investigations of alternating current BA are to be
initiated shortly and may provide further waveform improvements.

The military significance of Gating Block BA and/or Receptor Block BA is
significant in terms of potentialities of increased manpower efficiency,
reduction of analgesic contingencies, and enhancement of the effectiveness
o’ various therapeutic procedures. These objectives are being obtained
in a cost—effective manner by cross utilization of skills and facilities
in a multidisciplinary team effort.
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GATING BLOCK ELECTROANALGESIA: HUMAN PSYCHOPHYSIOLOGICAL INVESTIGATIONS

The Gating Block BA program is based on the “C.ate Contro l Theory” of
pain , proposed in 1965 (1). In essence, Gate Control Theory suggested
tha t the various somatic modality channels , historically considered
to be independent , actually exhibited significant interactions as early
-‘ Lhe initial synaptic relay centers in the spinal cord . The interactions
wer~ such that concurrent  ac t iv i ty  in other modali t ies  attenuated the
transmission of afferent activity associated with pain , whereas, in con-
trast , continued nociceptive inputs were considered to be self—enhancing
through positive feedback . The original paper on Gate Control Theory
also proposed a functional schematic of the spinal cord interactions
involving pain.

Proposal of the Gate Control Theory triggered a flurry of interest and a
wealth of experimental work. The theory was extremely attractive in that
it functionally explained many aspects of pain which previously had been
quite obscure (2,3). Some workers took the proposed functional schematic
too literally and rejected the theory based on isolated inconsistencies
(4,5). Nevertheless , a wealth of information from single—unit studies in
the spinal cord and Trigeminal complex has confirmed the functional concepts
of the Gate Control Theory and led to a monumental increase in the level
of understanding of the organization of pain pathways (2,4,6—16), Pain
can be attenuated by activity in other afferent modality channels , and
combinations of such activity can be optimized for analgesic effectiveness
(11—13). Furthermore , information on interactions occurring in higher
centers of the central nervous system is accumulating rapidly (2,3,17).
In particular , at the level of the thalamus , three nuclear center-s have
been shown to participate in nociceptive mechanisms. Certain elements
of the ventro—basal complex (VB) seem to be predominantly associated with
the Sensory—Discriminative dimensions of pain , whereas particular components
of the CN-Pf-intralaminar complex (MT for Medial Thalamus) and of the
Posterior Nuclear Group (P0) have been predominantly associated with the
Motivational—Aversive dimensions of pain (2,4,9,10). Also , there seems to
be significant feedback interactions between MT and P0 (16), and PU has
been shown to communicate principally with SII of the somatosensory cortex
(17), a center which has also been associated with aversive responsiveness
to pain (18). Thus a strong and ever-growing foundation of information
supporting and further eluc idating Cating—type interactions is accumulating
as the result of acute animal experiments investigating nociceptive neural
activity at the cellular level.

Many stud ies of Gating Block analgesia in humans have shown that the
perceptua l experience associated with experimental pain can be attenuated
or blocked by electrical stimulation of the same dermatome (19—21). The
electrical stimulation employed has been of a distributed nature commonly
near a peri pheral nerve (Transcutaneous Nerve Stimulation , TNS) . Most
reports have explained the experimental results in terms of the Gate
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Control Theory or sim i lar central interactions , hut one study claims sign i-
ficant contributions h~’ a peri pheral nerve blockade (21). Thus, the
pereept ia l consequences of Gating Block EA may be the result of a mixture
of per ipheral and central effec ts , depend ing upon individual circumstances.

Data related to pathological pain in humans , as opposed to experimental
pa i n , is voluminous by comparison . Primary interest in such studies was
I ~‘ ia11y concerned with the use of dorsal column stimulation to relieve
chronic pain , a technique involving the imp lantation of a stimulator with
leads placed on the dorsal column s (22—25). The rationale of dorsal column
st imulation was an attempted attenuation of pain by virtue of Gate Control
mechanisms in the spinal cord , accessed via an t idrom ic ac tiva tion of
ascend ing co1la~ ora1s of non—nociceptive primary afferents (25). As use
o dorsal column ~t1mu lat ion matured , cutaneous stimulation was emp loyed
to orthodromicallv activate the same non—nociceptive inputs to Gating
m~-chanisms in an attemp t to evaluate cand idates for potential dorsal column
implan ts, and the genera l efficacy of TNS was subsequently realized (25).
Dorsal column implants have provided varying degrees of success , and their
present use is predominantly l imited to a small fraction of patients exhi-
biting certain chronic pain syndromes. TNS also has exhibited differing
degrees of success to date (25—33), apparen tly because of variations in
th e efficacy of particular waveforms and stimulus configurations relative
to appropriate activation of the requisite neural structures (the exact
fibers subserving optima l interactions are still unidentified). Besides
our studies usl~. ex-~~r imental pain and our preliminary tests of pathological
pain in humans (34), onl y one prelim inary report rcmotely related to the

~lk~~trical relief of orofaclal pain in humans using Gating Block stimulus
forma ts has been reported (39).

The literature re l evant to Gating Block EA indicates 3 significant potential
for effective clinical utility, a conclusion strongly supported by dat a
f rom our labora tory prev iously repor ted (34) and presented below. Further
studies are required to delineate the specific efficacy of particular wave-
forms and application strategies relative to defined clinical pain condi—
t ions.

The Human Psychophysiological Experiments of the present contract year
employed experimental pain induced by the electrical stimulation of intact
t ee th , the appl ica t ion  of BA through electrodes appl ied to the  sur faces
of the skin or mucous membranes , the use of perceptua l indices of s e n s i b i l i t y
based on verbal reports , and the use of an experimental design compatible
with Signa l Detection Theory formats of data analysis and interpretation .
This work completes the s tudy of exper imenta l  pain t f u t u r e  work is to be
directed to the i nvestigation of pathological  pain in human subjects presenting
to institutiona l clinics.

Methods

The human model for the study of experimental pain involved adaptations of
clin ical pulp vitalometry (35), the electrical stimulation of teeth to assess

2



the status ol pul pal health. The voltage required for threshold sensory
per ception In a t o o t h  Is c1 i n lia l ly related to the health status of the
ptfl p (36) . In norma l , boa 1 t h y t t o t  h • found In  our spec t a l l y  se lec ted  human
suhj to -  t s , the volt age threshold for sensory percept ion is Sod Icat lye of the
l ev e l  of e x c i t a b i l i ty  in  p u l p a l n erv e  f i b e r s .  In an uncompromised t o o t h
r espons ive  to norma l l eve l s  of stimulation , the administration of anal gesic
a~ cot s (or EA) w i l l  raise the threshold of stimulation required to induce

~c c’ptual experience. Our general experimental model involved the elec—
t~~ic al stimulation of norma l intact teeth in human subjects , using verbal
reports of their perceptual experience as an index of the analgesic
eff ectiveness of EA.

Experimental protocols and data analysis were designed in accordance with
Signal Detection Theory, a theoretical construct recently introduced to
Psychophysics permitting the quantitativ e separation of changes in attitu-
dinal bias from true changes in sensory acuity (37,38). Five sensory
categories and four stimulus intensity levels were employed . The five
sensory categories were: 1), no sensation ; 2), possibly a faint sensation ;
3), a definite but innocuous sensation ; 4), intermediate pain; and
5), modera te pain. For each experimental trial , the subject was asked to
categorize his sensory experience following the presentation of one of
the four stimulus intensities. The four stimulus intensities were deter-
m ined for each subject it the beginning of each experiment to be: 1), zero
stimulus intensity; 3), threshold of sensation; 5), moderate pain ; and
4), a stimulus intensity intermediate between levels (3) and (5). An extra
Sensory category designated 2) was provided slightly below threshold to
add flexibility of interpretation , but there was no corresponding level 2)
of stimulus intensity. The subject was notified of an impending stimulus
by a s ignal  lig ht , permitting the inclusion of the zero intensity stimulus
level. The Signal Detection Theory design involved the use of sensory
categories spanning the range of sensation in the requisite modality (37 ,38),
rath er than merely relying on the traditional techniques limited to deter-
minations of threshold (39).

The key elements of the human experimental pain model were the use of toot h
ouip as the sourc e of orofacial pain (a pure pain source uncontaminated by
other modali ties), the use of a perceptual (not a reflex!) index of pain , and
the use of Signal Detection Theory formats of experimental design .

St imulation of the tooth pulp to elicit potential perceptua l responses
(te st stimulation) was accomplished using a specially designed acrylic
app liance custom—made to fit the anterior maxillary dentition of each
expe rimental subject , as described in a previous report (36). The appliance
was required to eliminate moisture accumulation which could alter the
effect ive electrode area , and to permit rigorous reproducibility of elec—

• trode position . One test stimulus electrode was embedded in the acrylic
appliance , and was moistened with an electrolyte med ium to insure an
eff icient and uniformly distributed contact area (40) of approximatel y
4 mm . Test stimuli were applied to the tooth in the monopolar configuration

3
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throug h the appliance electrode , referenced to a large (2 cm X 2 cm) p late
p laced remo tely on the dorsal aspect of the ipsilateral neck. All electrode
materials were platinum , to minimize effects of electrode polarization (41).
Test stimuli were composed of a train of bidirectional rectangular pulses
of 40 percent duty cycle and 200 pps frequency, with a total train duration
of 60 ms per stimulus . Bidirectional pulses were employed to reduce the
effe cts of iontophoresis. Test stimuli were derived from a specially

-;igned photically—isola ted battery—powered constant—current generator ,
driven by one channel of a Neurodyne 1550 Bidirectional pulse generator
wh ich also had photically—isolated output stages.

BA stimulation (34) involved the placement of a 4 mm X 10 mis active electrode
at a particular lntraoral or cutaneous facial site (protocols detailed below)
to induce analgesia, and a large (2 cm X 2 cut) indifferent electrode placed
remotely on the dorsal aspect of the ipsilateral neck. For reasons similar
to those associated with the test electrodes , electrode paste was used at
a l l  con tac t in terfaces , pla tinum was employed as the elec trode ma terial ,
and bidirectiona l pulse waveforms were universally employed . The ‘standard ’
BA waveform involved a train of bidirectional pulses at a frequency of
100 pp s and 50 percent duty cycle. The intensity was determined at the
beg inning of each experiment to be just subthreshold (important because
placebo effects could be ruled out). Periodically , EA intensity was checked
to verify that it was still just subthreshold . Once initiated , EA stimu-
la tion was app lied con t inuously dur ing the experimental session. BA stimuli
were der ived from a photically—isolated battery—powered constant—current
generator driven by the second channel of the Neurodyne Bidirectional pulse
generator .

Exper imental subjects were recruited from the student body campus of the
Heal th Sciences Center by general advertising . Potential subjects were
examined to insure the presence of anterior maxillary dentition free of
defects as determined by visual inspection and radiographic analysis , and
were interviewed for suitability . Once accepted , a subjec t was presen ted
a written description of the project and his or her role therein , accompanied
by verbal elaboration , and the subject was asked to sign a consent form
(prepared in conjunction with an Army attorney). Also , at that time ,
impr e’~~ions of the anter ior dentition were obtained , permi tt ing manufa ctur e
of the custom—made acry lic den tal appliance for that particular subject.

Once tue appliance became avallable , the subject was scheduled for a series
of training sessions . The initial training session involved general fami l-
iarization with test tooth and Eli stimulation . The remaining training
sessions involved a preliminary determination of the four stimulus levels
(tooth stimulus levels 1, 3, 4 and 5) appropriate for the subject on that
p a r t i c u l a r  day , followed by the d e f i n i t i v e  experiments.  The l a t te r  were
composed of repeated episodes of 14 stimulus pre~~ntations, one presentation
every 20 second s, with a balanced randomization of stimulus levels. For
each stimulus , the subject was asked to categorize the perceptual response
relative to the five available sensory categories (sensory levels 1—5).

4
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The training sessions were completel y devoid of any BA st i m u l a t i o n , and
were continued until the subject achieved a sufficient degree of performance
reliability, reporting the appropriate sensory category relative to the
presented level of tooth stimulus Intensity in 90—95 percent of the
stimulus trials (generally achieved in 3—5 training sessions).

To determine the four test stimulus intensities used for a given experiment ,
“e threshold to pulp stimulation was first recorded as the average of

six independent determinations , three using an ascending series of stimulus
intensities and three using descending intensities . Threshold represented
stimulus level 3), and was not painful. Next , successively more intense
stimuli were presented to determine level 5), the point at which the subject
felt moderate pain and past which he would have felt extreme and intolerable
pain. Level 4) was identified as halfway between levels 3) and 5), and
level 1.) was the zero stimulus intensity. Once the four tooth stimulus
levels were determined , two baseline episodes of 14 stimuli were ccnducted
using randomized test stimulus intensities in the absence of BA , to .erif y
the subjects reliability and to establish control levels. Subsequently,
the particular definitive EA protocol was conducted .

Two distinc t experimental series were conducted during the 1976—77 contract
year , designated Phase I and Phase II, respectively. The Phase I studies
were directed to a preliminary survey of particular electrode configurations
and sites of stimulation , the latter sites chosen on the basis of seemingly
low—impedence access to deep tissues of the face. The Phase II studies were
composed of a quantitative comparison of the optimal extraoral site versus
the optimal intraora l site identified as the most effective in the Phase I
work. The purpose of the Phase II effort was to test whether extraoral
stimulation could be substituted I or intraoral application , an important
consideration because of the increased accessibility of the extraoral site.

Results

The Huma n Gating Block experiments of the present contract year were composed
of two phases. Phase I experiments systematically surveyed the use of
electrode arrays and the use of various anatomical sites of stimulation . The
Phase II effort was composed of a quantitative comparison of the two best
stimulus locations identified in Phase I, being the Oral Mucosa near the
test tooth and the dermis overlying the ipsilateral Mental Foramen, respec-
tively.

The Phase I electrode array studies are summarized in Table I. The electrode
array studies focused on two sites of EA application , the Mental Foramen
and Oral Mucosa (A and B sections of Table I, respectively), the sites also
employed in Phase II. The Mental Foramen experiments were actually conducted
late in the contract year after trends of the Phase II exp~riments had
become apparent . An electrode “array” consisted of a 6 mm electrode in
the standard position for the particular stimulation site , an identical
electrode placed distally (medially) with a 6 umi separation, and an identical
electrode placed proximally (laterally) with a 6 mm separation. BA 
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applied to the central electrode alone , the central and the distal electrode
simultaneously , and the central and the proximal electrode simultaneously.
Our equipment was incapable of driving all three electrodes simultaneously.
The results of Table I indicate that the use of electrode arrays did not
result in improved Eli efficacy. The experimental numbers are small for
each condition studied , as the results obviously indicated no dramatic
effect of electrode arrays , and further studies were deemed of low priority

I unworthy of further pursuit. The data did reveal one important fact.
The distal—standard electrode combination produced results comparable
to the use of the standard electrode alone. Based on the latter information ,
additional tests using a single electrode but shifted 6 mm medial to the
Mental Foramen indicated results comparable to the standard electrode
position (p ~ .10). Therefore, with the Mental Foremen site, there appears
to be some flexibility in the position of the single electrode. Regarding
the concept of arrays in general , the lack of improved effectiveness coupled
with the technical problems associated with multiple electrodes has led
to a cessation of their consideration and use.

Results of the Phase I anatomical sites survey are summarized in Table II.
The latter studies involved four active electrode sites in various ipsilateral
and contralateral combinations of active and indifferent electrode positions.
Four orofacial sites were selected as candidates for Eli evaluation based
on their proximity to the site of initiation of the experimental pain , to
anatomical structures deemed likely to provide current access to deep tissues,
or to locations near major sensory nerve trunks. The sites chosen for
study were respectively, the buccal Oral Mucosa near the test tooth , an
Intraora l Salivary Foramen , and cutaneous locations over the Infraorbital
and Mental Forantina . The two mos t e f f ec t ive  sites were found to be the
ipsilateral Mental Foramen and the Oral Mucosa near the test tooth (Table
II). During Eli, reported intensities were reduced in 66% and 56% of the
trials compared to values expected in the absence of BA for the Oral
Mucoga and Mental Foramen stimulus locations , respectively , results which
demonstrated a significant BA effect (p< .01). The effectiveness found
in these tests was less than that of the Phase II effort because fewer
sessions were included in each experiment (the overall induction time was
shorter).

Results of the Phase II comparison of the Oral Mucosa and Mental Foramen
BA stimulation sites are summarized in Table III. In Table III the data
has been analyzed to show the percen t of trials which indicated an Eli—
dependent alteration of perceived intensity, relative to that expected
based on the magnitude of test stimulation . As in all human protocols,
each BA session during an individual experiment consisted of 12 BA test
trials (and two control trials in the absence of BA). The values shown in
the table f~r each session indicate the total number of the 12 trials which
exhibited an Eli effect , an BA effect being defined as a subject reporting
a higher sensory category than that expected based upon test stimulus
intensity. Inspection of the figure reveals that BA applied to both the
Oral Mucosa and the Mental Foremen resulted in significant BA effects ,
although dur ing induction , the effectiveness of the Mental Foramen site
lagged behind that of the Oral Hucosa . Statistical analysis of the results
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0 indicated that the Mental Foramen site did not differ in effectiveness when
compared to the Oral tiucosa EA stimulus location following comparable
induction times (p~~ .10, Table III), a significant finding in view of
the greatly increased accessibility of the former placement . The latter
comparison was based on the session 4 data , as session 5 data was not
available for the Mental Foramen site.

“h e Phase II data can also be subj ected to a second analysis based on the
magnitude of the sensory category shift observed during each effective EA
t r i a l .  This analysis was discussed in our recent Contrac t Renewal App li-
cation , the results being quantified as the average number of sensory
categories involved in EA—dependent shifts of reported perceived intensi-
ties relative to the sensory categories expected based on the magnitude
of test stimulation. The results indicated that following full induction ,
the Mental Foramen site resulted in superior EA as compared to the Oral
Mucosa location . An observed average change of 2.0 and 1.5 sensory cate-
gories was observed for the Mental Foramen and Oral Mucosal sites,
respectively , values which differed statistically (p ~< .01).

Discussion

In conjunc t ion wi th  previous reports (34,36), our results indicate substan-
t i a l  EA effects using subthreshold levels of E.A intensity , thereby ruling
out placebo e f f e c t s .  This finding represents an extremely power ful result
not or ig inal ly  anticipated . All reports of significant effects of peripheral
elect r ica l  st imulation for the control of pain in the l i terature hav e
Indicated the requirement for suprathreshold levels of stimulus intensity
for even marginal levels of effectiveness (23—33). Explanations of the
results of regional or local effects of electrical stimulation have usually
invoked the Gate Control theory of pain (4,25) or some modification thereof.
However , one prominent laboratory has demonstrated the existence of peri-
pheral blocks resulting from typical peripheral pain control stimulation
(21). Therefore, the results reported presently may result from a
peripheral block, or , alternatively, some combination of peripheral block
coupled with a conduction or a central Gating type blocking mechanism . In
this regard , it is important to realize that afferent activity may still
be impinging on the central nervous system in the absence of perceptual
awareness , since the particular EA—induced spatio—temporai pattern of
afferent activity may be insufficient to activate perceptual mechanisms
but nevertheless adequate to induce 8ignificant effects in the central
nervous system.

The Human Psychophysiological model using experimental pain has served our
objectives veil. In addition to demonstrations of effectiveness , the model
has also permitted the identification of certain parameters of EA adminis—
tration including , during the present contract year , the ineffectiveness
of multiple electrode arrays, a quantitative survey of the relative efficacy
of several anatomical stimulation sites , and the demonstration that the
Mental Foraaen(extraoral) site of EA app lication car- be substituted for
the Oral Mucosa (intraoral) site which we have used historically. Finally,
based on the experimental pain data , we have now obtained official sanction

10

_ _



of the Human Rights and Welfare Committee of the institution to proceed
with preliminary tests involving pathological pain.

Thus, the Human work has reached a major milestone . We have finally
acquired inititutional sanction to begin definitive experiments to
characterize the efficacy of Gating Block EA on specific pain problems
presenting to the dental clinic . Simultaneously, additional anatomical
• ~‘.d waveform investigations can be conducted much more efficiently in
the Chronic Psychophysiological model which has just recently become
operational. The Human experiments combined with additional waveform
and administration improvements afforded by information from the Chronic
experimental model will permit a quantitative definition of Gating Block
LA feasibility within one to two years.
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GATING HLOCK ELECTROAMALCESIA: CHRONIC PSYCHOPHYSIOLOGICAL INVESTIGATIONS

The overall concept of Gating Block EA was discussed in the Introduct ion
of the previous section on Human Psychophysiological Investigations , but
the latter discussion applies equally to the Chronic Psychophysiological
Invest igat ions.

i e c ha p s  the  most power fu l  experiments a v a i l a b l e  for  the study of analgesia
are  Chron i c  (Behav io ra l)  Psychophys io logica l  Experiments , because they
permit the evaluation of central nervous system functions free from
comp lications introduced by anesthetic agents and surgical interventions
associated with Acute experiments , and they permit more flexibility than
studies in humans. They are also crucial to verify information derived
f rom Acu te  experiments at the perceptual level , to identif y pathways and
mechanisms , and to obta in  data crucial  for  the documentation of s a f e t y .
The central feature of the Chronic experimental model is the use of percep-
tual rather than reflex manifestations of sensation as an index of LA
e f f e c t i v e n e s s .  To adequately s tudy the e f f i cacy  and feas ib i l i ty  of orofaclal
Gating Block E.A , a model is required in which the animal can report pain
tolerances (based on perceptual criteria) on a continuous basis over an
extended period of time .

The Chronic experimental model has as its central features the imp lan ta t ion
of ‘lectrodes in a tooth pulp  to permit  appl icat ion of noxious s t imul i ,
the  i m p l a n t a t i o n  of electrodes at spec i f i c  sites selected for EA app lication
to pe rmi t  s tudy of the analgesic efficacy of such stimulation , the imp lan-
tation of a head pedestal allowing electrical communication with external
apparatus , and the use of a perceptual as opposed to a reflex index of
pu lpal perceptual sensibility.

Noxious stimulation is initiated by ac tiva t ion of tooth pulp afferen ts
because the tooth pulp provides a source of pure pain , it is an adequate
generalized model of orofacial pain , and it is readily accessible (42).
Tooth test stimuli are administered to the same tooth (maxillary canine)
and in the same manner (0.1 ms rectangular pulses in the bipolar stimulus
c o n f i g u r a t i o n  and a t r a in—st imu lus  mode) as that  used for acute experiments
involvihg pain pathways reported in the l i tera ture  (6 , 7 , 12—15 ) .

The s i te  of LA s t imula t ion  for the i n i t i a l  definitive experimental series
was selected to be at a subcutaneous site near the Mental Foramen, the
site identified as the optimal extraoral stimulus location from locations
examined in prior Human experiments. Furthermore , the LA stimuli were
administered in a similar fashion (electrical stimuli applied in a
distributed stimulus geometry near the Mental Foramen) and using a similar
electrical waveform to that employed in the prior human experiments , to
provide maximum overlap with the latter experimental data .

All experiments were conducted using standardized psychophysiological
stimulation and recording techniques , and employed the cat as the experimental
animal for economy , maximal correlation to the general pain control literature
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(6 , 7 , 17 ,43—53) , and previous work in our l abora tory  (5 4— 6 0) . The p a r t i c u l a r
exper imenta l  model chosen u t i l i z e s  the Threshold T i t r a t i o n  paradigm , an
experimental procedure permitting the quant itative monitoring of perceptual

sensibility in behaving animals over extended periods of t ime.

There have been no chronic animal experiments simulating Caring Elock EA
repor ted  in the l i t e r a t u r e .  However , important general information is
a ’ i i l a b l e  related to chronic models for the study of pain. Relevant tech—
n .~~ues for  the chronic  s t imu la t i on  of the tooth  pulp  as a source of pain
have been described (45 ,49) , as have models using perceptua l  indices of
pain responsiveness (45 ,61, 6 2) .  This informat ion has been used extensively
In the development of our Chronic Psychophysiological model.

The work of the prese nt contrac t year involved , f i r s t , the f ina l  development
of the Chronic experimental model , and , secondly, the ini tiation of the
first definitive experimental series testing orofacial LA .

Methods

An imal Preparation and Surgery. Experimental animals were initially screened
for suitability and subjected to preliminary training using a noxious foot—
shock paradigm (see below), and were then scheduled for surgery . Endotracheal
intubat ion was accomplished using a short—acting barbituate. Surgical
anesthesia was induced under Ethrane—Oxygen and maintained using Ethrane—
N-,O—Oxvgen . Subsequently, an optically—coup led ECG (to preserve ground
isolation) was attached (Terrasyn, Model N—IllS ECG Isolation Amplifier),
and a non—invasive blood pressure monitoring system was applied to one of
the  forel imbs (H o f f m a n — L a  Roche Arteriosonde, Model 1010). In addi t ion ,
a Bechman LB—2 Medical Gas Analyzer , sampling the resp ira tory gases , was
employed to continuously monitor end—tidal CO2 as an index of short—term
ac id—base balance. Respiration was assisted on demand , or controlled , using
a Bird Mark LV-VlII Anesthesia Assistor. Intraesophogeal temperature was
monitored (YSI Model 43TA) and maintained at 38 ± 0.5 C by means of a heat ing
pad with thermostatically controlled circulating water (Gaymar Temp—Pump
Syst em). The animals were then brought through the recovery process, and
ill owed several days to recuperate from the surgical procedure prior to
the initiation of experiments. Long—term health status was documented throu~h
per iodic physicals.

Noxious stimulation was accomplished through electrodes placed in the maxil-
lary canine experimental tooth (45,55). One electrode was p laced in each
of two cavities drilled through the enamel to a near pulp exposure. The
base of each cavity was dried , the electrode wire (stranded stainless steel)
was spread out and packed in place , and the whole complex was sealed in
position using non—conductive adhesive . One of the too th st imulation
electrodes was located on the lingual aspect and one on the buccal aspect
of the tooth , both being near to but absolutely distinct from the gingival
margin. The wire leads (teflon coated) were implanted under a muco—g ingival
flap, and then directed upward under the facial skin along the surface of
the bone between the medial canthus of the eye and the nose , to gain access
to an electrical connector mounted in the head pedestal (45) .  I n i t i a l  t r a i n i n g
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sessions involved footshock as an a l t e r n a t i v e  form of noxious st imulation,
hut  no surgical procedures were required .

LA stimulation was accomplished using electrodes implanted subcutaneously
near the Mental Foramen ipsilateral to the test tooth. The electrode wire
was freed of insulation for several millime ters , and the uninsulated por t ion
was looped to increase the area of exposed wire . This configuration was
u 4 l i z e d  to provide a distributed rather than focal stimulus geometry .
ioe active EA lead was directed subcutaneously from the site of placement
t i  t he  an te r io r  surface  of the head , fo r  a t tachment  to the electr ical
connector of the head pedestal. An indifferent LA electrode was placed
subcutaneously in the ips i la teral  neck , and was composed of a 1 cm length
of bared w ire , a large surface area being employed to greatly reduce current
dens ity relative to the active LA electrode.

The head pedestal to which the test tooth and LA leads projected was built
up by repeated appl~cations of dental acrylic , using methods adapted from
a report in the literature (45). The acrylic pedestal was molded around
stainless steel screws mounted in the skull of the animal. The lead wires
were connected to a multipin electrical socket , which was then embedded in
the icrvlic pedestal. A flexible cable connected the pedestal plug to a
multi—contact commutator suspended from a counter—balanced pulley system
to provide minimal restrictions of vertical and rotational movements of
the animal.

Stimulation Techniques. Three stimulus situations were involved in the
Chronic experimental model , that oc Footshock , Pulpshock , and LA stimu-
lation , respectively. Special considerations related to each of these
techniques are present ly discussed .

Foo r shock of noxious intensities was used for initial training procedures
(set’ below). Footahock consisted of the application of stimuli to aluminum
bars in the lower portion of the cage at intensities determined to be
def initely aversive independently for  each animal prior to each experi-
mental session (typ ically less than 0.2 ma). The stimulus waveform was
a ~() ms burst of 4 equally—spaced rectangular pulses of 10 ms duration ,
with a burst repetition rate of 10 Hz.

An essentLd consideration relative to tooth stimulation was the use of
a wavef orm prov id ing for temporal summation of activity In pain pathways, a
phenomenon recently realized to be important for nociceptive interpretation
in the central nervous system (2,4,16). A train stimulus format was
therefore adopted , to induce an activity profile in pulpal afferents
wh ich was somewhat despersed in time. Based upon our previous experimental
determ ina t ion of the Strength—Duration curve for pulpal afferents (55),
0.1 ins was chosen for the width of each rectangular stimulus pulse. The
frequency of stimulation was selected such that a significant number of
pulp-i l afferents could faithfull y follow each stimulus pulse , based upon
our data from single pulp—driven units in the Gasserian ganglion (59,60).
The latter data indicated that the majority of the units responded faith—
ful1y to frequencies up to 300 Hz. Such high frequencies were also chosen
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to accentuate perceptual as opposed to reflcx responsiveness (63). Based
upon these considerations , the waveform chosen for pul pal stimulation was
a burst of four rectangular pulses of 0.1 ma duration at a frequency of
300 Hz , producing a burst duration of 10 ma.

EA ~t imu 1ation requirements were entirely distinct from those related
to tooth pulp stimulation. A variety of waveforms have been described in

l iterature (22,25 ,28). The latter information coupled with our

~,rcvious human results Indicate that waveform is obviously a very important
variable for investigation , and the study of multiple waveforms is anti-
cipated . The initial definitive experimental series involved the use of
one parti cular waveform , a 100 pps train of bidirectional rectangular
pulses at three different duty cycles , 3.16, 10.0 and 31.6 percent ,
respect ively, identified as important In prior human studies. The proper
intensity for LA stimulation was again obviously impor tan t based on our
prior human experiments , but difficult to determine . For the initial
‘lefinitive experiments , we chose to use an intensity somewhat below that
which induced muscle fasciculations visible to the naked eye and , which ,
in the behaving animal , d i d not produce visible signs of percep tual
discomfort.

Training Program. The desired Chronic Psychophysiological model had as
its central feature the use of a perceptual index to monitor pulp threshold ,
th e Threshold Titration paradigm of physiological psychology (61). The
comp l icated nature of the latter procedure necessitated designing a training
pr ogram in wh ich the animals were d irec ted through sever al prelim inary
behavioral training stages which successively approximated the desired
parad igm . As an init ial s tep, the animals were subjected to a Footshock
paradigm in which noxious footshock (waveform previously described ) could
be terminated by pressing a lever. Animals deemed acceptable were then
subjected to additiona l Footshock sessions until their performance reached
a level of 80—90 percent escape behavior (typically 3—7 sessions). The
animals were then taken to surgery, and the pulpal and LA electrodes ,
the lead wires projecting to the top of the head , and the head pedestal
with Its embedded electrical connector were imp lanted . Following recovery
fr om surgery (2—3 days). the animals were subjected to at least one
add itional Footshock session to verify retention of previous training.
The animals were then introduced to the next stage of training in which
the site of noxious stimulation was shifted from the footpads to the tooth
pu l p, with all other parameters of the experimental paradi gm unchanged .
Pulp stimulus bursts (waveforT previously described) were presented at a
rat e of 2.5 Hz and at an Intensity determined to be definitel y aversive
prior to the training session . A transfer of training from Foot shock to
Pulpshock proved to be a relativel y straightforward generalization process
in man’.’ instances , but  success in the  Foot shock t r a i n i n g  paradi gm was not
dir c- t l y predictive of success in Pulpshock. Animals were deemed proficient
in Pulpshock when performance at the 80—90 percent level of escape behavior
was manifest. This usually occurred following 2—5 t’ulpshock sessions.

Once training in the Pul pshock paradigm was deemed sufficient , the animals
were Introduced to the final procedure in the training series, the Threshold
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Titration paradigm (61). A suhthreshold intensity was used initiall y and
repeated a given number of times (selectable), but following every N’th
(usually 8) succeeding stimulus , the intensity was automatically incremented
by a f ixed (determinable) amount. Pulp stimulus bursts (waveform previously
described) were presented at a rate of 1 Hz. In the absence of corrective
behavior by the animal , this process continued with equal intensity incre—
n e c t s  after every N ’ th stimulus until noxious or potentially noxious
I- nslties resulted in bar—pressing responses. A bar pre,s was programmed

~o reset the stimulus intensity to zero . The experimental results have
indicated that alth ’ugh there is a hi gh degree of variability between
successive responses , the animals show a strong tendency to maintain the
same average tolerance level over prolonged time periods , results wh ich
are consistent with reports in the literature (61). Thus , the d esc r ibed
procedure has provided a direct quantitative measure of perceptua l respon-
siveness (threshold) to noxious stimulation over extended periods of time ,
an eytremelv powerful experimental capability. Finally, once the animals
were deemed prof icient in the Threshold Titration paradigm , EA stimulation
prot - -ols were introduced to test the resultant perceptual effects.

The various procedurt-’-~ assoc iated with the Chronic Psychophysiological
Experiments were a - ~rnplished in a specially designed experimental cage
featuring provisions for footshock and accL~ s to the pulp and LA stimu-
lati ng circuits while still permitting maximal animal mobility. The
experimen tal cage was also designed to eliminate the animal’s use of the
walls t ’  avoid footshock , to counteract the contingency of a continuous

~ar press which would render the procedure ineffective , and other pra~-t ical
problems . The entire experimental ~-rotocoI , involving the presentation
of st imuli and recording of responses , was controlled and recorded auto-
matically dur ing all Footshock , Pulpshock , and Threshold Titration paradigms.
Automated behavioral training Is termed “Automatic Shaping ” (62), and ,
is described in detail below , is an experimental procedure which permits
both a substantial acceleration of training and a significant reduction
in personnel commitments. A microprocessor system has recently been intro-
duced to control the Automatic Shaping procedures , replac ing antiquated
electr onic control equipment employed previously .

t:xj -r 1m en r. j~ Prot~~~o1 . The Chronic Psychophysiological Experiments involved
three sueiessive St imulation paradigms , Footshock , Pulpshock , and Threshold
Titration (the latter with or without accompanying F.A). The animals were
subj -ted to daily experimental sessions (excepting weekends) and were
transferred to successive training stages as accrued profic iency permitted.

For Footshock sessions , the anima l was placed in the experimental chamber
and the Au tomatic Shaping microcomputer program was engaged . This resulted
in the presentatl in of a train of stimulus bursts (waveform previousl y
described ) to foot bars In the lower section of the experimental chamber.
The stimuli were continued for two minutes or until the animal pressed the
response lever , at which time footshock was terminated . Footshock was
der ived from a constant—current generator (lab constructed ) which supp l ied
a given amount of current regardless of the number of foot bars that the
animal happened to be straddling (64). A fixed rest interval of 30 sec was
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prc~v ided between Footshock episodes , and the total duration of indIvidua l
training sessions was 80 mInutes. In general , during the first experimental
session , the animals moved about aimlessly at first hut very quickl y devel-
oped an association between Footshock and the response bar as the result of
acc idental contacts with the latter object. Following more trials , they
us ial lv hecame fairly proficient in escap ing footshock stimulation once it
had cen initiated , even in the initial experimental session. A signal
1 ‘it and an audio tone were presented simultaneously with Footshock to

c ,ten training . Additional Footshock training sessions were continued until
a level of 80—90 percent escape behavior had been attained . Animals were
the n identified as candidates for surgery, and the surgical procedure was
schelu [ed . The results of our Footshock program (successful acquisition of
escape behavior within 3—7 sessions in animals deemed suitable for the pro-
gram) compared very favorably to results reported in the literature , which
Indi cate tha t 5—10 sessions are required for successful escape trainIng (65).

Foll owing surgery, the animals were reacquainted to Footshock and then
introduced to the Pulpshock parad igm . Pulp stimulus bursts (waveform
previously described) were presented under the same Automatic Shaping format
as t h t  used for Footshock , but the intertrial rest interval was 50 sec
r a r h ~-r than 30 sec . The animals were trained in repeated 80 mm sessions ,
and the successful escape responses or failures to escape were recorded for
the entire series of stimulus episodes . The criterion for success in the
Pulpshoc k paradigm was performance at a level of 80—90 percent escape
behavior , a situation usually realized after 2—5 experimental sessions
in acceptable animals. A significant amount of attrition was manifest ,
how ivt- r , because many animals successful in Footshock did not perform
well in Pulpshock and were eventually rejected .

An imals successfull y trained in Pulpshock were then introduced to the
Threshold Titration parad igm , individual sessions of which lasted 80 minutes .
Threshold Titration was the experimental procedure used for definitive EA
exp~-r i ments. but the latter were preceded by several sessions Involving
Threshold Titration in the absence of EA for initial orientation . As
described previously, pulp stimulus bursts (identIcal to those used in
tb’ Pu l p sl iock paradigm) were p resen ted  once per second w i t h  i n t e n s i ty
incrtr~ent - - introduced after every N ’th (usually 8) s t i m u l u s .  The approx-
imate threshold for perceptual awareness of pulp stimulation was estimated
at the beginning of e;i li experiment , and the maximum intensit y of the
Threshold Titration output generator was set so that the threshold of
that animal on that particular day was intensity step 3—5. At this point
the microprocessor program was initiated , and the anima l was maintained
in Threshold Titrati on for the 80 minute experimental interval. The
data was continuously recorded as stimulus intensity versus time on a chart
recorde r -

The initial definitive EA experimentc comp leted to date have involved a
series to -haracteriie the optima l duty cycle of the bidirectiona l rect in—
gular pulse waveforms. As with all t her Chronic EA experiments to follow ,
the prot ol involved i control period , a period of LA administration , and
a post—EA recovery period , each of approximately equal duration. The
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duty cycle experiments involved the administration of a continuous train
of bidirectional rectangular pulses at a frequency of 100 pps. In any
Ind Ividual experiment , one of three duty cycles was investi ga ted , being
3.l6~~, 10.0% , or 31.6%, respectively, values equally spaced logarithmicall y.
Th is range of duty cycles was selected for examination based upon prelim-
inary data from prior human experiments.

R ilts

Five categories of experimental results are presented , a de scr i ption of
the various ~a e ts of the Automatic Shaping selection and training proce-
dures in their fully developed for m , data documenting behavioral modification
fr om Footshock to Pulpshock , data characterizing behavioral modification
from Pulpshock to Thr’~shold Titration , data characterizing the Threshold
Titration parad igm itself , and , finally , the initial EA results.

In the Chronic Psychophysiological Automatic Shap ing Exper iments , the capa-
bility to study two types of behavior were programmed , escape behav ior (the
animal was permitted to terminate shock once it was initiated) and avoidance
behavior (the anima l was permitted to completely avoid shock). In an
indiv idual experimen tal session which was composed of a ser ies of st imulus
episodes , several time intervals were important: a), the intertrial interval
(ITI) , the interval between the termination of the aversive stimulus and
the beginning of the next stimulus trial; b), the unconditioned stimulus
interva l (USI), the application of the stimulus of interest , in this case ,
the aversive stimulus ; and c), the conditioned stimu lus interval (CSI), in
the : resent case , a signal light and/or audio tone which warned the anima l
of an impending stimulus. The CSI was used only when avoidance behavior
was permitted . Avoidance behavior was permitted early in the overall
program to evaluate the degree of learning during the development of training
techniques , but was not used af ter routine training procedures had been
established .

To summarize the training paradigms (identical for both Footshock and
Pul pshock), in the case of avoidance training , a trial was initiated with
CSI onset (the signal light and/or audio tone were presented in the absence
of the noxious stimulus). If a response occurred within five seconds
(avoidance behavior), the CSI was terminated and an ITT interval was initiated
(45 seconds duration). If no response occurred within five seconds , the USI
was initiated (while the CSI remained in effect). Both the USI and CSI were
then terminated by a response (escape behavior), or alternatively, by
t ime out of LIST (one minute). In the case of escape training in the absence
of the avoidance response possibility (a procedure used exclusivel y in the
later periods of the program), CSI was bypassed , but otherwise the format
was similar to the avoidance paradigm. If the animal was holding the bar
down continuously at the initiation of CSI (or USI In the absence of avoidance
behav ior ) , and was still holding the bar down at USI time out , the response
bar was energ ized for a few seconds to back the animal off the bar (bar—hot
int erva l , BHI). A subsequent bar press by the animal or t ime out of RHI
then led direc tly to another ITI interval. Experiments were automaticall y
terminated at 80 minutes.
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Threshold Titration t r a i n i n g  and F.A sessions have not been placed under
m i c r o c o m pu t e r  con t ro l  as of the present time . Rather , Threshold Ti tration
control has been accomplished using a spec iall y constructed Threshold
Titration output generator triggered at regular intervals by a standard
physiological stimulator . The outpu t generator provides an isolated

iist ant—current output and contains the logic circuitry controlling
the automatic incrementation of stimulus intensity and the reset function
r w ired following an appropriate bar press response. The Threshold
-

- ration output generator and its associated stimulator are to be replaced
with a microcomputer system in the near future.

Data characterizing the Footshock training paradigm is presented in
Table TV. The data dramaticall y demonstrate that the animals often achieved
j emarkable levels of escape behavior as early as the first experimental
session. Animals moderately proficient in the first exper imental ses sion
usually exhibited further increases in proficiency with additiona i experi-
mental sessions , while animals demonstrating high levels of initial
proficiency tended to maintain such performance levels. The data demonstrates
the remarkably rapid training available using our particular adaptations
of Automatic Shaping procedures.

Table V represents the raw data from Pulpshock training sessions , These
experiments were conducted following the surgical procedures and reacquain—
tance of the animal with Footshock. Note that the Pulpshock results can
be correlated directly with Footshock data from the same animal (Table IV).
Fewer animals are represented in the raw data related to Pulpshock , as
compared to Footshock , because of attrition related to microcomputer system
development , surgical complications , an ima l failure to transfer to the
successive parad igm , and other reasons. Accrued experience has permitted
the reduction of such contingencies , but significant attrition will remain
is an unavoidable aspect of the experimental model. The raw data of the
table indicates that the animals rapidly developed a high level of pro-
ficiency In pulp—induced escape behavior in a manner analogous to the
Footshock training results of Table IV . Some animals whose performance
appeared to drop after several sessions , acquired a significantl y higher
levi ! of proficiency In later experimental sessions , as exemplif ied by the
data of animal // 65 of Table V. The raw data of the table and our experience
t date demonstrate two facts. First , the general iza ti on of behavio r from
t I  Footshock to Pu]pshock is efficient and rap id , if successful at all.
Secondly , acceptable animals respond with great proficiency in escape behavior
follo wing sufficient training in Pulpshock , verifying that the Pul pshock
paradi gm is operational.

The data of Table VI summarizes the results of experimental sessions in
wh ich the animals were trained in the Threshold Titration paradigm In the
absence of EA . The table shows the raw data and normalized SEM (cahulated
as if th. mean tolerance level was 100) for 27 experiments in five animals.
The raw data indicates that there is a significan t amoun t of variability
in the averaged values of tolerated intensity levels over all Threshold
T i t r a t i o n  e x p e r i m e n t s .  The v a r i a b i l i ty  is a f u n d a m e n t a l  c h a r a c t e r i s t i c
of the  experimental model. Nevertheless , the normalized SEM’s indicate
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TABLE VI

Charac t e r i z a t i on  of the Threshold Ti t ra t ion  Paradigm in the Absence of LA

Cat 
- 

Raw Data  Normalized
Number Nr Avg SEM SEM

50 91 12 1 8

50 39 23 8 33
50 30 15 5 41

50 61 32 4 14

65 41 36 9 25
65 39 28 7 25

65 16 109 84 77

66 83 46 10 22
67 52 155 34 22

67 74 19 4 21

67 77 37 8 21

67 27 82 39 48

67 30 41 10 24

67 16 134 52 39
67 24 64 20 31
67 19 86 24 27

67 29 70 19 35

67 30 140 34 24

67 15 170 76 45

67 28 46 14 29

67 18 107 24 22

67 24 51 13 25

67 32 43 11 26

67 61 39 5 13

75 103 34 12 35
75 52 15 2 13

75 23 
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tha t the  v a r i a b i l i ty  can be reduced to acceptable  levels If  s u f f i c i e n t
s t i m u l u s  t r i a l s  are included in the experiment , particularly in view

the marked effects exerted by LA (Table VII). Tn some instances ,
variability tended to change with time and occasionally became more
pr onounced near the end of an experiment , possibly refle cting periodic
or eventua l boredom or fatigue . This phenomenon is not believed to be
the result of any EA effect resulting fr om test stimulation of the tooth
r -

, based upon the results of our Acute Neurophysiological Experimen ts
~~~~- . 58 ,59). The data of Table VT demonstrate the power of the present
adaptation of the Threshold Titration paraaigm for long—term monitoring
of tolerance levels to noxious stimulation in behaving animals.

Table VII indicates the data analyzed to date from the initial definitive
LA duty cycle experiments , in which duty cycles of 3.16%, 10.0% and
3l.h’~ are be ing examined . The data includes 20 experiments in four animals ,
and was normalized for inter—experiment comparability by se tt ing the average
tolerance level of the control period equal to 100. The data is incomplete
at this time, but several fea tures are present ly notewor thy. Combining
all 1 the data from the three duty cycles , it is very clear that LA
exerted a profound analgesic effect. In spite of the large variability ,
evt-rv EA and post-EA condition had an average effect exceeding a 100%
increase in tolerance level with the exception of the 10% condition during
LA , wh ich exhibited a 49% Increase. At this time , it appears that the

l .6’ duty cycle exhibits the greatest effect , bu t this si tua t ion may
change as additional data becomes available . Also , the 31.6% duty cycle
waveform was equally effective in the LA and post—F .A intervals. In contrast ,
the 10.0% and 3.16% LA waveforms showed a much smaller effect during LA
than did the 31.6% duty cycle waveform , but the LA versus post—LA discre-
pancy of the former waveforms was markedly reduced during the post—V.A
interval -

Discussion

The conditioning and training of cats to escape or avoid noxious stimuli
by p ress ing a lever is a valuable technique for the study of mo t ivation
and behavior (66) and to investigate various anesthetic or analgesic strateg ies
(65). Typically, a procedure required for training animals to perform a
spec if ic response ~operant) Is referred to as shaping, and involves the
pro l onged and systematic reinforcement of behaviors (by an experimenter
dir~~ tiy interacting with the animal) which at first may be dissimilar to
the desired operant , bu t may be required to orient the subject animal
toward the lever or toward a particular area in the experimental environment.
Successive minor behavioral modifications are then introduced by the experi-
menter which more and more approximate the desired response. Finally , the
actual operant itself is presented . This procedure is tedious and time
consuming , since as many as 15 hours can be required with each anima l
for successive approximation training or “shap ing” to , for example , escape
aversive stimuli by pressing a lever (67).

An automatic and much abbreviated method for escape and avoidance cond i-
tioning, which circumvents the problems inherent in the basic shaping
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• procedure , is also ava i l ab l e  ( 6 2 ) .  Termed Automat i c  Sh ap ing, this
p r ( C e d u r e  e l i m i n a t e s  the rigorous successive approximation format and
significantly reduces the  t ime  necessary  fo r  c o n d it i o n i n g .  The exper imental
e n v i r o n m e n t  Is ri gorousl y s t r u c t u r e d  such that the prohabil~,~~ of e l i c i t i n g
the  desired response f rom the  anima l Is maximized.  For example , if the
i n t e r i o r  d imensions  of the  response chamber and the  locat ion and s i t e  of
t h e  response lever are c o r r e c t l y  d e t e r m i n e d , then w i t h i n  the  f i r s t  few
s n i l u s  t r i a l s , the animals exaggerated motor activity in response to ,
e.~,., footshock w i l l  lead to contact with the lever and termination of
the shock. Following a brief number of trials , the desired operant is often
perf rmed with regularity . Furthermore , and very impor tantly, this system
can be automated .

The marked effectiveness of a rectangular pulse stimulus train of such a
long duty cycle as the 31.6% waveform presently under invest igat ion is
diff icult to explain. The latter waveform was chosen for examination
because a similar effect had been noticed in preliminary studies using
exper imental pain in humans (34). In the first approximation , one would
not expect the generation of much nervous activity using such a long pulse
duration except at the leading and trailing edges of individual pulses.
If the long duty cycle waveform proves to be far superior upon completion
of the experiments , this waveform will be identified as optimal barring
significant side—effects. However , if the other waveforms provide equivalent
efficacy at comparable power levels , stimulus formats using shorter pulse
durations will be selec ted as optima l due to concoimnitant reductions in
l ontophoresis associated with each LA stimulus pulse.

In addition to marked effectiveness during F.A, the data indicates dramatic
post-LA effects for all duty cycles. Similar post—stimulation analgesia
has been noted in association with TNS investigations in general somatic
(non—orofacial) anatomica] fields , and was also a characteristic feature
noted in our prior human studies using experimental orofacial pain (34).
Neurological mechanisms subserving this phenomenon are unidentified , hut
since the present studies involved EA stimulation in a dermatome (Tri geninal
III) distinc t from the origin of pain (Trigeminal II), the effects are almost
certainl y dependent on interactions in the central nervous system . The
observed post—LA analgesia could have profound clinical significance if
suf f icient eff icacy can be obtained , as pre—opera tive or “wai t ing room ’
ana lges ia may prove to be feasible .

Significant attrition has occurred in conducting animals through the severa l
stages of surgery and training to finally permit collection of Threshold
Tit rition data with accompany ing LA. Also , the Threshold Titration data
showed a significant amount of variability, as the animals exhibi ted .-i w ide
range of responses around the mean tolerance level within the control , LA ,
and post—LA periods. Nevertheless , the data indicate that , given a sufficient
number of stimulus trials within each experiment , the experimental model is
quite adequate to provide a quantitative measure of average tolerance levels
and changes therein induced by the application of LA. The Chronic Psycho-
phys iolog ical model is presently fully operational and on—line , and will
provide a powerful tool for the development of LA techniques and the production
of safety documentation .
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RECEPTOR BLOCK ELECTROANALCESIA : ACUTE NEUROPHYSIOLOCICAL INVESTIGATIONS

(out e’mporarv invest Igat tons related to Receptor Block EA have almost
ex clu sively involved human experiment s related to one’ of three techn i ques
used in clinical dentistry, vl taiometrv , electroanal gesla , and desensi—
t i zu t i c u n .

~i . ulom etrv Involves the application of alternating current waveforms to
Intact teeth to determine the minimum stimulus intensity necessary for
perceptual experience. The latter knowledge can be related in a complic~uted
way to the health status of the pulp (68). Vitalometr ic techniques are
apparently innocuous, do not involve analgesia, and therefore have little
relevance to Receptor Block LA except to the extent that they contribute
to the understanding of pulpal sensibility.

Some reports related to dental electroanalgesia appeared in the 1950’ s and
14 6(1 ’s, but the results were generally inconclusive (35). A few studies
invo lve d the use of alternating current waveforms (35), thereby theoretically
reducing contingencies related to current—induced irreversible effects. The
al ternating current intensities did not exceed several microamperes , and

~nlv incomplete success was obtained under the most favorable of circumstances.
Mo st studies used a direct waveform ranging to 60 pA (35). Results using
these higher levels of d ire ct curren t indica ted a comple te block of perceptual
and reflex manifestations of afferent a-tiv it y (35 ,63 ,69) , and analn~’ r ,c
results have been found in studies of peripheral nerve conduction ,
I. ’w’-r intensities of direct current exhibited vary ing degrees of success or
failure (35). It is important to note that while patients were apparently
asymptomatic in their post—treatment histories (15), our studies have demon-
strated that such stimulation induces definite irreversible effects on pulpal
excitabil Ity (56,58).

Direct currents ranging to several mA or e- routine ly used for dental desensi—
ti7oti on procedures (35). The latter techniqu e-s produce permanent damage
-mel tissue alterations , in tha t significant formation of reparative dentin
and dead tra ks Is introduced , in spite of apparent asymptomatic post—
treat-l ent histories (35). Based upon the data from our laboratory (56,58),
the irreversible consequences of s u h  stimulation would render proposals
for even its preliminar y study unacceptable in the context of present require-
ments for institutional Human Rights approval. It is this very contingency
of such drastic irrev ersibilit y that we are seeking to alleviate.

The above Inform ation conclu rivelv demonstrates that ele ctrical currents
are capable of inducing a complete block of oulp—el tclted afferent act Lv ltv
under the general heading of Receptor Block LA as presently defined . However ,
the traditiona l clinical techniqu es are either highl y suspect or blat antl y
guilty of inducing prolonged or permanent functional alterations of structural
Int egrity, a conclusion fol lowing directly from our previous data (56 ,58) .
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The use of intermittent waveforms (pulsating direct current or alternating
current) for the induction of Receptor Block LA , which we originally proposed
and en which our present program Is based (34,56), is the only viable solution
to this dileimna tha t has been proposed. We reasoned conceptually and subse—
quie n tl v established exper imentall y tha t a substantial reduction of total
power transfer afforded by Intermittent waveforms as opposed to c o n t i n u o u s
di r ec t current mi ght perm it the retent ion of ana lgesia while simultaneously
r ui~tng th e irreversible consequences of F.A stimulation . For comp licated
t~~~~ i n ( IS  discussed prev Iously (34), the inves tigat ion of intermittent EA
waveforms required recordings from sing le pulp driven units in the Gasserian
gangl ion , and development of the ganglionic recording model was completed
just prior to the present contractural per iod . The work of the present
con t ract year involved the fina l verification of Receptor Block LA feasibility
and the characterization of the optima l duty cycle and frequency of pulsa t ing
d irect current LA.

Methods

Animal Preparation. Eighty—six young adult cats weighing 2—4 kg were used
in the present studies , with a complete complement of quantitative data
obtai ned in 44 experiments. The animals were anesthetized with sodium pento—
barb ital , and a Bird Mark IV—VIII provided automatic artificial ventilation
it necessary (rarely activated). Esophogeal temperature , sys tolic and d iasto lic
blood p ressure , and end—tidal CO2 were monitored and maintained as described
previousl y (55 ,56 ,58 ,59).

St imulation . The tooth preparation was carefully des igned to minimize
d isturbances of the pulpal environment , to maximize electrod e area and mini-
mize polarization , and to insure confinement of stimuli to the test pulp
(37 ,38 ,40 ,41).

Test stimuli were applied to a maxillary canine tooth pulp using platinum
ele ctrodes placed in two shallow cavities just through the enamel. The two
non—occ iusal electrodes thereby formed wer e used for the app lication of test
st imuli , the latter being monophasic rectangular pulses of an intensity
appropriate to the particular test. Test stimuli were derived from a
speciall y designed battery—powered , photically—Isolated constant—current
st imulator driven by one channel of a Crass S—88 physiological stimulator.
To permit test stimulation free from artifact , the EA stimulus train
(described below) was interrupted for a period of 30 msec at 200 msec Intervals ,
and th e test stimulus was presented 15 msec after each interruption of EA.

The EA electrode contact was formed by removing the occlusal one—third of the
test tooth ename l and immersing the exposed dentin in a p lexiglas cup
containing norma l saline and a pl a tinum electrode. The inonopolar stimulus
configuration was used for the application of EA current , using the occiusal
c-up electrod e referenced t e e a 1 cm length of platinum wire inserted subcu—
tan* ously in the contralateral cheek. LA currents were trains of monophasic
rect angular pulses of anodal polarity at the occlusal cup electrode. A
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calibration curve for LA current related the voltage output of a Hewlett—
Packard Model 8011A pulse gener.ntor and the output of the current generaror
described below .

EA and test stimulus intensities were recorded in terms of current. Certain
p re - aur ions  related to such measurements and the relationshi p of current to
othe r electrical parameters have been previously discussed (59 ) .  A new
I - ‘ated—output constant—current generator has recently been designed and

~aoricated in our laboratory . The latter device incorporates state—of—
the—art features to absolutely minimize current leakage between stimulation
lead wi res , which occurs by virtue of capacitive reactance pathways available
to high— frequenc y components of the LA stimulus train. The output charac-
teristics of the stimulator and its e xperimental positioning reduced such
current leakage problems to negligible values (less than one percent). Thus ,
all reported LA currents arrived at the electrode—tissue interface and
therefo re - passed through the biological tissue of interest , with the exception
of any currents involved in charge storage associated with polarization of
the stimulating electrodes (59 ) .  The stimulator had a measured rise—time
of less than 10 ns in the experimental situation .

Recordlnl. The anesthetized animal was mounted in a stereotaxic apparatus
(Model 1504, David Kopf Instruments). Cranial musculature was reflected ,
a parleto—temporal craniotomv was performed , cerebral tissue was removed
tO C X l)  SO the Casserian gang lion , and the ganglion was thereafter placed
under mineral oil maintained at 38 + 0.5 C. All record ings involved
Fr ederick Haer epoxy—coated tungsten microelectrodes , using pene trat ions
oriented perpendicular to the horizontal stereotaxic plane . The recording
el ectrode was connected to a Frederick Haer d—c Preamplifier Model 40—20—2 ,
and from there to a 60 Hz notch filter (Mentor Model F—60), a bandpass—
l imited amplifier (Tektronix Model 3A9), and an oscilloscope (Tektronix

~h4—B) .

~~~~~~~~~~~~~~~~~~~~~~~ Three distinct experimental protocols were completed
in the present contract year , being a preliminary feasibility stud y, a duty
cycle series , and a frequency series , respectively. The purpose of the
preliminary series was to i n v e s t i g a t e  the fe~ :ibi litv of using intermittent
Re . -~~t o r  Block LA waveforms , by survey ing several intermittent rectangular
pulse trains having various frequencies and duty cycles and comparing the
effic ac y of block to tha t of continuous direct current. The purpose of the
duty cycle series was to i d e n t i f y the optimal duty cycle  of Receptor  Block
LA , and the las t experimenta l series served to  i d e n t i f y the  opt imal  f r e q u e n c y
of Receptor Block LA , u s i n g  the  d u ty  cy c l e  Id e n t i f i e d  in the  previous
experiments. Al.l three experimental series involved identical details
regarding the format of data collection , described In detail below.

Exp loration of the Casserian ganglion Ipsilateral to the test tooth Involved
e l ect r o d e p e n e t r a t i o n s  In a rostrocaudal and mediolateral grid of 0.5  mm
St e l s and at f r e q u e n t  s u b s u r f a c e  dep ths  to i d e n t i f y responses e l i c i t ed  by
S ipr a l f lax imal  st i m u l a t i o n  of the t es t  too th  (200 pA , 0.1 insec).  Cautious
a t t e m p t s  were made to  maximize response amplitude of identified pulp—driven
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u n i t s  by f u r t h e r  v e r t i c a l  m o v e m e n t s  of t h e  re ordin~ electrode. Subsequently,
physiological chara ter isti cs of the pulp—driven unit were characterized
for a compLrison with previous results (59).

Det In it ive protocols w~ re composed of successive EA Intensit y— stepping series
using a particular continuous train of monophasic rectangular pulses. In
ea~ h LA Intensity --stepping series , the threshold of a pulp—driven unit was
r- -rd ed every 15 se while peak LA Intensity v-i s varied in step increments
ot 10 pA in an ascend1n~ series trots 0—100 pA. Each level of LA Intensity
was c~aintain ed for one minute. Within an individual experiment , successive
FA intensity—stepping series were without exception conducted in the order of

~~‘w e’s t to highest power transfer , If applicable , and prolonged time Inte:vals
separated individual intensity-stepping series to minimize accumulative eff ec t s
(56 ,58 ,59 ,63). The preliminary experimental series involved a survey of the
ef fectiveness of waveforms having various combinations of 10 pps , 100 pps and
1000 pps frequency and duty cycles of 1% and 10%. The duty cycle series
invest igated values of 1.00%, 3.16% , and 10.0% (equally spaced logarithmic ally )
at a frequency of 1000 pps , a range of values identified as optima l in the
pr eliminary series (Y). The frequency series involved characterization of
the efficacy of 100 pps , 1000 pps , 10,000 pps and 100,000 pps , using a duty
cycle of 10% identified as the most effective in the previous duty cycle
ser ies. Experiments were usuall y terminated with an intensity— stepping
series invo lving Continuous direct current for comparison with previous
J i t a  (59). Following each EA intensity—stepping episode , recordings were
continued for varying periods to document recovery.

Re s u i t  s

Preliminary Exper imental S e r i e s- .  Figure 1 summarizes data from 12 experiments
in wh ich the LA Intensity—stepping series was administered to a test tooth
whil e the thresholds of single pul p—driven units in the Gasserian ganglion
were monitored . In some experiments an initial slight hvperexcitab ilitv was
found at low levels of constant direct current LA , as evident in the averaged
data of Figure 1. As the level of constant direct current EA was increased ,
a marked progressive hypoexc itabil itv was evident which fi nall y reached a
plateau at an LA intensity of 70—80 pA . The two 10 Hz pulsating waveforms
(1 and lO ’

~ du ty cycles , respectively) elicited negligible alterations of
t hresholds for all levels of LA ranging to 100 pA. Using the 100 Hz pulsating
wavef orms, the 1% duty cycle tests resulted in a progressive elevation in
th reshold which eventually reached a value of approximately 37% of the
effectiveness of constant direct current LA at 100 pA , whereas the 10% duty
cycle tests resulted in a qualitatively similar response pattern which was
58% as effective as constant direct current LA at 100 pA. Finally, the
1000 Hz pulsating waveform (examined at a 10% duty cycle only) exhibited
approximately 90% of the efficacy of constant direc t current LA at 100 pA ,
and actuall y exceeded the effectiveness of constant direct current for certain
i n t e r m e d i a t e  LA intensities . Both the pulsating and constant direct curren t
waveforms exhibited initial elevations from control levels at approximatel y
20 t o  30 pA , progressively rose with LA Intensities in the range of 30 to 100 pA ,
and in some cases , the thresholds tended to reach a plateau at LA intensities
above 70 to 80
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The results using the various LA waveforms have been quantitat ively analyzed
is I n~ the repeated analysis of var I 10c c p r o c e d u r e  to compare  max ima l love  Is
of threshold e lt- v i t ion which were achieved . For each w a v e f o r m , a l l  t h r e s h o l d
r e a d i n g s  taken  for LA c u r r e n t  I t  v e l s  of 8( 1 t o  100 pA were comhined , as the
avor-iged r e s u l t s  of the c O s t  ant d i r t - c t  c u r r e n t  t e s t s  in t h i s  range  sh owed
a marked tendency to reach a plateau . The results , pr esented in Tab~ ’- VIII ,
ind icate that both intensit y and waveform , considered individually, were

ti st ically significant variables in terms of the efficacy of LA , although
in interaction between these two variables was revealed . Further analysis
usise Duncan ’s Mult iple Range Test indicated no significant differences
in threshold elevation between the 80 pA and 90 pA EA current intensiti es ,
but both of the litter intensities were significantly less efficacious than
100 ~iA LA (p < 0.05). The most effective pulsating direct current waveform
(l~~ u1 Hz—l0% duty cycle) did not differ significantly from constant direct
current in the range of intensities subjected to statistical analysis ,
although all other pulsating direct current waveforms were significantly
differen t from constant direct current (these conclusions were based on the
0.05 level of statistical probability). Using the same statistical criteria ,
the 1000 Hz—l0% waveform differed significantl y from all other pulsating
direct current waveforms except that of the 100 Hz—l0% duty cycle. Extending
th e , above analysis , the 100 Hz—l% waveform did not differ significantl y fr om
eIth er 10 Hz waveform based on the number of experiment ; analyzed , in sp ite
of visual impressions to the contrary exhibited by the averaged data of
Figure 1.

The t ime course of recovery from EA current is summarized in Figure 2.
The constant direct current waveform , again used as the basis for comparison
with our previous work (56,58) , d isplayed a partial diminution of hypoex-
citah ility during the first minute. However , th is intermediate elevated
threshold value was thereafter retained , there being no further tendency for
re; very of pre—EA lev els of excitabilit y over the post—LA interva l examined .
This behavior is analogous to our previous field—potenti al characterizations
in the tr i geminal complex of the brain stem (56). In contrast , with all
pulsating direct current waveforms , the threshold fell to much lowe r values
within the first minute , and , subsequent lv, disp layed a progressive tendency
to furthe r approach pre—EA levels in the- succeeding minutes. In the present
experiments , t i e  recovery period was not followed for extended periods of
t ime , in favor of col lec ting complete LA da ta  sets involving a greater number
of independe nt wavefurms .

DutI cycle Experimental Series. Figure 3 sutmnarizes the results of 16 experi-
ments in which a complete set of LA Intensity—stepp ing series data was
obtained for ali three duty cycles of interest. In seven of the 16 experIments ,
an inten sity—stepping series invoiving continuous direct current EA (100%
d u t y  cycle) constituted an additiona l final episode.

A n initial slight hyper excitabilitv was observed in most constant direct
ci rr e nt inten sity—stepp ing series at  low levels of LA (Figure 3), confirming

pr evious observations (59). The primary LA effect was a marked progressive
hypoexci ’abilitv prominent at interm edict e levels of LA but then reaching
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Figure 2. Averaged Data of the Relative Threshold of Single Pulp—Driven
Gangllonic Units Following LA Intensity—Stepping Series; Preliminary
E x p e r i m e n t a l  Series ( N - 1 2 ) .  Thresholds  of each individual uni t  were
normalized by comparison to its average values prior to initiation of
electroanalgesia.
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* maxima l effeitiven ess at the higher intensities investigated . The
averaged results for all e f f e c t i v e  d u t y  c y c l e s  were s imi la r  in general
features , but the magnitude of effects were strongly duty cycle dependent.
Hy p o e xc it a b i l i t y  was e ssentially absent for low EA intensities ( < 20 pA),
then became positively correlated with LA intensity for intermediate values
(;ii~ier~ ximately 20—70 pA) , and then reached maxima l levels for the highe r
LA Intensities studied ( .~~‘ 70 uA). The 1.00% duty cycle waveform lacked

-ct iveness at all EA intensities investigated . With the 3. 16% d u t y
c~ cle. n ot i c e a b l e  e f f e c t s  were not apparen t  u n t i l  i n t e n s i t y  levels of
50— te() pA . and did not exceed a two fold increase in threshold at LA
intensities of 70—100 pA. The 10.0% duty cycle and direct current (100%
dut y cycle) waveforms exhibited a pronounced positive dependence of hypo—
excitabilit y on EA intensity in the range of approximately 20—70 pA , at
wh iJi point the effectiveness became independent  of f u r t h e r  increases in
LA magnitude. Maxima l increases in threshold for the 10.0% and direct
current waveforms were in the range of 400—500% of control values.

The data characterizing the efficacy of various LA duty cycles was quantita—
tivelv anal yz ed using a fac tor ial analys is of var iance (70) to compare max imum
threshold elevations. The results of the analysis are summarized in Table IX.
Ne ither the interaction between duty cycle and intensity nor the main effect
for intensity approached significance (p > .10). The absence of an effect
for Intensity indicates a marked tendency of LA to reach maxima l effectiveness
In the range of 70—100 pA (the effects plateaued) . The plateauing phenomena
is evident to visua l inspection of the data of Figure 3 and has also been
noted in a previous stud y (59). The main effect for duty cycle was signi—
‘ icant (p < .05). A Schaff es test (70) was then performed to determine
the differences in ett eetl v en &-s s for the various duty cycles within the range
of 70—100 pA EA. The Schaffes test indicated tha t the 1.00% and

~~~~~ dut y cycle conditions were not distinguishable from each other , but
both of the latter waveforms were significantly less effective than the ~0.0%
duty cycle and direct current LA . There was no significant difference between
the effectiveness i f  the 10.0% duty cycle and continuous direct current.

The t emporal course of the averaged pulpal threshold data which occurred
during post—LA recovery periods is shown in Figure 4. The data indicates
tha t following termination of a11 LA waveforms studied , pulpal excitability
returned to near control level s after 1—2 mm with one exception . The temporal
profile of the 10.0% duty cycle data indicated a slight delay in recovery
when compared to the other waveforms , al though recovery was essentially
complet e eight minutes following termination of LA. The latter time course
is similar to that observed for the same waveform in the preliminary study
(59).

The time course of averaged pulpal thresholds following direct current LA
was somewhat unexpected in t ha t  normal e x c i t a b i l i t y  was so rap id ly  ad eyed ,
althoug h the number of experiments contributing to these results was small
in number (seven of sixteen). Previous averaged results involving continuous
direct current LA recorded under similar (41) or somewhat differing (40)
circumstances indicated a significant degree of post—LA hypoexcitability .
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• Figure 4. Averaged Data of the Relative Threshold of Single Pulp—Driven
Ganglionic Units Following LA Intensity-Stepping Series; Duty Cycle
Experimental Series. N—16 for pulsat ing waveforms and 7 for the cont inuous
direct current. Thresholds of each individual unit were normalized by
comparison to its averaged value prior to the initiation of electroanalgesia .
All data points were collected at 15 sec intervals for the first five minutes
following the termination of electroanalgesia and every one minute there-
after . Threshold record ings were discontinued when control values were
attained . -
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In this context , it Is important to note tha t the raw data from an ind ividual
unit during recovery as well as during LA was typically quite uniform but
there was considerable v a r i a b i l i t y  between ind ividual  u n i t s .  Similar  varia-
bility has also been reported by other workers (50). If a total block is
defined as a threshold elevation in excess of ten times the control value
and recovery as a return to within 25% of control exci tability, then the
prinary afferents observed to date can be assigned to one of two categories.
C ~ining previous (59) direct current EA data with the analogous data from
~~~ presen t inves tigat ion, all fibers (eight) which were not totally blocked
exh ibit ed recovery , whereas approximately half (four of nine) of the fibers
wh ich were totally blocked did not recover within the post—LA period of
measurement. These results are not apparent in the averaged data of Figure 4,
because in the present experiments fewer direct current LA stepping series
were included and of those completed only one of three fibers which underwent
total block failed to recover .

Frequency ExRerimental Series. Figure 5 summarizes the results of 16 experi-
ments in which a comp lete set of LA intensity—stepp ing series data was obtained
for all four pu lsa ting direc t current frequencies of interest as well as a
continuous direct current series for comparison . An initial hyperexcitability
was observed in most constant direct current intensity—stepping series at low
levels of LA current (Figure 5), conf irming previous observations (59). For
effective waveforms , the primary LA effect was a marked progressive hypoex-
citab ility prominent at intermediate and high levels of LA , the effects being
slightly concave to the time (LA intensity) axis. EA efficacy was strongly
dependent on frequency and EA intensity. Hypoexcitahility was essentially
absent for low LA intensities (< 20 jiA) for all intermittent pulse trains
except the 100 pps waveform , then became positively correlated with LA
intensity for intermediate values (approximately 20—70 iA), and in most instan-
ces , the effec tiveness plateaued for higher EA Intensi t ies  investigated
( > 70 pA). The 10,000 pps and 100,000 pps waveforms showed li tt le effec t
at any of the LA intensities investigated . With the 100 pps waveform , the
effects gradually rose to a level of 150% of control for intermediate and
high intensities and shoved a large increase to 200% of control thresholds
above 90 pA. The latter increase was essentially due to an enormous increase
observed in two experimental animals, and the remaining units exhibited the
plateau phenomenon . The 1000 pps frequency and the direct current waveform
exhihite ... a pronounced positive dependence of hypoexcitability on LA intensity
f o r  in te rmedia te  and high levels of LA s t imulat ion. Maximal increases in
threshold for the 1000 pps and direct current waveforms were approximately
400% of control values.

Changes in ~..u1pal unit thresholds were analyzed with the Repeated Measures
Analys is of Variance. For each waveform , all threshold readings for LA
currents of 70—100 pA were combined , as in the previous experimental series ,
to further examine the plateauing phenomenon . The main effects for both
intens I ty and frequency were significant (p < .05; p< .05, respectively),
but the interaction between intensity and frequency did not attain signifi-
cance (p.> .05). Therefore, Duncan ’s Multiple Range Test for Mean Difference
was calculated ror both the different levels of LA intensity and the different
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• Figure 5. Averaged Data of the Relative Threshold of Single Pulp—Driven
Gang l ion ic  Units Dur ing LA Intensity—Stepping Series; Frequency Experimental
Series. N—l6 for all waveforms examined . Thresholds of each individua l
u n i t  were normalized by comparison to its averaged value prior to the

I - initiation of electroanalgesia . All data points in each series were
r~corded at 15 sec intervals. Left ordinate (% of control threshold)
refers to data curves ; right ordinate (electroanalgesia intensity)
refers to the shadowed background .
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EA waveform frequencies. The 70 .IA condition demonstrated the least
th resho ld  e leva t ion . The 80 and 90 1.iA cond i t ions  bo th  were super ior  to
th e 70 .1A cond ition but did not differ within themselves. The 100 pA
condition proved to he the most effective of all four intensity levels.
In examining the differe~ t frequenc ies , it was found that the 100, 10,000 ,
and 100,000 pps condit ions demonstrated statistically similar and minima l
in~ luences on pulpal thresholds. In contrast , both the 1000 pps and contin—

i s direct current conditions generated a significant threshold elevation
w~ ich was statistically indistinguishable. Table X summarizes the a”alysis.

The main effect for intensity was somewhat surprising since it has not
appeared in previous ana lyses. A considera tion of the statistical validity
of t h i s  f i n d i n g  t he re fo re  seemed worthy of attention . The threshold incre—
ment was most unexpected at the 100 pA level. The 100 pps , 1000 pps , and
continuous direct current conditions all exhibited distinct threshold increases
at this intensity level. In returning to the raw threshold elevation data ,
the data of two animals stood glar ingly apart from that of the others.
Animal # 1 had a ra ther unusual pa ttern of threshold change in the 100 Hz
condition. While the anima l showed a threshold elevation of only 10% over
control through 90 pA , it suddenly was elevated to more than 800% over control
during 100 pA. Animal t~ 12 had a similar sudden shift in the 1000 liz condi-
ti on where in the last 15 seconds of the 90 pA level, its unit ’s threshold
jumped from 78% over control to more than 800% over control. These very
large threshold shifts may have been the sole basis for the main effec t for
intensity which the statistical analysis suggested . In order to test the
latter supposition , the data of these two animals were excluded and a re-
analysis was performed . In this analysis there was a significant interaction
between intensity and frequency [F=3.25 , d .f.~~(l2 ,l56), p < .05]. This
interaction reflected the single instance in which an effect for intensity
still was present , it being a difference between the 70 pA and 80 pA conditions
for t h e  cont inuous d i r ec t  c u r r e n t  cond i t ion . No other i n t ens i t y  c omparisons
yie lded a s i g n i f i c a n t  d i f f e r e n c e .

There exists an excellent a priori reason to exclude the data of these two
an imals. The temporal threshold profile described above is obviously
rem in iscen t of the ‘irreversible threshold ’ phenomenon which we have previously
IdentIfied (58). Therefore , af ter excluding the aberran t data Involving the
d ist inc t physiological phenomenon of irreversibility, the present data further
confirms the plateau phenomenon in the range of 80—100 pA LA. Data from the
duty cycle experiments also indicated plateauing was manifest at 70 pA , but
the phenomenon was not evident in the frequency or the preliminary experimental
ser ies until 80 pA.

The temporal course of the average pulpal threshold data which occurred during
post-LA recovery periods is shown in Figure 6. The data Indicates that
following the termination of 100 pps, 10,000 pps , and 100,000 pps EA, pulpal
ex c i t ; ib i l i t y  re turned  to near control levels after , at most , seven minutes.
The temporal profile of the 1000 pps data indicated a slight delay in recovery
when compared to the abovementloned waveforms , although recovery was essen-
tially complete twelve minutes following LA termination . The continuous direct
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Figure 6. Averaged Data of the Relative Threshold of Single Pulp—Driven
Ganglionic Units Following LA Intensity—Stepping Series; Frequency
Experimental Series. N—l6 for all i-iaveforms examined . Thresholds of
each ind ividual unit were normalized by comparison to its averaged value
prior to the initiation of electroanalgesia. All data points were collecte .
at 15 sec intervals for the first five minutes following the termination

• of electroanalgesia and every one minute thereafter. Threshold recordings
were discontinued when control values were attained .
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urrent data showed an even more p r o l o n g e d  post-EA hypoex citabi lity and never
did completel y r ecover  d u r i n g  the  o h se r vat  ion interval. It is important t (I
note tha t the durat ion of LA adm i ni st r i t ion using the present experimental
forma t is very short , includ ing on ly sevt ral minutes ‘it the  hig her LA
Intensities. Preliminar y data in -issocLition with anoth ’r stud y in our
laboratory indicates that continuous direct current stimulation maintained
for l onger periods results in pronounced irreversibility.

J1 . CUS S i & ’ .f l

The present results establish the feasibility of pulsating direct current EA.
The optimal waveform based on the dat i to date is composed of a train of mono—
phasic ;mnodal rectangular pulses of 10% duty cycle and frequency of 1000 pps.
At comparab le  peak intensities (and t herefore only 10% of the electrical power),
the l a t t e r  waveform produced blockades of pul pal affer ent activity statist i—
c-all y Indistinguishable from continuous direct current LA. Reductions in
duty cycle below 10% or the use of frequencies above or below 1000 pps produced
a pronounced roll—off in LA efficacy.

l)ata from the duty cycle series indicated an absence of a main effect for
intensity in the s t a t i s t i c a l  analysis of the data ranging from 70—100
indicating the presence of a plateau effect In thi s range for all duty (vcles
investigated . A s t rong tendency toward the p l a t eau  e f f e c t  was a l s o  no ted  in
the preliminary series and also in the frequency series If the data of two
units is omitted . Perusal of the raw data from individual experiments indicates
tha t most units tend to show a definite plateauing effect in the range of
70—100 pA , but the results are less conclu-ive in so’ne of the averaged data
d ue to the pronounced effect of a small number of units exhibiting wi ldly
ah e rr int behavior. The nature of the aberrant behavior is a sudden and
seemingl y irreversible enormous increase in threshold such tha t the units
cannot be activated at all , apparen tly the result of exceed ing the ‘irrever—
s l b f l i t v  threshold ’ which we have prev iously descr ibed (58). It appears that
the plateau phenomenon Is real , but its presence in the average data is
obscured by occasiona l interference of the ‘irrevers ibility ’ phenomenon.
The data Is presentl y being reanal yzed to properl y distinguish conclusions
f o l 1 i .~ing appropriate consideration of both the ‘plateau ’ and ‘irreversibility ’
phenomena .

Resu 1t-~ I n the Receptor Block program to date are profoundly significant
clini ca ll y . The data indicates that the use of a continuous train of rectan-
gular anodal pulses (a pulsating direct current waveform) of lO ’

~ duty cycle
and 1000 pps freq uency permits re tenti on of analges ia wh ile aff ord ing an
order i t  magnitude reduction in power and negligible irreversibility contin-
gencies , when compared to continuous direct current EA• Experiments scheduled
for the immediate future will test the efficacy of alternating current
wav4’torms , desirous because of decreased iontophoresis , and to verif y Receptor
Block LA at the perceptual level in Chronic experiments.
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hATING BLOCK LA: HUMAN PSYCHOPHYSIOLOGICAL EXPERIMENTS

A. Th’. Human work 01 the pr isent contract year was composed of two
distinct phases , Phase I and Phase II , both involv ing the use of
experlmt-ntal pain (electrical pulp stimulation; a second , independent
stimulus channel).

B. The Phase I studies wet o o ”’ ected ~o a prc~~iminarv survey of particular
electrode configur attoi s and sites of stimulation:

a) The use ~ two or three active LA electrodes were ineffective
when compared to the use of one active electrode (all electrodes
having identical area) using comparable current densities.
The refore, only one active electrode (4 mm X 4 mm) will be used
in a general re~ ion of stimulation .

b) Four orofaclal anatomical stimulus sites were examined in detail.
The two most effec -tive sites w- re the Mental Foramen and our
standard Intraoral Mucosa site near the test tooth which we have
used h lst or ic ,ill v. The Infraorhltal Foramen and Intraoril Salivary
Duct sites proved to be unsatisfactory.

C. The Phase 11 studies were composed of a quantitat ive comparison of
the Mental ~oramen versus the Intraoral Mucosa sites identified as
th e most effective in the Phase I work. This is an important consi-
deration because the Mental Foramen site is much more accessible .

a) Stimulation of both sites resulted in reduced pain responsiveness
in virtuall y ev e~~ test stimulus trial after induction . Intermediate
stages ot Induction were not as rapid using the Mental Foramen site.

h) Stimulation of the Mental Foramen site produced equivalent or
superior reductions in pain responsiveness judged by the magnitude
of the sensory c:itegp ry shift. Intermediate stages of induction
were not as rapid using the Mental Foramen site .

c) It was concluded that the Mental Foramen site c-an be substituted
for t h e Intraoral Mucosa site at the present stage of technique
development. Future work will permit better understanding and
hopefully significant improvements In EA induction .
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GATIN ( ; BLOC K EA: CHRONIC PSYCHOP H YSIOLOGICAL EX P ER IM ENTS

A. The work 1 the  p resen t  cont  ract v~ ar invo lved  the f i n a l  development
of the Chronic experimental model and the initiation of the first
def init ive experimen t~ l series testing LA .

The Chronic model features pulp stimul ation through imp lanted
el ectrodes as the source of pa in , th e application of LA through
separately implanted electrodes , the use of an acrylic head pedestal
for animal—equipment communications , the use of Automatic Shaping
procedures fer animal training, and the long—term monitoring of
pulpal stimulation tolerance using the Threshold Titration paradigm
of exper imental psychology.

~l The compl1cated series of training parad igms (Footshock , Pulp—
shock , and Threshold Titration are described In their fully
developed form , and the nature of the Chronic model is quanti-
tat ively characterized .

b) During th e present contract year the entire Aut omatic Shap ing
fac ility was placed under the control of a microcomputer system ,
greatly increasing the reliability compared to previous antiquated
appara tus.

C. The first definitiv e LA experimental series has recently been initiated ,
d irected to a survey of duty cycles using our standard stimulation
frequency and waveform (100 pps bid irectional rectangular pulse tr i m )
from prior human work.

a) To date , the data from twenty experiments has been anal yzed . The
results show that the LA stimulation dramatically increases the
tolerance to pulp stimulation .

b) The presen t data suggests tha t a large duty cycle of 31.6% may
prove to be somewhat superior to duty cycles of 10.0% and 3.16%. -

al though the experimental N is too small for definitive conclusions
at present.
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RECEPTOR BLOCK EA: ACUTE NEUROPHYSIOLOGICAL EXPERIMENTS

A.  The Acute experiments of the present contract year involved three
independent series , a preliminary series to test the concept of
pulsat ing d irect current Receptor Block LA , a series to identif y
the optimal duty cycle , and a series to identify the optimal
frequency.

a) The conduct of the latter two series required the design and
fabrication of a sophisticated high—frequency isolated pulse
generator .

b) The preliminary series demonstrated conclusivel y tha t the
pulsa ti ng direct current waveform permitted retention of analgesia
while virtually eliminating post—LA irreversibility, indicating
the significance of duty cycle and frequency for subsequent study.

c) The duty cycle series established that 10.0% was the optimal
duty cycle , as that value produced an afferent blockade indistin-
guishable from continuous direct current. Duty cycles of 3.16%
and 1.00% were less and less effective , respect ivel y. Irrever-
sibility problems were not manifest following termination of the
pulsating LA.

d) The frequency series established that the optimal frequency in
the range of 100 pps to 100,000 pps examined is approximately
1000 pps. This result is unexpected and profound because it lies
above the normal phys iological range for pulpal f ibers and fa r
below the value used by Limoge .
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