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SUMMARY

Pavison, James C., axp McCLURE, WiLniax O.: Inhibition of axoplasmic transport
l()y mescaline and other trimethoxyphenylalkylamines. Mol. Pharmacol. 9, 41-50
1973).

Following an intraocular injection of "H]L-proline, fast axoplasmic transport can be demon-
strated in the rat optic system by a flow of *H-labeled protein which moves from the gan-
glion eells of the retina at a rate of approximately 16 mm/hr. The injection of mescaline or
one of several trimethoxyphenylalkylamines inhibits the transport of labeled proteins
through the optic nerve. By using one eyeball containing the drug as the experimental eye
and the contralateral eye a5 a control, the degree of inhibition may be determined quanti-
tatively, allowing evaluation of dose-response eurves. Dose-response curves for the inhibition
of axoplasmic transport by mescaline, 1-(3 ,4,5-trimethoxyphenyl)-2-aminopropane, and
1-(2,4,5-trimethoxyphenyl)-2-aminopropane have been obtained. Further experiments
with mescaline indicate that (a) the inhibition of fast axoplasmic tramsport produced by
mescaline in the rat optic system is reversible, (b) mescaline inhibits transport when applied
directly to the cat sciatic nerve, and (¢) mixtures of component pieces of the molecular
gkeleton of mescaline, trimethoxybenzene and ethylamine, have little activity as inhibitors
of fast axoplasmic transport in either the rat optic or cat sciatic nerves. Several of the
agents found effective as inhibitors of axoplasmic transport are known hallucinogens. The
hallucinogenic potencies of these drugs rank in the same order as their effectiveness as
antitransport agents.

sembled in the perikaryon, including proteins

. (1, 2), glycoproteins (3, 4), and small

Axoplasmic transport can be defined as ! : r

the active movement of materials from the :rmount:tgé RNA (gl' 61).' The importance of

nerve cell body, or perikaryon, through the h::srlgg ntly rgaten d 8 Esy?;gm function
. . @ een demonstrated experimen-

axon toward the synaptic terminal. Among tally (7, 8).

thitmatermls cameii }1)131; a.xo;;f.a.slxlm ¢ trans- Little is known about the mechanism of

port are macromolee which 8Ie 85~  gyoplagmic transport. At least two rates of

- transport are observed in most systems: a
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Health and CGrant NS 00082 from the National (9-11), and a faster rate ranging from about
Institutes of Health. 100 to 400 mm/day (1, 2, 12-14). Because of

1 Alfred P. Sloan Fellow in Neurosciences, the relatively short time scale I‘equired to
1972-1974, study the faster rates, fast axoplasmic trans-
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port is the better characterized. Fast axo-
plasmic transport is an active process which
derives its energy locally along the nerve,
and is blocked by various metabolic inhibi-
tors such as iodoacetate and dinitrophenol
(15, 16). Inhibition of axoplasmic transport
is also observed with two classes of anti-
mitotic drugs, typified by colchicine (17-189)
and vinblastine (20-22). These drugs are
thought to inhibit eell division through dis-
ruption of the microtubules of the mitotic
spindle (23, 24). Isolated microtubule sub-
units, designated as tubulin or microtubule
protein, bind colchicine and vinblastine at
different sites (25). Inhibition of axoplasmic
transport by colchicine and vinblastine has
been cited (17-19, 26) as support for the
hypothesis that the microtubules which are
always present in axons are involved in the
transport process.

In the past many biological processes have
been clarified using inhibitory drugs. We
believe that extension of the list of agents
which inhibit axoplasmic transport may
facilitate investigations into the mechanism
and funetion of transport. A rapid method of
assessing and quantitating the effect of drugs
on fast axoplasmic transport has been de-
scribed (27, 28). Using & modification of this
method, we have been screening drugs for
inhibition of the transport process. Through
examination of the structures of colchicine
derivatives which are both active and in-
active as inhibitors of axoplasmic fransport
(27, 28), the trimethoxyphenylalkylamines
were chosen a3 smaller molecules which
might retain the antitransport activity of
colchicine. Several drugs in this class, in-
cluding mescaline and various analogues,
have now been tested and found to be effee-
tive inhibitors of fast axoplasmic transport.

METHODS

Two systems were used to study the effects
of drugs on axoplasmic transport. Both
systems involved incorporation of [H]r-
proline into proteins of the nerve cell bodies
and the subsequent transport of *H-labeled
proteins down the perve. Inhibition of axo-
plasmic transport was inferred from a meas-
urable interference in the transport of labeled
materials through the nerve. Since different

eriteria for inhibition were used in the two
experimental systems, these will be dis-
cussed separately.

The rat optic system provided the more
convenient method of the two. The nerve
cell bodies of the optic nerve reside in the
ganglion cell layer of the retina, whick was
exposed to either labeled precursors or drugs
by injection into the posterior chamber of
the eyeball (27, 29). If a [*H]amino acid was
included in the injection, it was incorporated
into retinal protein which was transported
down the optic nerve at approximately 16
mm/hr and accumulgted at the two main
fiber terminalg in th¥ brain, the superior
colliculus and the lateral geniculate body
(30).

In a typical experiment a 225-g female rat
was anesthetized with sodium thiopental
(15 mg intraperitoneally). Into one eye (the
experimental eye) were injected 10 ul of
0.9% NaCl containing both the drug of
interest and 45 uCi of [2,3-*H|L-proline. The
contralateral eye (the control eye} was
treated with a similar solution lacking the
drug. The animal was killed after approxi-
mately 3 hr. The optic nerves were removed,
cut into 1-mm sections, and solubilized in

Soluene-100 by incubation overnight at room.

temperature; this solution was diluted with
seintillation fiuid prior to counting in a
Beckman LS-230 liguid scintillation spec-
trometer. Incorporation of "H}L-proline into
retinal protein was determined by homog-
enizing the previously weighed retina in
18 % trichloracetic acid, dissolving the resi-
due in Soluene-100, and counting an aliquot
of the resulting solution. When a drug was
insoluble in 0.9 % NaCl, a vehicle containing
equal volumes of 0.9 % NaCl and dimethy)-
formamide was employed. Control experi-
ments showed that injection of 10 ul of
dimethylformamide had no effect on either
axoplasmic transport or the incorporation of
["H|L-proline into retinal protein. Inhibition
of transport by a drug was detected by a
decreased level of transported radioactivity
in the experimental nerve with respect to the
control nerve.

A second procedure proved useful when it
was desired to expose only the axons of

neurons to the action of a drug. In this case .

(
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[
experiments were conducted with the sciatic
nerves of cats, using the surgical procedures
of Ochs and Burger (31) and Lasek (32).
Adult animals (2.5-3.5 kg) were immobilized
on a stereotaxic apparatus (33) after expo-
sure of both dorsal root ganglia. Into each
ganglion were injected 2.5 41 of 0.9 % NaCl
containing 20 uCi of [*HJi-proline. With the
aid of a mechanically driven micro-syringe
of our design, each injection was made
over a pericd of 10 min at a depth of
800 p through glass micropipettes of about
20-u diameter at the tip. Upon completion of
the injections, the wound was cleaned and
sutured. Immediately afterward both sciatic
nerves were exposed by making small inci-
sions in the skin at the hip joint at a location
just distal to the branch point of the gluteus
nerves from the main sciatic nerve trunk.
Using a 100-41 Hamilton microsyringe, the
drug was injected just under the epineurium
of one seiatic nerve. Drugs which were not
sufficiently soluble in aqueous solutions were
dissolved in & 1:1 mixture of 0.9 % NaCl and
dimethylformamide, of which 25 ul were then
injected. An appropriate control injection
was placed in the other sciatic nerve of each
anima). The incision was closed with a single
suture, and the animal was placed on a heat-
ing pad and allowed to recover. After 24 hr
the eat was killed and the sciatic nerves were
dissected free. The nerves were then trimmed
of small adventitious branches, cut into 3-
mm pieces, and solubilized in Soluene-100
(room temperature, 24 hr); the resulting
solution was diluted with scintillation fluid
before counting. The effect of a drug upon
transport was indicated by an accumulation
of transported radioactivity in the nerve sec-
tions proximal to the site of injection.

Malerials, Female rats of the NLR strain
were procured from National Laboratories,
8t. Louis. Sodium thiopental was purchased
from Abbott Laboratories. [2,3-*Hlu-Proline
HC| was obtained from New England Nu-
clear Corporation at a specific activity of 35
Ci/mmole and a concentration of 10 mCi/ml.
The tissue solubilizer, Scluene-100, was pur-
chased from Packard Instrument Company.
To prevent chemiluminescence from tissue
samples dissolved in Soluene-100, a scintilla-
tion mixture containing 9.15 g of benzoic

acid and 9.0 g of 2,5-dipbenyloxazole in 3.0
liters of toluene was emploved. Mescaline,
1,2,3-trimethoxybenzene, and ethylamine
hydrochloride were obtained from Aldrich
Chemical Company. The hydrochlorides of
1-{3,5 - dimethyoxy - 4 - hydroxyphenyl) -
2-aminoethane and 1-(3,5-dimethoxy-4-hy-
droxyphenyl) - 2 - (¥ ,N - dimethylamino)-
ethane, as well as the hydrobramide of
1(2,6 - dibromo - 3,4, 5 - trimethoxyphenyl) -
aminoethane, were generously donated by
Hoffmann—La Roche, Inc.

RESULTS AND ANALYSBIE

Quantitation of imhibition of fast azoplasmic
iransport. In the rat optic system an estimate
of the effect of a drug on transport may be
obtained by comparing the level of radio-
activity found in the experimental nerve
with that found in the control nerve (27, 28).
In some cases, however, drugs or experimen-
tal techniques cause differential incorpora-
tion of ¥H-labeled precursor from eye to eye.
It is possible to correct for such differences of
incorporation, since the appearance of radio-
activity in the nerve is directly proportional
to the smount of labeled precursor incor-
porated into retinal protein (see below). To
carry out this correction, we have defined
three parameters. The transport ratio (t)
compares the amount of tritiated material
found in the experimental and control
nerves:

- {cpm/mm experimental nerve),
{cpm/mm control nerve)

A t; value i3 obtained for each of the 7 pairs of
1-mm sgections taken at matched distances
from the eyeball. Sectioning error is reduced
by caleulating the mean (T) and standard
deviation for the values of {; . To utilize the
correction which ean be obtained from the
amount of [*H]precursor incorporated into
the experimental and control retinas, a pro-
tein incorporation ratio (P) is defined, in
much the same way as ; :

i

epm in experimental TCA residue/mg
p = " experimental retina
cpm in control TCA residue/mg
control reting,

where *“TCA residue” refers to the insoluble
residue of the retinal tissue homogenized
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in trichloracetic acid. With no depression of
transport in the experimental wperve, T'
should equal P. If, however, a drug depresses
transport without affecting incorporation of
the precursor, T will be smaller than P. Asa
eorrected measure of transport in the experi-
mental nerve we have defined a net transport
ratio (NT):

An NT value of 1.00 would indicate no net
depression of transport, while a value of 0.00
would indicate complete blockage. Interme-
diate values of NT would correspond to
partial blockage.

To test the validity of the corrections in-
volved in the NT parameter, we examined
data from a series of animals in which both
eyes were treated with solutions containing
[H]z-proline but lacking any drug {“no
drug” controls). We also considered animals
which received doses of mescaline which had
1o effect upon transport (25 pg), and animals
in which a purposeful imbalance was
achieved by injecting different amounts of
precursor into the two eyes, Since in all these
animals transport should have been un-
affected, the predicted value of NT' was 1.0.
The average experimental value of N7 was
1.01 == 0.05 (SD, N = 15). As T values for
these animals ranged from 0.03 to 1.74, the
NT function provides & satisfactory correc-
tion for differential incorporation of [*HJL-
proline into retinal protein.

In this system it is possible for the radio-
active precursor to generalize from one eye
through the bloodstream to the contralateral
nerve, Using & control in which [*H]u-proline
was injected into only one eye, with 0.8 %
NaCl in the other, the amount of radioactiv-
ity found in the optic nerve due to gen-
eralization was less than 2% of that found in
the control nerve.

To test the response of the parameters
defined to this point, 2 number of drugs were
examined in preliminary experiments. In all
cases in which the drug affected transport,
the values of f; decreased from the highest
value, in the section attached to the eye,
through intermediate values in the next 3
mm, to & plateau value which was found in

all sections 5 mm or more from the eye. The
value of {; in the plateau region was related
to the dose of the drug employed (see pis-
cussron), while the values of i; at points
nearer the eye were not. In order to avoid
systematic errors which would be introduced
into the data by this phenomenon, only &
values from sections of nerve at distances
greater than 4 mm from the eye were used to
caleulate values of 7' for the remaining ex-
periments presented in this paper.

With the caution expressed in the last
paragraph, the NT parameter should provide
a quantitative measure of the effect of a drug
on transport. To testt the response of this
parameter to drugs known to inhibit axo-
plasmic trapsport, 8 pg of vinblastine were
introduced into the experimental eye of one
animal, and 0.5 mg of colchicine into the
experimental eye of another. The resulting
NT values were 0.19 and 0.41, respectively,
in good agreement with previous quantita-
tive data (27, 28). To determine the sensitiv-
ity of the NT parameter to a drug known to
inhibit protein synthesis, cycloheximide at
doses ranging from 10 to 250 pg was included
in the experimental injection. All doses
depressed the incorporation of [*H]L-proline
into trichloracetic acid-insoluble retinal pro-
teins to approximately 10 % of the incorpora-
tion seen in the controf retina. NT values in
these experiments were approximately 1.0 or
greater, indicating no apparent inhibition of
transport.

Effects of mescaline and other frimethozy-
phenylalkylomines on fast axoplosmic trans-
port. Several trimethoxyphenylalkylamines
were examined for effectiveness as inhibitors
of fast axoplasmic transport in the rat optic
system. Specific compounds and the ob-
served depression of transported material are
presented in Table 1.

Using the NT parameter as a continuous

3 Compound I ie 1-(3,4,5-trimethoxyphenyl}-
2-aminopropane; 11, 1-{2,4,5-trimethoxyphenyl)-
2-aminopropane; I11, 1- (3,4, 5-trimethoxyphenyl)-
2-aminobutane; IV, 1-(3,5-dimethoxy-4-hydroxy-
phenyl)-2-amincethane; VI, 1-(2,5-dimethoxy-4-
methylphenyl)-2-aminopropane; VIiI, 1-(2,5-di-
methoxy-4methylpheny!}-2-aminobutane. In some
of the literature referenced in this paper com-
pound I is referred to by the abbreviation TMA,
11 by TMA-2, and VI by DOM.

.
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TasLE 1

Effect of structural onalogus of meacaline upon azoplasmic iransporl from the rat eye
Details of the measurements are discussed under METHODS.

Agent

Dose Net transport
NT}

(3,4,5-Trimethoxyphenyl)-2-aminoethane HCl (mescaline}
4,5-Trimethoxyphenyl)-2-aminopropsne HC1 (I)

4, 5-Trimethoxyphenyl)-2-aminopropane HCI (1I)
(3,4,5-Trimethoxyphenyl)-2-aminobutane HCL (I1I)

1.3

1-(3,
1-(2,
1-

1-(3,5-Dimethoxy-4-hydroxyphenyl}-2-amincethane HCl (IV)

1-(3,5-Dimethoxy-4-hydroxyphenyl)-2-(¥ , N -dimethylamino)ethane HCIL

)]

1-(2,5-Dimethoxy-4-methylphenyl)-2-aminopropane HCl (VI)
1-(2, 5-Dimethoxy-4-methylphenyl )-2-amincbutane HCl (VII)

1~(2,6-Dibromo-3,4,5-t.rimﬂthnxyphenyl)—2-aminoethane HBr (VIII)

E
o

v v e N N e
pREgonnenonys

%b‘
cosoopoosoooeseo
EREYIBBLSIIIRELE

o Interpolated from the data of Fig. 1.

scale of the inhibition of transport, it is
possible to evaluate dose-response eurves for
compounds of interest. Dose-response curves
have been evaluated for 1-(3,4, 5-trimethox-
yphenyl)-2-aminoethane  {mescaline), 1-
(3,4,5 - trimethoxyphenyl) - 2 - aminopro-
pane (I), and 1-(2,4,5-trimethoxyphenyl)-2-
aminopropane (II) (Fig. 1). In this series of
three drugs compound II is a more effective
inhibitor of azoplasmic transport than I,
which in turn is more effective than mesca-
line.

Although not shown in the data of Table 1
or Fig. 1, the drugs tested in this study can
affect the incorporation of precursors.into
proteing of the retina if sufficiently high
doses are employed. For example, doses of
mescaline in excess of 1.0 mg reduced the P
parameter, although lower doses produced no
consistent change from the expected value of
1.0. Compounds I and II were less effective
in reducing incorporation. These agents pro-
duced & measurable reduction in the P
parameter cnly at the highest doses tested
(1.5 mg).

In order to see whether the entire molecu-
lar skeleton of mescaline was needed for an
effect upon transport, an experiment was

performed in which the experimental injec-
tion contained 1,2,3-trimethoxybenzene and
ethylamine hydrochloride, each at molar
levels equivalent to 1 mg of mescaline. In $his
experiment depression of neither transport
(NT = 0.98) nor incorporation of precursor
into retinal proteins was seen. “Breaking”
the molecule of mesealine between the alkyl
chain and the aromatic ring effectively re-
moves the antitransport activity.

Effect of mescaline on axoplasmic transport
in cat sciatic nerve. All experiments done in
the rat optic system involve exposing the
nerve cell bodies to a fluid containing the
drug being studied. In this system transport
could be blocked through interaction of a
drug with some step intermediate between
the synthesis of protein ard the commitment
of protein to the transport process. To deter-
mine whether these drugs would interfere
with the transport of protein previously
committed to the transport process, several
experiments were conducted in which drugs
were applied directly to sensory axons of the
cat sciatic nerve. As described under
METHODS, injections of 25 ul of a vehicle with
or without a drug were introduced under the
epineurium of the sciatic nerve after previous
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MESCALINE

[+£.]1 8
&N,

3 i
enyo. "y i
cHgO s '
H
i
i
i
b

o.5p

NET TRANSPORT RATIO (NT)

- o
-~
L) T

os|

[ 1. .

[
DOSE (MG}

Fi16. 1. Dose-response curves for inhibition of
Jast azoplasmic transport by mescaling (fop frame),
compound I (middle frame), and compound 11
(bottom frame}, using the NT parameior as net
measure of transport in experymenial nerve

Dashed lines intersect each curve at an NT
value of 0.50 to indicate the relative dose of each
drug required to produce 50% inhibition of fast
axoplasmic flow. These lines correspond to a dose
of 0.40 mg for mescaline, 0.32 mg for I, and 0.17
mg for I1. For a discuasion of the NT parameter,
see the text.

injections of [*H]r-proline had been made
into the L; dorsal root ganglia. During the
course of the experiment the PH]L-proline is
incorporated into protein in the ganglion
cells and transported down the sciatic nerve
at a rate of approximately 400 mm/day
(34, 30).

The criterion used for blockade of trans-
port was the accumulation of fransported
radioactivity at the site of injection of the
drug, on the side nearer the ganglion. No
secumulation of radioactivity was seen when
injected solutions contained either 0.9%
NaCl or a sclution composed of equsl vol-

umes of dimethylformamide and 0.9 % NaClL
Injection of 0.1 mg of mescaline in 0.9%
NaCl also failed to produce accumulation.
However, large accumulations of radicactiv-
ity were observed in two identical experi-
ments when higher doses of mescaline (5.0
mg) were injected, using a vehicle of equal
volumes of dimethylformamide and 0.9%
NaCl (Fig. 2). The contralateral (control)
nerve of these animals received an injection
of a solution containing 1,2,3-trimethoxy-
benzene and ethylamine HCL, each in molar
amounts equal to 5.0 mg of mescaline HCI.
The amount of radioagtive material accumu-
lated in each control Aerve was 10-20% of
that found in the experimental nerves.
Mescaline exhibits an antitransport activity
when applied directly to nerve axons. This
activity cannot be accounted for by a similar

;

5

DPM/ 3mam Section Saofic Nevve

Distonee from Gangfia i

Fic. 2. BEffect of mescaline on azoplasmic trans-
port by sensory neurons of cal scialic nerve

Injections of [Hlu-proline were made into
the I, dorsal root ganglia of an adult cat (see
uMeTHODS). The desired drug was injected under the
epineurium of the sciatic nerve approximately 50
mm from the ganglia. Injections were made at the
center of the length indicated by the horizontal
bar. Injections of dyes indicated that the extent
of diffusion of the injected material was about the
length indicated by the horizontal bar. O——0O,
transported radioactivity in the experimental
nerve, which was treated with 5.0 mg of mescaline.
@ - —®, tranaported radioactivity in the contra-
lateral nerve, which was treated with an equi-
molar mixture of 1,2,3-trimethoxybenzene and
ethylamine HCl, each in melar amounts equiva-
lent to 5.0 mg of mescaline. Accumulsation of trans-
ported material was inferred from the radioac-
tivity in the peaks located proximal to the site of
injection and above a baseline established for each
perve by connecting the plateau levela of radio-
activity before and after the peaks of accumu-
lation,

‘
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dose of its component pieces, trimethoxy-
benzene and ethylamine.

Reversibility of inhibition of axoplasmic
transport by mescaline. By shifting the time
scale of the experiments in the rat optic
system, we were able to demonstrate that the
inhibition of transport produced by mesea-
line was reversible. Mescaline (1.0 mg in 10
ul of 0.9 % NaCl) was injected into one eye-
ball of & rat, using as s control in the other
eye a similar injection without mescaline. At
various times after these injections .PHlv-
proline in 0.9% NaCl was introduced into
both eyes. Three hours after injection of the
[*H]v-proline the rats were killed and carried
through the procedure described under
METHODS. Inhibition of transport was still
quite marked 24 and 48 hr after the injection
of mescaline, when net transport values (N T)
of 0.11 and 0.18, respectively, were observed.
At 96 hr, however, the NT' value had in-
ereased to 0.97, indicating that the inhibition
of transport had been completely reversed.?

DISCUSSION

Several antimitotic drugs of the class
typified by colchicine are effective inhibitors
of fast axoplasmic transport (17-19, 27).
Examination of the atructures of active
compounds, such as colchicine, colchiceine,
N-deacetyl-N-methyleolchicine (Coleernid),
and podophyllotoxin, as well as inactive de-
rivatives, such as colchicoside and picropo-
dophyllin, suggested to us that smaller
molecules such as the trimethoxyphenylalkyl-
amines might also inhibit transport. In sup-
port of this hypothesis, mescaline was found
to interfere with the transport process in the
rat optic and cat sciatic nerves. In addition,
several structural anslogues of mescaline
have varying degrees of effectiveness as
inhibitors of axoplasmic transport in the rat
optic system. Colchicine is thought to act by
binding to the subunit proteins of miero-
tubules to disrupt the filamentous structure
(35). Inhibition of axoplasmic transport by
colchicine has provided support for the hy-
pothesisthat mierotubulesareinvolved in the
transport process. If the mechanism of action

¥ Similar experiments using 1 mg of colchicine
in five rats were not completed because of the
death of all animals, presumably as a reault of the
colchicine.

of the antitransport activity of the tri-
methoxyphenylalkylamines is similar to that
of colchicine, it is possible that these new
agents inhibit fast axoplasmic transport
through an interaction with microtubule
protein. The fact that peripherally placed
mescaline ¢can inhibit transport in the cat
sciatic nerve supports this suggestion. Ex-
periments are currently under way to test the
hypothesis directly.
. The data collected in this study were ob-
tained primarily from an experimental gys-
tem based upon the optic pathway of the
rat. Experiments done in the rat optic system
to determine the effect of drugs on axoplasmic
transport have the advantage of being both
quick and quantitative. The results ocbtained
here, however, point up two factors which
must be considered when using the system.
First, there exists an experimental problem
in the 4 mm of nerve adjacent to the eye.
While the appearance of radioactive material
in the nerve sections further than 4 mm from
the eye may be completely depressed by
sufficient levels of a drug such as colchicine,
& component of radicactive material is found
in the first 4 mm regardless of the dose of the
drug employed. When transport in the ex-
perimental nerve is most severely inhibited
by colchicine, radioactive material in the
first four l-mm sections from the eye de-
creases exponentially to background levels
which are observed in the remaining sections
of the nerve nearer the optic chiasma. This
“extra’ component of radicactivity also
becomes apparent in the f; values of an ex-
periment in which transport is depressed to
a lesser extent by a drug in the colchicine or
trimethoxyphenylalkylamine classes. In such
a case the caleulated values of ¢; are not con-
stant across the nerve, as is the case with
“ng-drug” controls, but instead decrease in
the first 4 mm from the eye before reaching a
plateau value in the remainder of the nerve.
Because of these observations we have
chosen to neglect the first 4 mm of the nerve.
This procedure seems justified in view of the
fact that the #; values from these sections
yield no data which are dose-related, while
the plateau of ¢ values seen in the reniaining
sections is clearly related to the levels of drug
employed.

A second point concerning the experimen-
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tal system has to do with the use of the
specific activities of the experimental and
control retinas as corrective factors for in-
corporation of precursor. This practice was
introduced to correct for variations in the
amount of precursor injected into each eye.
The technique should also serve to correct
for imbalances produced by the presence of
the drug. As examples, the drug could ac-
tually inhibit some aspeet either of uptake of
the precursor into the retina, or of the syn-
thesis of protein. Of perhaps greater concern
with these agents, many of which are sym-
pathomimetie, is an alteration of the normal
vascular drainage of one eye, thereby result-
ing in a change in the amount of available
precursor. The correction procedure seems
well supported in control experiments, in
which a purposeful imbalance of labeled
precursor was achieved. The validity of the
correction in the presence of a drug which
may affect transport is not, however, estab-
lished by experiment. In such a case it seems
most reasonable to use the procedure as a
first-order correction, realizing that subtle
errors may arise in specific instances. Such a
second-order effect may be responsible for
the slight increase in the NT parameter seen
with mescaline at doses in excess of 1.0 mg.
In fact, the observed increase is a result of
overcorrecting T' with P; the caleculated T
values decrease smoothly to nearly zero at
doses of 1.0 mg or greater. At these doses,
however, mescaline also strongly depresses
the incorporation of precursor. This situation
results in a caleulated NT value which is a
ratio of two small numbers, and hence is
susceptible not only to experimental errcr
but also to secondary metabolic effects. Com-
pounds I and IT, both of which exert much
less effect upon incorporation than does
mescaline, have correspondingly less increase
in NT at high doses.

Finally, it should be pointed out that the
corrections involved in caleulating the NT
parameter cannot correct for variation in the
uptake of a drug by the retina. In practice
this means that a reliable quantitation of the
effect of & drug must be carried out by soms
means such as constructing a dose-response
curve or duplicating experiments to ensure
reproducibility. While this paper largely

presents the former alternative, both appear
promising.

Using the NT parameter s a measure of
the inhibition of transport for a given dose of
a drug, several structure-activity relation-
ships can be drawn from the data of Table 1.
The series I > mescaline > IIT varies only
in the substituent on the a-earbon of mes-
caline. The substitution of & methyl group at
this position, a8 in I, yields maximal activity.
Substitution of an ethyl group, as in IIT,
preduced a compound which is less active
than mescaline itself. The decrease in activ-
ity from the methyl to ethyl substitution is
also seen with the “structural analogues
1- (2,5 - dimethoxy - 4 - methylphenyl) - 2 -
aminopropane (VI) and 1 - (2,5 - dimethoxy-
4 - methylphenyl) - 2 - aminobutane (VII).
Replacing the p-methoxyl group of mescaline
with a hydroxyl group by conversion of
mescaline to 1-(3,5-dimethoxy4-hydroxy-
phenyl)-2-aminoethane (IV) has little effect
on activity. To assess the importance of the
intact molecular skeleton of mescaline, equi-
molar mixtures of 1,2,3-trimethoxybenzene
and ethylamine were tested in both the rat
optic and cat sciatic systems. High doses of
this mixture produced no detectable activity
in the rat optic system and only 10-20 % of
the activity in the cat sciatic nerve. Appar-
ently the intact molecule is more active than
the two pieces.

Several of the trimethoxyphenylalkyl-
amines found to inhibit axoplasmic transport
are known hallucinogens. Relative hallucino-
genic potencies in man have been deter-
mined for mescaline (1.0), I (2.2), II (17),
and VI (80) (36, 37). In several other mam-
mals, including the squirrel monkey (38) and
hooded rat (39), characteristic behavioral
changes induced by halucinogenic drugs
have been described. Drugs may be ranked
in order of their potency by the dose required
to elicit these behavioral changes. In both
the squirrel monkey and the hooded rat, II is
more effective than I, which was more effec-
tive than mescaline (29). These three drugs
have the same order of effectiveness as
inhibitors of axoplasmic transport (Il > I =
mescaline; Fig. 1). In addition, III, which is
less effective than mescaline as an inhibitor
of axoplasmie transport, is inactive as a
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hallucinogen in man at dose levels greater
than those required to produce a psycho-
tomimetie episode with I (40). While qualita-
tive comparisons show a correlation hetween
the effectiveness of some of these drugs as
hallucinogens and as inhibitors of axoplasmic
transport, quantitative comparisons are not
as easily interpreted. For example, VI is 5
times more potent than Il as a hallucinogen
in man, and is just slightly more effective
than II in inhibiting axoplasmic transport.
Using the dose required to inhibit axoplasmic
transport by 50 %, 11 is 2.4 times more ¢ffec-
tive than mescaline (Table 1). While in man
compound II is 17 times more potent a
hallucinogen than mescaline, it is only 3.4
times more potent than mescaline in produc-
ing behavioral changes in the squirrel
monkey (38). Even though these compari-
sons are made between species and using
various criteria of effectiveness, a correlation
seems to exist between the relative effective-
ness of several trimethoxyphenylalkyl-
amines as hallucinogens and ag inhibitors of
fast axoplasmic transport. It is possible
that the two effects may be related.

Our purpose at the outset of these investi-
gations was to test for drugs which would
inhibit fast sxoplasmic transport. Several
trimethoxyphenylalkylamines have been
found which exhibit this aetivity. Mescaline,
representative of these drugs, is an inhibitor
of axoplasmic transport in the cat sciatic
nerve as well as a reversible inhibitor of axo-
plasmic transport in the rat optic nerve.
Mescaline was also found to be much less
toxic than colehicine,® which has approxi-
mately the same antitransport activity in the
rat optic system. The trimethoxyphenylal-
kylamines further extend the list of drugs
known to inhibit fast axoplasmic transport.
It is hoped that with a selection of such drugs
a3 tools, progress may be made in our under-
standing of the biological function and mech-
anism of axoplasmic transport.
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SUMMARY

Yopa, ATsunosu: Structure-activity relationships of cardiotonic steroids for the in.
hibition of sodium- and potassium-dependent adencsine triphosphatase. I. Dissocia-
tion rate constants of various emzyme—cardiac glycoside complexes formed in the
presence of magnesium and phosphate. Mol. Phermacol. 9, 51~60 (1973).
The dissociation rate constants (ks) of cardiac monoglycoside-(Na*t + E*)-ATPase com-
plexes in the presence of magnesium and inorganic phosphate were determined by
enzymatic assay after dilution. Among various cardiac monoglycosides, ks was dependent
on the nature of the sugar and the temperature but not on the steroid. The 3"-hydroxyl
and the 5'-a-methyl group of the sugar markedly influenced the stability of the complex.
The order of stability of cardiac monoglycoside-(Nat + K+)-ATPase complexes is the
following: L-rhamnoside > p-6-deoxyguloside = p-digitoxide > p-fucoside % D-6-deoxy-
glucoside. Methylation or acetylation of the 3"hydroxy} group decressed this stability.
These data indicate a sugar site on the enzyme, and they suggest that the 3’-hydroxyl is
bound to two groups at this site, a proton-donating group and a proton-accepiing group.
The 3'-e-hydroxyl binds to either group, but the 3/-8-hydroxyl and the 3'-a-methoxyl bind
only a proton-accepting group and a proton-donating group, respectively. The activation
energy of this dissociation was rather constant (20 keal/mole) with various eardiac mono-
glycosides. The rate-determining step of the dissociation might be a conformational change
of the enzyme, and it is suggested that the reaction order is the following: dissociation of
the sugar portion of the cardiac glycoside from the sugar site of enzyme, conformational
change of the sugar site, and dissociation of the steroid portion from the steroid site.

muscle and have been successfully used in
the treatment of heart failure. These com-
pounds are also specific inhibitors of sodium
and potassium transport and the membrane-

INTRODUCTION

The cardiosctive steroids exert a specific
and powerful cardiotonic action on heart
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bound (Nat - K+)-dependent adenosine
triphosphatase (EC 3.6.1.3), which is be-
lieved to be an integral part of this transport
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