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CHAPTER I
INTRODUCTION

The fundamental facts of ionization and electrolysis are well known,
An acid, base, or salt when dissolved in waier becomes dissociated into posie
tively charged ions, called cations, and negatively charges ions, called an-
jons, Such a solution will conduct an elentric current. If we intedduce into
it the positive pole (anode) and the negative pocle (cathode) from a voltage
source, & flow of current between these poles occurs by nature of the poten
tial and mobility of the ioniged substanées. |

Thus an electropositive ion in solution is attracted to the negative
pole (cathode) and the electronegative ion migrates to the positive pole
(anode), This follows the fundamental law of elsctrical charges that like
charges repel each other and unlike charges attract sach other., In this way
positively charged ions will accumulate in the region of the cathode and negae
tively charged ions will accumulate in the reglon of the anode,

A living organism, among other things, is essentially a solution of
many chemicals which dissociate ionically in the agueous media in which they
are dissolved, It is therefore a good conductor of elsctricity. If one elec-
trode from a voltage source is applied to a point on the body and the second
electrode applied to another part removed from the first, a current may be

passed through the circuit and the appropriate ions will accumulate at the
1
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appropriate pafas.. If a fairly large concentration of a positively charged
drug in aquecus solution is available at the anode of such a circuit, in this
case the "active electrode™, a certain mmber of such positive ions and there-
fore & certaln quantity of the drug, must be transported to the opposite or
negative pole, Such & process of application or introduction of a chemiocal or
drug substances into living tissues by using an electrical current, has been
termed iontophoresis,

Electrophoresis, by defimition, is a movement of a colloid (dispersed
phase) in the presence of an electrical field, with the dispersion mediumm held
constant, For purposes of this discussion electrophoresis should not be used
to describe the process of introducing chemicals into living tissues since it
is generally defined as a movement of colloidal substances while we are con-
cerned with soluable ionisable materials, Similarly, electroosmosis as a temm
should not be used since it is defined as a movement of a liquid (dispersion
medium) while the dispersed phase is held constant, In contradistinction to
some of the literature which has used these three terms interchangeably, we
wish to emphasize that in our opinion iontophoresis should be the only term
applied to this general process, Some degree of either or both elsctrophoresis|
and electroosmosis may take place when chemical agents are applied to the body
with the aid of an electrical circuit, but generally we apply ions in solution,
not colloids,

The introduction of drugs into the human body by means of an elegtrd
¢al current has fascinated medical physiaists for more than a century. Accords

ing to Mn (3_.9213 s such & form of medication was described as long ago as
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odine into tmﬁﬁaama in this way in 1833. Frankenhsuser (1906) in 1898 was
fery successful in introducing many drugs into the body by the usse of galvanic |
Jurrent. The general application of the theory, as a practical exercise in
theraveutics, must be oredited to leduc (1907), who, in a series of papers bew
(inning in 1900, brought it prominently before the medical profesaion.

Within the past twenty years there have developed, in gmrﬂ, thres
behools of thought as to events taking place dwring iontophoresis.

(1) Jontophoresis produces a purely local effect. Its penetration is
hot deep encugh to induce significant effects systemically.

| (2) The substance used in iontophoresis moves in & "tissue plane",
Fts movement through the body of the subject is due to the elactrical field set
[: between the two electrodes, and it follows this electrical plane more or

88 irrespective of blologlical media,
(3) Ionwpmmaia produces a systemic or remote effect, This ine

lves the penstration of the substance into the blood streams and its subse-
uant distribution %o all parts of the body.

Ve will review the avallable evidence for each of these theories,
L'mn though it is apparent that many of the articles relating to them do not
present well controlled scientific experiments,




IONTOPHORESIS - LOCAL EFFECT

Jurgens (1932) showed in his experiments that trivalent iron (ferrie
ghloride, ferric sulfate and ferric carbonate) readily passes through the skin
of the mouse under the influence of iontophoresis and was deposited in the sube
cutaneous depots. This was demonstrated by local tissue staining techaique,
No general body tissue studies were made.

Bredall (1939) attempted iontophoresis of copper with human patients
afflicted with cervicitis. He found that this procedure resulted in lining thel
vaginal part of thie cervix with copper crystals, It produced a local action
"|and presented an improved treatment for this disease. Haggard (1939) treated
thirty-seven human patients using iontophoresis with copper sulfate, locally,
for fungus infections of the feet. ﬁe obtained thirty-six recoveries. With
sevanty—eigh} hunan patients afflicted with epidermophyton infection, Jersild
(1939) performed local copper iontophéreais and obtained aaventy—aix.auroa..
Gunderson (19LO) claimed success in treating fungus infections with copper sule
fate using iontophoresis. Out of six patients, he described five recoveries.
[oreerwood et al (19L1) later reported ‘that iontﬁphomsis with copper sulfate
':a not the factor necessary for the clearing up of the infection, but that the

at itself was responsible, Solomon (1942) confirmed earlier work that iontoe
[phoresis with copper sulfate was very useful in treating dermatophytosis, He
cleared up the infection in thirty-three out of forty human patients using

local ion transfer therapy. He contended that the copper ions were deposited

locally in the skin to a depth sufficient to reach the fungus situated chiefly




free fungicidaf copper ions in the skin, which in turn produced a protein
precipitation, Iahey and Byrnes (1946) concurred with the success of the work
of early experimentors in regard to the use of copper sulfate by iontophoresis
gor fungus infections,

Harpuder (1937) maintained that penetration in human skin did not go
further than through the rete malpighii and in the region of the hair follieles
and coil glands as shown with methylene blue dye. He considered this an intraw
dermal form of therapy. The author carried out his studies on a number of hu~

‘ patients, Roskin et al (19L0) produced vital staining with iontophoresis.
E:nfound that penetration of methylene blue dye into the muscles of the mouse
required several successive days of treatment, Molitor (1943) held that drug
[sdministration by ion transfer produced long lasting local effects with a minie
pmum of systemic effects, provided the drug used was unstable in the body or was
repidly excreted, Samailov fl?hS) observed that experiment;s with ibntophnraeia
jof calcium into the eyes of rabbits indicated the probability of direct entry
jof calcium fons into the eyeball, The amount of calcium ilons thus sntering
could not be detected chemically, However the retinal tissue gave a character-
?Btic contrgctile reaction which is found with increased calcium concentration,
Pernshtein (1946) in his experiments with iontophoresis, on specific sensitive
1ty of eyes of animals infected with tuberculosis, found desensitization of the
lnfected eye tissues after iontophoresis with calcium, The work of Erlanger.
(1939) showed that iontophoretic medications in general were valuable in treate

ent of various pathological conditions of the anterior parts of the eye, Thau

%t al (1940) obmerved, with work on four human patients, that application of
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eye caused a general paragympathetic effect, slight narrowing of the palpehral
gisgure, decreased sige of the pupil and a persistent lowering of the intra-
ocular tension, Clark et al (1942) showed in extensive work with twenty-four
rats that penetration of sulfonamides through the intact skin was better when
used with electrical current than with any other means of local application,
Boyd (19L2) observed that iontophoresis with sodium sulfathiszole in rabbits
produced a threefold increase in the sulfathiszole concentration of the cornea
and the aqueocus humor when compared with the use of a simple corneal bath of
sodium sulfathiazole of equal duration, The final concentration of sulfathige
sole was measured by bioassay of the aqueous humor., Von Sallmann (1943) was
very succeaaful in introducing atropine and scopolamine into the eyes of thirtyp
four rabbits, ’I‘he concentration entering the eye was determined by the phare
macological effect on the eye, Vou Sallmann et al {19LL) found that iontophow
resis of penicillin into the eyes of rabbits increased the concentration of
penicillin in the agueous humor by ten times as much as the corneal bath of
penicillin without electrical current, Continuing with this work, Von Sallqu
(194L) observed that approximately the same concentration of penicillin and
sulfacetamide are found in the aqueous humor of rabbits after the iontophoretic
&pplication of a solution containing both their sodium salts as after the ione
tophoretic application of a sqlution containing the separate respective salt,
Culliman (19LL) found that iontophoresis with sulfathiazole offered a safe
method for the treatment of staphylococcus infections of the skin. It produced
4n increase in the local blood supply, Hemilton and Patterson (1946) disputed
the therapeutic effect of penicillin used in jontophoresis. They contended
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that it had been impossible, in the conditions described, to demonstirate any
govement of penicillin under the influence of the electric current., Work done
by Popkin (1946) agreed with the reports by Hamilton and Patterson that peni
eillin was not lonized and therefore would not pass through the skin., Bellows
et al (1950) found in .their work on twelve rabbits that aureomycin showed very
1ittle penetration into the agueous humor after local iontophoresis, However,
graimwell (1949) used iontophoresis with streptomycin for clinical ophthale
mology with great success, He treated four patients with uveitis and obtained
dmprovement in all four. Smith (1951) in a review states that the vae of lone
tophoresis for the introduction of certain drugs into the eye was based upon
sound scientific principles.

¥Montgomery et al (1938) concluded that acetyl-beta-methyl cbcilim
ghloride administered by iontophoresis increased the rate of peripheral blocd
flow but it was only on a loeal basis.v He reported these result.s} on three
patients, Abramson et al (19L42) ran experiments on patients using mecholyl by
jontophoresis, They noted an incrgase of blood flow even for some time after
the experiment was terminated due to vasodilation of cutaneous blood vessels,
Controls were run with this experiment, Smyth and Freyberg (19L2) treated
rhumatoid arthritis with vasodilating drugs by local iontophoresis in twenty-
eight human patients. Seventy-nine »r» cent of the patients were partially
relieved, Iocalized temporary inecreases in circulation were produced, Saylor
et al (1936) treated chroric kvaricose cvleers by iontophoresis with acetyl- betge
methyl choline and obtained twenty-five recoveries out of twenty-six patients,

Schmidt (1946) used histamine ion transfer over spastic muscles with great
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guccess in relief of local spasm, Abramson and Grosberg (19&9) made & comparie
gon of the anti histamine action of pyribenzamine and epinephrine introduced
gnto human skin by iontophoresis. They concluded that epinephrine was one of
the most powerful anti histamine drugs, one thousand iimes more effective than
pyribenzanﬁ.m.

Gordon and Darling {1949) noted that threshold values to electrical
stimulation of a suitable nerve muscle preparation were not altered after loeal]
jontophoresis of the muscls with de tubcburarins. Observations were made on
six rabbits and controls were run, Neuwirth (19L9) claimed as a result of his
experiments that curare extracts were moved into the tissue of human patients
by galvanic current, He stated that the skin of the iontophoresis area showed
vagodilation, This was contrary to the findings of Gordon and Darling as they
indicated there was no penetration of d. tubocurarine into the skin of rabbits,

In jontophoretic studies of skin of five human patients using extmi
of various grasses, Shilkret (1942) showed that the skin reaction following io:
tophoresis 1s parallel to that produced by intracutaneous injection.

Okunev (1935) in his investigations found when hydrogen ions were
applied by lontophoresis to experimental mics tumors placed between two slec-
trodes, the rate of growth of tumor tissue was retarded, Microscopic examina-
tion of tissues and the changes resulting therein indicated that the hydrogen
ions had penetrated a depth of 1,5 centimeters in these experiments,

Barakin (1939) found benefit in treating cases of neuralgia by local
lontophoresis with aconitin in human patients, He found an analgesic action

with an improvement in the circulation, Dancik and D°gr°£t (1951) used gale
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vanic current wmith saline applied to the positive pole over ecchymotic areas
pear the optic orbit of patlents, Experiments were done on forty human patienty
and forty very rapid recoveries were reported. They concluded that locally the]
positive pole with saline causes constriction of blood vessels while the nega-

tdve pole causes dilation,
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IONTOPHORESIS - ®TISSUE PIANE® EFFECT

Abramson et al (1937) observed after a series of experiments on hu~
pan patients that electrolytes seemed to hinder the electrical migration of
pistamine. He attiributed this to the lowering of the electro - kinetic poten-
gial of the skin. Abramson (1938) stated that histamine in an electrical fielq
goved into the skin due to a charge, He called this process electrophoresis,
e contended after experiments with patients using fontophoresis with ragweed
extract that the positively charged water molecules set up an electro - osmotid
stream through the pores of the skin, He found that histamine was transported
into the skin by application of the negative electrode. However, he was un.
sble to remove it on application of the negative pole to the same area, Abramd
son (1939) successfully introduced r@gweed extract inte the body of human pa-
tients. He pemmitted different quantities to be administered by varying three
parameters: a) electrode area, b) current and o) concentration of the solution,
Later (19L41) he described his electrophoretic theory of the transfer of rag-
weed pollen, It was mainly the "tissue plane®™ hypothesis. He also tried
administration of histamine and adrenalin into the skin of human patients. He
attempted to explain these results in terms of his electrophoretic theory.
Abramson in his later publications apparently looked on the mechanism of ion-
tophoresis as producing a systemic effect rather than being solely & local or
electrophoretic phenomenon,

Walser and Golan (1945), following the Abramson hypothesis, reported
the transportation of antigen by iontophoresis through the bodies of a chain of

three human subjects in the same circuit, The results wers considered positij
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Lby the pmduct‘ion of a gharacteristic wheal at the sensitizsd distal sits,
walzer and Golan (1946) performed further experiments in this vein one year
1ater. In this case they reported that the antigen had been transported
ghrough & chain of five human subjects by jontophoresis, The used five milli-

amperes of current for fifteen to thirty minutes, This transport was indicated

by the formation of a wheal in a previously sensitized site s on the subjeet who
Tu most distal from the area of local antigen- slectrode application, The
suthors contended that the antigen was not present in the circulation but moved

directly in a charged state along the path of the electric current between the
two poleS. ‘




JONTOPHORESTS - SYSTEMIC EFFECT

Kotkis and Melchionna (1935) used iontophoresis of acetyl beta methyl
choline chloride in eighteen dogs. They noted variable effects on the heart
rate, & fall in blood pressure, inocreased depth of respiration, marked saliva-
tion, bloody defecation and forceful urination., This was definitely a systemic
effect. Saline controls were used, Jacoby (1936) observed generalised vaso-
dilation, sweating, marked flushing, marked salivation and blood pressure fall
{n treatment of pelvic inflammation by iontophoresis with acetyl beta methyl
choline chloride in human patients, Martin et al (1937) used iontophoresis
with mecholyl in treating arthritis with thirty-six patients having infectious
arthritis and forty-seven having metabolic arthritis, Relief was obtained in
79 per cent of the metabolic form and 57 per cent of the infectious type,
Blood preaauré fall, increase in pulse rate, increase in persistalsis, diuresiq
and prolonged local sweating were noted during the experiments. Controls were
run using saline, Loman et al (1937) found that the administration of ﬂschalaj
by iontophoresis produced an alkaline mucous gastric juice as effectively as i
did when given by subcutaneous injection, The former treatment had the advane
tages of not causing so sudden a drop in bleod pressure, of having less explo
sive effects and of markedly increasing the period of time of secretory effacty,
Administration of prostigmine before iontophoresis of mecholyl enhanced the
effects of the latter. Work of this nature was done on ten human subjects,
Shortly afterwards Loman et al:(1939) found in ten patients that hypertension
produced by bensedrine sulfate was markedly reduced by iontophoresis with
mecholyl, In three out of eiys’. cases of senile hypertension the administra-
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kion of prostig&im prior to iontophoresis with mecholyl reduced the blood press

gure to normal, Montgomery et al (1938) found that iontophoresis in the dog
th acetyl beta methyl choline chloride produced predominantly systemic rather
shan local effects, It is noteworthy to mention that in similar experiments by
this group with human beings local effects prevalled as was mentioned in the
revious section, Macht et al (1948) treated six patients with fontophoresis
Ling acetyl beta methyl choline chloride. The iontophoresis resulted in a
lsignificant increase in blood flow of the hand manifested by flushing and sweati
4ng of the hand, They also used controls with saline where entirely negative
results were obtained. Abramson (1949) continued his work on histamine ion-
tophoresis with human patients suffering from multiple sclerosis reporting very
lsuccesaful therapy by this method,
Frey et al (1941) likewise held that the symptoms of multiple sclero
were lessensd by various lontophoretically administered vasodilating sub~
r:ncea. Kling (1940) showed that histamine administered by iontophoresis to
tients produced local vasodilation while achim.stration‘ of doryl showed a
Enter preponderance of systemic reactions.
Inove et al (1938) noted that in therapeutic application of hydro-
fluoric acid by iontophoresis in Basedows disease and hypertonia the bised pres.
Hlnn and the subjective symptoms were usually improved, Continuing wiih this
Fm'k » Inoue et al (1939) observed that iontophoresis with hydrofluoric acid de-

Wmasad the iodide and increased the fluoride in the blood. Caleium was a8light,

iy reduced, sodium and potassium were increased, magnesium was wnaltered and

Ebod sugar was decreased. Simisu (1941) used iontophoresis of a hydrofluoris
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acid solution m; normal rabbita and found the oxygen requirementa docreased
ug{zifioantly with each application, Mukhamedova et al (1938) treated one
hundred and forty rabbits for uterine hemorrhage of different etiology by ione
wophoresis with potassium lodide, With few exceptions the therapeutic results
were good, Experiments on rabbits showed the hemostatic result of the lonto-
phoresis to be due to an effect on the ovary increasing the production of lute
in. Bourguignon (19LL) introduced iodide, bromide, caloium, magnesium, iron,
potassium and sodium ions by iontophoresis into the eyes of five humans and ong
| pabbit, The retina was examined with an opthalmoscope. In all cases excapt
with sodium chloride solution or distilled water, there was vasodilation of the
retina and increase in peripheral blood pressure as measured in the arm, One
year later Bourgulgnon (19L5) observed tha action of calsium by lontophoresis
in the rat before and after hypophysectomy. He found in normal rats that pass

&

are of current with calcium produced turgescence of the graffian follicles
and homs of the uterus. In rats hypophysectomized five to ten days previously
no side effects were produced by the calcium iontophoresis, Barnett (1937)

showad that in five cases of bronchial asthma treated by transcevebro-spinal
iontophoyesis with calcium, permanent relief was obtained in three cases ex-
hibiting & functional type of disturbance and temporary relisf in two cases

showing chronic perihilar lesions, Dobrokotova (1946) experimented on human
skin with equimolar solutions of binary wixtures of adrenalin with codeine,

with quinine, with sodium chloride and with calcium chloride, For all of these
mixtures except codeine and adrenalin there was a spasa of the vessels, typim.L
of that produced by adrenslin, In the came of codeine and adrenalin there was
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no spasm of the vessels showing the predominating action of codeins, MNe f»herea-
fore concluded that the predominating action in iontophoresis is due to the
greater pharmacological activity of the substances rather than thﬁr physical
properties under the influence of the current.

Payns (1937) treated human patients for nasal allergic diseases by
jontophoresis with galvanic current and the symptoms were relieved promptly,
Ickowics (1937) observed that disodium hydrogen arsenate and nickel acetate
produced caryoclasis in the thymus when introduced into the organism by fone
tophoresis as well as ty subcutaneous in;}ection. Garb (1951) observed the efw
fects of various ions on mamnalian heart muscle, in vivo after iontophoresis,
These experiments produced electrocardiographic changes, Blood caleium cone
centration was increased by such iontophoresis and simultaneously E, K, G
changes and increased force of contraction of the heart were noted. Controls
were run in this set of experiments, Al'bor (19L1) noted in patients that
ginc iontophoresis prior to the injeciion of insulin gave a mbre even and some«|
what more gradual drop of blood sugar than insulin alone,

Fiessinger and Cajdos (1935) introduced histamine into the epigastrig
area of the abdominal wall by fontophoresis and found an improvement in the
general circulation of the patients. Ilevant (1935) used lontophoresis with
histamine in ninety arthritic patients., He reported excellent results for the
relief of pain and stiffness, Carfin and Pearl (1936) used iontophoresis with
histamine for treé.taent of hay-fever and allied conditions and reported that
all forty-six human patients so treated were relieved of their symptoms,

Abramson (19L8) administered histamine by iontopﬁuresia to patients
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afflicted with ﬁmultiple sclerosia, He reported considerabls suscess in hin
endeavor to alleviate the symptoms of this disease, The author noted a dew
crease of the diastollic and systolic blood pressures, and generalized secondary
flushes during the treatment,
We have tried to summarize the available 1iterature dealing with ine
dividual substances which have bsen used in iontophoresis and which have pro-
duced a spec_ific effect or effects, This list is found in table I,
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LIST OF SUBSTANCES USED IN IONTOPHORESIS

s

SUBSTANCE

LOCAL EFFECT

REMOTE EFFECT

;atyl choline

Acetyl bota methyl
choline ohloride

Ferric ions

[

Inorensed blood flow

Blood pressure effeots

-

Aconitine - Speeded up oirsuletion

Adrenalin - Blood pressure shanges

Adrenalin with quinine, Spasm of the blood vessels -

¥aCl and Mlm

Antigen Wheal formation Wheal effect

Atropine Pupll ohanges -

Aureomyoin Miorobiologionl inhibi- -

tion in looal fluids

Bromine - Vagodilation of the retina
and inoreasge of peripheral
blood pressure

Caloium - Vasodilation of the retina
and inorease of peripheral
blood pressure - also etrdu*
offects, turgescence and
congestion,

Copper Linea cervix of uterus, -

tissue penetration
Curare Vasodilation looally -
Perrous ion - Vagodilation of the retim

and inorease of peripheral
blood pressure
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i TABLE I (CONTINUED)
LIST CF 8338!&3388'0&32 IN IONTOPHORESIS
SUBSTANCE LOCAL EFPECT REMOTE EFFECT
FeCOy Histologinal penetration -
PeCl, Histologieal penetration -
Fo80, Histologlonl penetration -
Histamine Increased losal oircula=- General flushes
tion
Histamine & adrenalin Blanching of the skin - |
Hydrofluorie acid - | Inoreased serum Na, X and

F lons, deoreaged serum
Ca and I ions and
deoreased blood sugur

Hydrogen ions Inhibition of tumor -
. growth
Todine Vasodilation of the retina
and inorease of peripheral
blood pressure ’
Magnesium ions Vasodilation of the retina

and inerease of peripheral
blood pressure

¥echolyl Vasodilation of bloed  Alkmline muous gastric
vossels Juice sesretion
Methylens blue Staining of skin and -
muscles ,
Niekel acetute - Prodused. oaryocclusis |




Potassivm ions

Pyrivenzamine &
epinephrine

Ragweed extract
Scopolamine

Sodium ions

HﬂQHASOu

Streptomycin

Thiamine

Zine

Sodivwm sulfathiazols

Strychnine sulfate

-

¥Whealing in the skin

Whealing in the skin
Local pupil changes

L4

Yoroblological inhibi-~
tion

Presence in agueous
humor of eye

-
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TABIE I (CONTINUED)
LIST OF SUBSTANCES USED IN IONTOPHORESIS

SUBSTANCE IOCAL EFFECT REMOTE EFFECT
penicillin Microbiological inhibi. -

tion in local fluids
Penicillin & Microbiological inhibi- -

sulfacetamide tion in local flulds

Vasodilation of the rets
ina and increase of perw
ipheral blood pressure

L

-

Vasodilation of the ret-
ina and increase of per
ipheral blood pressure

Produced caryoclasis

-

eneral convulsions

Marked accelerated
pulse

Gradual drop of blood
sugar after insulin
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There ;.m no extensive reports in the literature where an attempt
was made to organize and summarize the available experimental work, Such a
gumuary has veen made here, From this survey we have presented the three most
common schools of thought concerning the effects produced by lontophoresis,

In addition, many of the experiments which have been summarized, do
not report the use of adequate controls, The only experiment listing chemical
jdentification in the tissues, of the substance used in iontophoresis, is that
of Inoue et al (1938).

Since there is such a wide divergence of opinion in regard to what
happens to drugs applied by iontophoresis and many of the experiments which
are described in the literature are poorly controlled, we decided to try to
clarify some of the differences which are apparent, For this purpose we under

took the present experimental study of the process of iontophoresis,




CHAPTER II
MATERIALS AND METRODS

Male and female albino rats of the Sprague « Dawley strain were used
4n this study. The animals were fed Purina Fox Chow supplemented by fresh
green vegetables and fresh meat at least once & week, The weight range of the
animals used was between éne hundred and fifty and three hundred grams,

Pentobarbital anesthesia was used for all experiments. It was pre-
pared by taking five hundred milligrams of pentobarital powder and diluting it
to one hundred milliliters with distilled water, The dosage range used was
thirty to fifty milligrams of pentobarbital per kilogram, intraperitoneally,

The iontophorésia apparatus consisted of two ninety wolt batteries
connected in series and with an ammeter and potentiometer for regulation of
current flow, A switch and the electrodes complsted the circult, The elec-
trodes consisted of wire terminals bound around a pilece of moistened cotton
and attached to the body of the rat. For convenience, the "driving electrode®;
the electrode where the material to be introduced was placed; was attached to
the front left foot of the rat, and the "receiving electrode"; the opposite
pole; was attached to the middle of the tail of the animal, approximately
twenty centimeters from the point of application, The cotton of the "reaeivi:u#
electrode” was moistened in all cases, The "driving electrode® and the "re-

21
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ceiving electrode® represented an area of approximately six square centimciers*
me substance to be applied to the "driving electrode® was measured with a
papette and carefully dropped on to the cotton, making sure none escaped into
the adjacent area and that the cotton was saturated, Five milliamperes of ocurs
pent for a duration of one hour was used in all cases, as the period of appli=
sation of the lontophoresis,

With radicactive tracers the "driving electrode” was prepared in the
same manner &s outlined. In addition, a piece of glass tubing was slipped
over the electrode area and sealed with paraffin at its innemmost end., This
gerved to prevent any superficial contamination of the adjacent tissuwes with
the radioactive materisl, Appropriate aqueous solutions of the radio-isotopes
were placed in the open end of the tube of the "driving electrode® by meaus of
a pipette, thus effectively molstening the cotton, which served as electrode
contact.

SAMPLES FOR CHEMICAL TESTS AND SPECTROPHOTOMETRIC MEASUREMENT
&) Blood Plasma

The blood of the animals was taken by cardiac puncture before and
after the experiment, one milliliter of the blood was collected each time, It
was collected in & heparinised syringe and centrifuged., The plasma was dramm
off in a pipetie.

b) Urine

The urine of the animals was collectsd by means of a beaker placed

under a metabolism cage. Five milliliters were collected in this manner durw

ing the course of five hours before and five hours after the experiment,
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¢) rpaceiving Electrode® Sample Preparation

The "receiving elecirode" cotton was washed with distilled water,
she washings were evaporated to approximately five milliliters,

SAMPLES FOR RADIOACTIVITY MEASUREMENT

The radiocactivity of each of the test samples was measured by counte
ing with an unshielded end window of a Ceiger Mueller tube-autoscaler. A com-
parison sample, which represented a suitable aliquot of the original solution,
was used as standard, This eliminated correcting for radiocactive decay., The
radicactivity of all of the samples was measured in the liquid state, employing
the method of Friedman and Hwme (1950).

After the lontophoresis was concluded, a series of samples were tak-
en from the animal for assay for radioactivity, 3pecimens for these test sam-
ples were taken from abdominal wall, blood, "driving electrode” bone, "driving
elsctrode” muscle, kidney, liver, "receiving electrode® cotton, "recelving
slectrode” tissue, thigh muscle, thyrold tissue and urine. Each sample was
weighed while wet. In the case where P32, Na2l and Cali> were used, they were
dgested with 10N sulfuric acid and gently heated until complete solution was
obtained, Each sample was then decolorized with 30 per cent hydrogen peroxide
The samples were made up to ten milliliters volumetrically. A one milliliter
Aliquot was taken, placed in & porcelain capsule four centimeters in diameter,
and radioactivity counts were taken, With I131 and labeled diiodofluorescein
the samples were treated as described except 30 per ecent potassium hydroxide
was gubstituted as the digesting agent in place of sulfuric acid,
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DYES USED IN JONTOPHORESIS

s) !e_f._tzﬁ.ene Blue Chloride

Five hundred milligrams of methylene blue chloride powder were
weighed out, dissolved in distilled water, and brought to a one hundred milli~
1iter volume with distilled water. This gave a final methylene blue chloride
golution of five milligrams per milliliter of solution at a pH of L.5. Three
milliliters of this sclution or fifteen milligrams of methylene blue were ap-
plied to the "driving electrode®, the anode, attached to the front left lsg.
Blood and urine samples were taken before and after the experiment. The plas~
ma of six animals, run under the same conditions, was pooled and examined by
the spectrophotometer for presence of the dye. The "receiving electrode”
washings were also examined spectrophotometriocally for the presence of the dye
The "receiving elsctrode” area was cbserved for any presence of the dye, The
animals were autopsied after the experiment to note any penetration of the dys,
b) Sodium Eosinate

The same concentration of sodium eosinate was used., Also the same
procedure for the preparation of the solution, its application and the collec-
tion of samples, was followed as described under methylene blue, The pH in

this case was L.8,

INORGANIC COMPOUNDS USED IN JORTOPHORESIS

a) Potassium Yodide

A 658 milligram sample of potassium jodide was weighed out and dis-
golved in one hundred milliliters of distilled water. The final solution
tﬁerefom contained five milligrams of iodide per milliliter of solution and
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was at a pH of 7.9. Five milliliters of the solution, or twenty-five milli-
grams of iodide, were applied to the "driving electrode®, the cathode, ate
gached to the front left leg. The remaining procedure was the same as previ-
ously outlined, The starch iodine test was used in an endeavor to detect io-
dine which had been transported by iontophoresis,

This test was performed following the procedure of Feigl (1947).
one milliliter of 2N acetic acid was added to one milliliter of the unknown or
the standard potassium iodide solution, This was followed by one drop of O,IN
potassium nitrite solution and one milliliter of 0.2 per cent starch solution.
In the presence of iodine a blue coloration appears, Sensitivity tests by
this method on urine, blood and distilled water samples to which a standard
concentration of iodide had been added, indicated that iodine in an amount of
five micrograms per milliliter could be detected,
b) Sodium Borate

A 1,2 gram sample of sodium borate was weighed out and dissolved in
one hundred milliliters of distilled water, The final solution therefore con~
tained five milligrams of borate per milliliter of solution at a pH of 9.0,
Five milliliters of the solution, or twenty-five milligrams of borate, were
applied to the "driving electrode®, the cathode, The remaining procedure was
the same as previously outlined,

The test used for the detection of borate was turmeric paper, A
drop of the teat solution, acidified with hydrochloric acid, is placed on a
strip of turmeric paper (three by seven millimeters) and dried at 100 C. A

red - brown fleck, which turns blue to greenish black on treatment with 1 per
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kent sodium hyd;oxide, indicated the presence of borate-~Feigl (1947). Sensi.
givity tests run here indicates a detection of concentration approximating 0.5
Ticrograna of borate per drop in wrine, blood plasma and distilled water,

T

liundred milliliters of distilled water. The final solution therefore contained|

) Copper Sulfate

Two grams of copper sulfate were weighed out and dissolved in one

five milligrams per milliliter of copper and was at a pH of 3.7. Five millili.
ters of the solution, or twenty-five milligrams of copper, was applied to the
sdriving electrode", the anode, The remaining procedure was the sams as previ-
ously outlined.

The o-tolidine ammonivm thiocvanate test was used for the detection
of copper. Ow-tolidine and ammonium thiocyanate solution (0.1 grams o~tolidine
and 0,5 grams ammonium thiccyanate in five milliliters of acetons) produces a

blue coloration in the presence of copper ions--~Feigl (1947)., Sensitivity ex-
periments run with this test indicated that & concentration of one microgram
per milliliter could be detected in urine, blood plasma and distilled water.
d) Mercsuric Chloride

A 676 milligram sample of mercuriec chloride was weighed out and disw
solved in one hundred milliliters of distilled water, The final solution
therefore contained five milligrams of mercury per nilliliter of solution and
was at & pH of 3.1, Five milliliters of the solution, or twenty-five milliw
grams of mercury, were applied to the "driving electrode", the anode, The re-
maining procedure was the same as previously outlined,

The test used for the detection of the presence of mercury was




27

H,mous chloride and aniline, A drop of the test solution is placed on N spot
plate followed by a drop of 30 per cent stamnous chloride solution and a drop
of 100 per cent aniline. A black to brown color indicates the presence of mere|
eury—Feigl (1947). Sensitivity tests run with this procedure indicated that
a concentretion of five micrograms of mercury per milliliter of solution in
arine, blood plasma and distilled water could be detecled.

ORCANIC DRUGS USED IN IONTOPHORESIS

a) Strychmine Sulfate

A three hundred milligram sample of strychnine sulfate was weighed
out and dissolved in one hundred milliliters of distilled water., The final 80~
jution contained three milligrams of stychnine sulfate per milliliter of solus
tion at a pH of 4.0, Thres milliliters of the solution, or uine milligrams,
were applied to the "driving electrode”, the ancde, The remaining procedure
was the same as previously outlined.

The appearance of typical generalized sirychnine convulsions would
indicate rather widespread strychnine penetration, Experimentally, in the
adult rat under thirty to fifty milligrams of pentobarbital per kilogram, it
required a subcutaneous injection of at least two milligrams of strychnine
sulfate to produce convulsions.

b) Picrotoxin

An agusous solution of three milligrams of picrotoxin per milliliter
was taken and acidified slightly with one drop of 10 per cent hydrochloric
acid, The pH of the solution was 3.0. Four milliliters of this picrotoxin

solution was epplied teo the "driving electrode”, the anode., This represented
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., total of twelve milligrams of picrotoxin., The remaining procedure was the
same as outlined previously,

Pharmacological response such as convulsions would offer evidence of
the penetration of the picrotoxin. Experimentally, in the rat anesthetized
with thirty to fifty milligrams of pentobarbital per kilogram, it required a
ginimum of 2,4 milligrams of pierotoxin to produce typical tonic-clonic convuld
sive seizures when given by subcutaneous injection,
¢) Nicotine

A three milliliter solution of nicotine sulfate at a pH of 5.6, con-
taining ninety milligrams per milliliter, was applied to the "driving elec-
trode"”, the anode, This represented a total of 270 milligrams of nicotine suld
fate. The remaining procedure was the same as outlined previously,

Evidence for the penetration of the drug would be pharmacological
response such as convulsions, fibrillary twitching in skeletal muscle and ra-
pid heart rate, Experimentally, in the rat anesthetized with thirty to fifty
milligrams of pentobarbital per kilogram, it required a minimum of sixty millid
grams of nicotine sulfate by suboutaneous injection to produce these effects,

d) D~Tubocurarine Chloride

Four milliliters of a twenty unit per milliliter solution of d-tub-
ocurarine chloride or a total of eighty units, at a pH of 5.0 were applied to
the "driving electrode®, the anode. The remaining procedure was the same as
previously outlined,

The sclatic nerve of the rat was exposed in the rear left leg and

slectric shocks were applied to it, Evidence for the penstration of the drug
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would be elicited by an increased threshold and abolition of the response.af
the leg muscle to the sciatic nerve stimulation, Respiratory paralysis would,
of course, also indicate general curarizing action., Subcutaneous injection
into the rat, under thirty to fifty milligrams of pentobarbital per kilogram,
of fifteen units of d-tubocurarine was found to be the smallest amount which
would produce depression and finally abolition of the response of the gastroc-
nemius musecle (to a standard electrical stimulus),
RADIOACTIVE SUBSTANCES USED IN IONTOPHORESIS

Radio~isotopes used were obtained from the Oak Ridge National Labor-
atory in Oak Ridge, Tennessee, The radicactive isotopes were usually obtalned
in solution., In all procedures two dilutions of this solution as delivered
were made - 0,1 milliliter of the stock solution diluted to one hundred milli.
liters with distilled water and 1,0 milliliter of the stock solution diluted
to one hundred milliliters with distilled water, Hadloactivity counts were
taken on both of these diluted samples and used as a basis for calculating the
per cent uptske of the material by the animal,

a) 223,

Approximetely thirty miorocuries of P32 as sodium phosphate in two
milliliters of water at a pH of 2,0 were placed on the "driving electrode®,
the cathode, in the manner already described, The routine period of lonto-
phoresis was then employed, and various samples were collected and counted as
described above,

b) 1131

Approximately one hundred microcuries of 1131 in two milliliters
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aqueous solutior: of sodium hydrogen sulfite at a pH of 11,5 were placed on the
lndriving electrode®, the cathode., The procedure u.sed for iontophoreais and
Pmdling samples has been described.

lo) na?h

Approximately fifty microcuries of Na2l in the form of sodium carbone
ate in two milliliters aqueous solution at & pH of 10.0 wereplaced on the
sdriving electrode®, the anode, Iontophoresis was carried out in the manner
already described.

a) Gal>

5ix hundred two microcuries of Cal‘s in the form of calcium shloride
in three milliliters aqueous solution at a pH of 4,0 were placed on the "driv.-
ing electrode™, the anode.

e¢) Labeled Diiodofluorescein

Approximately one hundred microcuries of labeled diicdofluorescein
in the form of the soilium salt in two milliliters aquecus solution at pH 7.9

wore placed on the "driving electrode”, the cafhoda.




CHAPTER III
RESULTS

1) Dye Experinents
) Methylene Blue
Methylene blue was added to urine, blood plasma and distilled water

{n a concentration of 0,3 micrograms, The spectrophotometric curves obtained
fyom urine and plasma are shown in figure 1 and figure 2, A maximum optical
density at 670 mu, was characteristic of all., Figure 1 and figure 2 also

show the result of spectrophotometric examination of blood plasma and urine
samples before and after ioxitophomaia with methylene blue, Since only a lim-
ited volume of blood plasma and urine could be obtained from each rat; the
blood plasma and urine from six rats, treated in the same wanner, was pooled
to make these curves,

In six experiments fifteen milligrams of methylens blue were applied
at the anode and the current was turned on for one hour at a flow of five
milliamperes, The urine was found to contain methylene blue as indicated in
figure 1, The peak in this curve corresponded to 0.13 micrograms of methylene
blue per milliliter of urine,

The pooled blood plasma after iontophoresis did not reveal the presw
ence of any methylene blue, at least not sufficlent to be detected by this
method-{see figure 2). The receiving electrode area (id not show any staining
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| Wlmg that of the dye,

rere pooled,
[plied to the cathode and the current was turned on for ons hour at five milli-

| addition, no eosin stain in the region of this electrode was seen. On dise

-
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On dissection of these rats, the front left leg, location of the
bariving electrode”, showed penetration of the dye into the subcutaneous tissue|
into the bone, The methylens blue staining appeared to be present for a

gtance of about one centimeter from the point of application.
An experiment was performed where the poles of the electric cirenit
L.g. reversed, In this case the methylene blue, a positively charged ion, was
¢ the negative pele. In this type of experiment, after iontophoresis, no
[p.ct.mphamtric evidence of methylene blus was obtained in urine or blood
a8, Autopsy studies did not reveal any evidence of dye penetration of the
sue locally.
b) Ecsin
Bosin, added to urine, blood plasma and distilled water in a concen-
tration of 0,3 micrvograms per milliliter, gave a maximus optical density read.
'an at 520 millimicrons, A distinct peak with urine was obtained at & concene
tration of 0, micrograms of sosin per =xdliiliter in uwrine. In blood 0,3 mice
rograms per milliliter of eosin was the smallest concentration to give a disw
tinct peak, Thia is indicated in figure 3 and figure L, 4s in the previocus
case after jontophoresis with asthylene blue, urine and blood plasma samples

In six experiments, fifteen milligrams of sodium ecsinate wers &pe

Wperes, No eoain was detected in the pooled blood plasma or urine samples,
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Jotion of these rats, the front left leg, location of the “driving electrods”

d faint and superficial staining, in no case as extensive as that obtained
howe
~ #m methylene blue, This staining appeared to be present for a distance of

DO5 G&ntimetero
Autopsy studies after an experiment with the poles reversed did not

feveal any evidence of dye penetration of the tissue locally.
Figure 3 and figure L shows the result of spectrophotometric examinaw

lson of blood plasma and urins samples before and after iontophoresis with

leosin.,
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2) Experiments With Inorganic Jons

ls) Potassium Jodide

€

Iontophoresis experiments were carried cut with a solution of potass|
jum icdide (twenty-five milligrams of lodide in five milliliters) applied to
the cathode at the front left leg, The current was turned on for ons hour at
pive nilliamperes, Blood plasma and urine samples were taken immediately be~
fore and after the experiment. P"Receiving electrode" samples were tested,
three experimental animals and three control animals were used, The poles of
the circuit were reversed on three additional animals, The results are repre-
sented in table II,
) Sodium Borate

Sodium borate (twenty-five milligrams of borate in five milliliters)
[vas applied to the "driving electrode®, the cathode. Reverse pole experiments
[vere also employed. Results are shown in table III.
le) Copper Sulfate
Iontophoresis experiments were carried out with a solution of cop-
Iper sulfate (twenty-five milligceams of copper in five milliliters) applied to
the "driving electrode™ which in this case war the anode, Reversed pole ex-
periments were also employed, The results are shown in table IV,
d) Mercuric Chloride
Mercuric chloride (twenty-five milligrams of mercury in five milli.
liters) was applied to the "driving electrode¥, the anode. Reversed pole ex-
Periments also were used, Results are shown in table V,
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TABLE II

STARCH ~ IODINE TEST AFTER POTASSIUM IODIDE IONTOPHORESIS

| )

BEFORE APTER BEFORE AFTER ELECTRODE
ANIMALS  MATERIALS APTER
3 K1 - - - - -
{oathode)
{anode)
(oathode)

(=) Indleates negative results,




TABLE IIX

TURMERIC TESTS AFTER SODIUM BORATE IONTOPHORESIS

Lo

|

URINE PLASKA RECEIVING
BEFORE APTER BEFORE  APTER ELECTRODE
ANIHMALS MATERIALS APTER
2 m284 07 - - » . -
(oathode)
2 mzsé 07 - - - -
{anods)
2 Saline - - - -
(cathode)

(=) Indicatee negative results,




TABLE IV
O~TOLIDINE - AMMONIUM THIOCYANATE TEST AFTER COPPER IONTOPHORESIS

URIKE PLASHA RECEIVING

BEPORE AFPTER BEFORE APTHER ELECTRODE
ANTMALS MATERIALS | ’ AFTER
(ancde)
{cathode)
4 Saline - - - - -
(anode)

(=) Indicates negative results,
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TABLE V
STANHOUS CHLORIDE TEST APTER MERCURIC CHLORIDE IONTOPHORESIS
o URINE PLASMA RECEIVING

ANIMALS HATERIALS

BEFORE

AFTER BEFORE AFTER  ELECTRODE

{anode)
2 HgCly
{eathode)
2 Saline
(anode)

]

}

" (=) Indicates negative results,
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3) Experiments With Organic Drugs

a) Strychnine Sulfate

Nine milligrams of strychnine sulfate in three milliliters of dis-
tilled water were applied to the "driving elsctrode", the anode, After approxm
imately twenty-five minutes typical strychrﬁ.na convulsions were seen, Results
Tn shown in table VI,
It was found ir. rats anssthetized with pentobarbital, that two millie
|grams of strychnine sulfate in one milliliter of solution by subcutaneous ine
jection produced convulsions similar 1o those observed in iontephoresis with
i:trychnine‘

) Picrotoxin _

Iwelve milligrams of picrotoxin in four milliliters of acidified waw
ter were applied to the "driving electrode”, the anode, Typical picrotoxin
[seizures resulted within fifty minutes, Results are shown in %table VII,

It was found by subcutanecus injection into rats, anesthetized with
pentobarbital, that 2.4 milligrams of picrotoxin produced symptoms similar to
those observed with the iontophoresis of picrotoxin.

¢) Nicotine Sulfate

Iwo hundred and seventy milligrams of nicotine sulfate in three millw
iliters of distilled ;rater were applied to the "driving elaectrode”, the anode,
Cardiac acceleration, muscular fibrillations and convulsive twitches were seen
within forty minutes., Results are shown in table VIII.

It was found by subcutansous injection that sixty-four milligrams

Produced responses similar to that observed in iontophoresis,




r
Lk
k) p~Tubocurarine Chloride
Eighty units of d-tubocurarine chloride (twelve milligrams in four
li11iliters of solution) were applied to the "driving electrode®, the anode,

pne sclatic nerve was exposed and arrenged for electrical stimulation with the

ual inductorium cireuit. Within sixty minutes, the muscle failed to respond
stimuli, respiratory standstill and death occured, Results are shown in
1s IX,

Subcutaneous injection of fifteen units of d~tubocurarine chloride
nto an anesthetized rat produced pharmacological response similar to the lone
wphoresis with eighty units,

Experiments on rabbits, using one hundred units of d-tubocurarine
lapplied to the "driving electrode®, the ancde, demonstrated the marked ine
lereased threshold values for electrical stimulation of a suitable nerve muscle

[preparation, This is represented in figure 5,




TABLE VI
STRYCHNINE EXPERIMENTS

Ls

||

ANIMALS SUBSTARCES AND ELECTRODE RESULIS
4 8trychnine sulfate (anode) Strychnine econvulsions
4 Strychnine sulfate Yo response
{eathode)
4 Strychnine sulfate No response
(no ourrent)
4 Saline (anode) No response




TABLE VII
PICROTOXIN EXPERIMENTS

Lé

\

ANIVALS BUBSTANCE AND ELECTRODE RESULTS
4 Plorotoxin (anods) Tonle-olonie
convilaions
4 Plorotoxin (eathode) No response
4 Plerotoxin (ne current) No response
4 Saline (anode) No response




TABLE VIIX
NICOTINE EXPERIMENTS

L7

}

ANTMALS SUBSTANCRS AND ELECTRODE RESULTS
4 ¥lootine sulfate Pibrillary twitohinge
(anode) of the skeletal musoles,
' slight generslired
sonvulsions and rapid
heart rate
4 Niecotine gulfate Ho response
(oathods)
4 Nicotine sulfate No response
(no ourrent)
4 Saline (anode) No response
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TABLE IX
D~TUBOCURARINE CHLORIDE EXPERIMENTS

ANTMALS SUBSTANCE AND ELECTRODE RESULTS

4 D=Tuboourarine chloride Severs respiratory
depression, inereased
threshold for stimilation
of the golatis nerve and
later failure of musaele

contraoction

4 D~Tuboourarine chloride No response
{eathods)

4 D~Tuboourerine chloride Yo response

(no ourrent)

4 Saline (mnode) No reaponse
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|) Experiments With Radicactive Substances

a) P32
In figure 6 the per cent uptake of the p32 by the various tissues

and samples is indicated., These results are based on the radioactive count of
tne P32 as found in the varlous tissues of the rat, as compared to the total
counts of the P32 which were applied-(Table X). In the case of the P2 the ine
{tial count was calculated to be 2,018,000 counts per minute for two millili-
ters of the solution as applied to the elsctrode, in this case the cathode.
§ithout using any current and applying the P32 to the "driving electrode”, ine
significant quantities were found in the tissues of the rat,

When reversal of the elsctrodes was employed -~ the anode being the
®driving electrode", only very small amounts of the P32 were detected in the
tissues. The low uptake of the P32 by the tissues is represented by the dark-
ened portion of the bar graph in figure 6.

b) 331 -

In figure 7 the per cent uptake of the I131 by the various tissues
and samples are listed. The results were tabulated in the same mamner as with
P32 (7able X). With I>% the total count was 5,111,L00 counts per mimute for
two milliliters of the solution as applied to the elsctrode, in this case the
cathode, After applying 1131 to the "driving electrode® without using any cur-
rent, small quantities were found in the various samples. This is illuatréted
by the darkened portion of the bar graph in figure 7.

With reversal of the electrodes, the anode being the "driving elec-~

trode”, only small amounts of 1831 were detected in the various samples,
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o) Na2l

In figure 8 the per cent uptake of a2l by the various tissues and
samples are listed. The resulis were tabulated in the same manner as with p32
and T131.(Table X), With Na2l the total count was 630,150 counts per minute
for two milliliters of the solution as applied to the electrode, in this case
the anode, After applying Na?l to the "driving electrode® without using any
current, small quantities were found in the various samples,

With reversal of the electrodes, the cathode being the "driving elecw
trode®, only small amounts of a2l were detected in the various samples, This
is shown by the darkened portion of the bar graph in figure 8,

d) Gaus

In figure 9 the per cent uptake of Cal‘s by the variocus tissues and
samples are listed. The results were tabulated in the same manner as with P32q
13131 gnd Nam‘-—(Table XI)., With Cahg the total count was 768,000 counts per
mimute for three milliliters of the solution as applied to the electrode, in
this case the anode, After applying cali> to the "driving elsctrode” without
using any current, small quantities were found in the various samples.

With reversal of the electrodes, the cathode being the "driving elecs

L

trode", only small amounts of Cnhs were detected in the various samples,
e) Labeled Diiodofluorescein

In figure 10 the per ocent uptake of labeled diiodoflurvescein by the
various tissues and samples are listed, The results were tabulated in the mn?
manner as with all the previous radiocactive substances-(Table XI)., With la-
beled difodofluorescein the total count was 3,076,000 counts per minute for twp
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|[silliliters of the solution as applied to the electrode, in this case the »oath-
ode. After applying labeled diiodofluorescein the the "driving electrode"
without using any current, sasll quantities were found in the various smmples,
With reversal of the elertrodes, the anode being the "driving elec-
trode®, only small amounts of labeled diiodofluorescein were detected in the

various samples.
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TISSUE DISTRIBUTION OF RADIO-ISOTOPES IN RAT
AFTER ONE HOUR IONTOPHORESIS

tton

1131 p32 Na2l
#(5,111,400 c/MIK.) #(2,0L8,000 o/MIX, ) #{630,150 c/MIN,)
c/MIN, £ UPTAKE GMIN, % UPTAKE o/MIN, % UPTAKE
[SAMPLES PER GRAM PER GRAM PER GRAM PER GRAM PER GRAM PER GRAM
priving electrode 56,484  1.3300 39,483  1.9270 1,184 0,1800
tissue
Prine 12,388  0.2870 14,946  0.7300 561  0.0820
Ppriving electrode 5,229  0,1210 7,946  0.3890 97 0.1260
bone
Thyroid tissue 10,255  0.2370 - - - -
Blood 2,293 0.0530 271 0.0132 565 0.0897
ver 816  0.0189 1,127 0.0833 263 0.0417
idney - L,172 0,027 1,189  0.0600 575 0.0833
tween elsctrode 719 0.0162 123 0.0050 274 0.0L34
tiasue
Indifferent tissue 724 0.0168 717 0.0037 241 0.0381
baceiving electrode 383 0.0086 32 0.0002 118 0,0187
tissue :
ceiving elsctrode 316 0.6 b i/ 0.0007 115 0.0183

F Total counts applied
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TISSUE DISTRIBUTION OF RADIO-ISOTOPES IN RAT

AFTER ONE HOUR IONTOPHORESIS

calts

#(768,000 c/MIN.)

o/MIN, PER % UPTAKE

LABELED DIIODOFLUORESCEIN
#(3,076,800 o/MIN.,)

¢/MIN, PER ¥ UPTAKE

SAMPLES GRAM PER ORAM GRAM __ PER GRAY
Driving elsctrode tissue 10,L04 1,.3980 2,325 0.0759
Urine 3,869 0.5038 L9t 0,0162
Driving electrode bone 3,217 0.4,188 258 0.008L
Thyroid tisaus L3 0.0060 179 0.0058
Blood 278 0.0362 N 0,0021
Liver 211 0.,0275 36 0,0011
Kidney 128 0.0167 33 0.0010
Between electrode tissue 37 0.00L8 3L 0.0010
Indifferent tissue 16 0.0021 25 0.0008
Beceiving elsctrode tissue 12 0.0016 8 0.0002
Receiving electrode cotton n 0.0014 b 0.0001

# Total counts applied
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CHAPTER IV
DISCUSSION AND CONCLUSIONS

The experiments with inorganic jons using chemical tests have not
|demonstrated any extensive penetration of these substances into the body of the
rat. This may be dus to the fact that the materfal does penetrate but is pre
Isent in the body in amounts that cannot be detected by the chemical means that
re used, This has been confirmed with experiments using p32 N 2[131, Wam‘,
oahs and labeled dilodofluorescein iontophoresis, where the presence of these
[substances in various tissues of the body after jontophoresis has definitely
peen demonstrated. It has been shown that these isotopes, as illuastrated by
their presence in diverse amounts in various organs, enter into the body meta-
jpolism, For example, 1131 introduced by iontophoresis appears in the .thyroid
|gland in amounta greater than any other tissue which was examined, This obviw
ously indicates a remote or systemic distribution,

Methylene blue dye, used in iontophoresis produced some systemic dis-
tribution., The presence of the dye in the urine after such experiments indie.
|cates this., Such a finding is definite evidence of a systemic effect. The

resence of methylene blus in blood plasma was not detected in these experie
nts, Again this may be present in concentrations that were too small to be
detected by the methods used.
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Two catdons; copper and mercury, two anions; iodide and borate,
could not be detected in a similar manner by chemical means even though fairly
sensitive chemical tests were used in the endeavor to detect them. Zosin, a
negatively charged dye, also did not appear to be present in either blood p}.aa-w
ma or urine, '

In the case of the organic drugs which were useé: strychnine, plcro~
toxin, nicotine and d-tubocurarine; all four of these positively charged chem-
icals produced clear cut pharmacodynamic evidence of their systemie distribue.
tion,

Using sirychnine, it required a subcutaneous injection of two milli-
grams to produce responses which approximated that of the animal under ionto-
phoresis in which a total of nins milligrams was used, We may estimate, there
fore, that approximately 22:per-cent of the applied strychnine was transported
by iontophoresis,

- With picrotoxin it required a subecutaneous injection of 2.4 milli
grams ¢8 produce sffects corresponding to those following iontophoresis where
twelve milligrams were applied, Mfefdm, at least about 20 per cent of the
appliéd piemtaxin appeared to be transported by 1ontaphomsia.

With nicotine it required a subcutaneous injection of sixty-four
[nilligrams to produce effects similarto those in the animal following ionto-
phoresis where & total of 270 milligrams were used, Again we may therefore es
timate that appromutsiy 2 per cent of the applied nicotine was transported
by iontophoresis, ,

© With d-tuboourarine it required a subcutaneous injection of fifteen
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units to produce responses in the rat similar to those produced following ion-
tophoresis where a total of eighty units werse applied, In this case it ap~
peared that a minimum of about 19 per cent of the applied d-tubocurarine was
transported by iontophoresis,

Gordon and Darling (1949) observed that the threshold values, to
electrical stimulation of a suitable nerve muscle preparation, was not altered
after lontophoresis with d-tubocurarine. Therefore, they believed penetration
vas limited. They used six rabbits in their experimental work, In the same
year Neuwirth (19L9) reported that curare solution was moved into the tissue ofl
human patients by galvanie current, Such penetration was manifested by local
vasodilation, 7This work did not report any effects on musele activity,

The results reported here in regard to d-tubocurarine are also in
contrast with those of Cordon and Darling, In our experiments the threshold
values for electrical stimulation of the nerve muscle preparation of the rat
and rabbit mre markedly increased and finally abolished during lontophoresis
with d-tubocurarine-(figure 5). In addition, depression of respiration and
death ensued in some cases., This is a demonstration of the systemic action of
d-tubocurarine introduced by iontophoresis.

8imilarly the pharmacological response of generalized tetanic con-
vulsions from the application of strychnine sulfate solution by iontophoresis
is an indication of its systemic effect., A similar result had been reported
by Ledue (1909), The phammacodynamic response with nicotine sulfate wa# also
an indication of its general systemic effect following iontophoresis, Picro-
toxin produced a general systemic effect where convulsions were clicited after
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its use by iontophoresis,

The only report in the literature where identification, in the re-
mote tissues, was made of the substance used in iontophoresis was that of
Inoue et al (1938), They obtained increased fluoride conceniration in the
blood using lontophoresis with hydrofluoric acid, Systemic distribution is
clearly illustrated here, We have added the five radioactive substances used:
p32, 1331, Na2l, cal and lsbeled diiodofluorescein and also the dye methylens
blus,

The finding reported hers, using iontophoresis with IL31l, gonfirm and
extend previous work in that the presence of iodine has been demonstrated nbt
only "in urine but in other body tissues, Using 1131, it was found to be depos
ited in various organs and tissues in a manner similar to that which would rew
sult if it were given by other routes of administration. The amount used in
iontophoresis approximated 7’.75 X 1074 miorograms per milliliter, This helps to|
explain the fact that nonradioactive inorganic iodine could not be detected by
chemical means, The total smount of the appliad 1131, a fraction of a mioro-
gram, was too small even to be detected by ordinary chemical tests,

Likewise, iontophoresis experiments with P32 ghow the penstration of
the material into the body systemically and deposition occured in & manner sime
ilar to that which would result had it been given by other body routes of ad-
ministration--(Hevesy, 19L8). Similarly, when Na2h was used, systemic effects
were noted, Distribution of the isotope throughout the rat after iontophore-
sis, was obtained,

Diiodofluorescein, containing radiodctive lodine, was demonstrated
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to be present in various organs after iontophoresis, The rather low uptake by
the tissues of this radicactive substance, probably can be atiributed to the

fact that it is a large molecule, much larger than the previous inorganic radi
oactive materials which were ﬁsod. The lower uptake bf radicactivity by the
thyroid tissue in the rat can be probably explained by the fact that evidently
there is little dissociation of the I331 from the fluorescein molscule.

cal'S was also found to be present in various body tissues following
jontophoresis. Its presence in comparatively high concentration in bone, aftey
such experiments, indicates its systemic effect., The conclusion to be reached
from the experiments that have been reported, especially those with the orgmic
drugs and radiocactive substance, is that such compounds under iontophoresis
undergo sufficient penetration and distribution so as to produce & systemic
effect. Such results lead us to compare iontophoresis effects te those follows
ing suboutaneous injection., The material is driven into the tissues and is
slowly picked up by the capillaries and carried to the general circulation.
Then it produces its phammacodynamic response on the part of the body where it
uwsually exerts such characteristic effects.

The question arose as to what charge the material should have for itd
optimal penetration into the tissue under iontophoresis, From experiments wity
dyes, methylene blue and eosin, m‘have obtained evidence of the significant
penetration of methylene blue, a positively charged dye, while with eosin, a
negatively charged dye, no such significant penetration was observed, It was
thought that since the outside of a living membrane bears a negative charge,

the repelling effect of this negative charge was responsible for lessened pene-
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tration of the negatively charged dye used in iontophoresis, However, with the|
radioactive substances we have seen that this relationship does not seen to
nold, I3l and P32, negatively charged isotopes, show a larger per cent uptake|
by the tissues after fiontophoresis than liaz’*, a positively charged isotope. On
the other hand C&hs, & positively charged isotope, demonstrates a greater per
cent uptake by the tissues after iontophoresis than I}31 or labeded diiodo-
fluorescein, negatively charged radicactive substances - (See table X and tablel
XI). Therefore, it appears that there is no direct comparison betwsen the
charge of the isotope and the ability of its penetration into the tissues, A%
least this hypothesis seems o be indicated with experiments on radicactive
substances.,

It has been shown in experiments with reversal of poles (using the
eleatrode which was opposite in charge to the material used in iontophoresis)
that under these conditions the uptake of the material by the tissues is mis
nute, This uptake with reverse poles ocompares very closely with the uptake by
the tissues in experiments where the drug was applied to the "driving elec-
trode" but no electric current was used, This constituted a control for our
experiments, We can conclude that the penstration of the drug is very similar
a8 far as these two experiments are concerned.

From purely physical and electrical considerations, the maximum move
ment of amions or cations is in the range of two centimeters per hour under a
potential gradient of one wolt per centimeter at 2500. However, for organic
materials, like the alkaloids, maximum ranges of movement are from 0.055 centi.

meters per hour under & potential gradient of one volt per centimeter.
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It does not seem possible that direct eleetrolytic ion tranafer; in
the intact animal, could take place to any great extent. At least such trans-
port does not seem likely to a sufficlent extent to cause systemic pharmacody-
namic effects by itself. We believe that the combination of introduction into
the tissues by electrical current followed by dissemination by way of the cire
culation will explain the results obtained, Certainly we cannot agree with mﬂ
assumption of Walser and Golan (1946) that antigen is transported through a
chain of five human bodies during twenty minutes of iontophoresis, by a solely
electrical phernomemon., Of course some, &s yet unexplained, biological mechan-
ism may be operative, Our experiments do not offer any support to this "tissue
plane® theory, The fact that tissues between the electrode, during iontopho-
resis, ascumulate an amount of radio-isotopes, similar to other indifferent and
remote tissues is positive evidence against such a theory.

We obtained certaln evidence of general or systemic effacts, espe-
cially with organic drugs which were used and with various radioactive sube
stances. From these results we would say that in general it seems that local
effects are hound to occur. We can hardly envision systemic effects without
at the same time producing local arsa effects,




CHAPTER V
SUMMARY

1) It has been demonstrated that methylens blue dye may be present in
the urine of the rat after appropriate fontophoresis with this dye, No methe
Ylens blue was found in blood samples or at distal sites, for instance the
recelving electrode,

Dissection of the tissue near the "driving electrode” revealed that

-methylene blue dye had penetrated into the underlying tissus and into the
bone %0 a totai distance of about one centimeter,

2) Eosin dye, after iontophoresis, in the rat could not be detected in

urine, plasma or receiving electrode samples, Dissection of the tissue near

the driving electrode showed only faint and superficial staining., The stain-
ing appeared to be present for a distance of about one-half centimeter,

3) Inorganic ions, copper, mercury, iodine, and borate, were not de-

tected by appropriate sensitive chemical tests, in blood plasma, urine and

receiving electrode samples following iontophoresis with the individual ions
listed.

k) Characteristic general pharmacodynamic responses were observed after

iontophoresis with all four of the organic drugs which were used--strychnine
sulfate, nicotine sulfate, picrotoxin and d-tubocurarine chloride,

67
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5) By actual physical laws the average maximum range of movement of the
anions and cations is in the order of magnitude of two centimeters per hour
under a potential gradient of one voit per centimeter at 25°G . For organiec
materials like the alkaloids maximum ranges of movement are much less,

6) The presence of P32, 1131, Na2l, Cah5 and labeled diicdofluorescein
has been demonstrated in various tissues of the rat following iontophoresis.
This distribution of the radioactive substances in the tissue resembles that
obtained whan isotopes have been given by other routes,

7) Reversal of the electrical pole at the "driving electrode® where the |
circuit pole was opposite in charge to that of the lons wnder investigation,
using methylene blue, strychnine, nicotine, picrotoxin, d-tuboourarine, P32,
1331, Na2l, calS and labeled difodofluorescein, resulted in little if any
systemic penetration into the tissues of the rat,

8) ' By leaving the same substance in oontact with the rat at the “driving
electrode® and using no iontophoresis, a result was obtained which was simi.
lar to that obtained using the same substance and electrical cirecuit pole of

reverse charge--namely little, if any penetration into the tissues,
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