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genate while more than 13% was present in liver. The small
proportion of 4'-THC-7-oic acid reaching the brain suggests the
possibility that it may exert most of its inhibitory action at sites
not in the central nervous system. If this is the case, it follows
that the major primary site of cataleptic action of 4'-THC could
also be located outside of the brain. This is supported by the data
in table 2 showing that the i.p. injection of PGE, and PGI, gave a
THC-like response in the ring test.

The finding reported here that a major metabolite of A4-THC
has in vivo biological activity that antagonizes the effects of the
parent drug should be considered in any studies with THC where
metabolism can occur. For example, pharmacokinetic studies
have yielded data which suggest that the plasma levels of THC
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do not correlate well with the intensity of its effects'®. Such a
self-generated antagonism as we have described for THC could
provide a basis for a lack of correlation except in the special
situation where THC and its antagonist are always present in the
same ratio at the site of action.

In terms of mechanism of action of THC, this report extends our
previous findings based on an in vitro model’. A role for prosta-
glandins in the pharmacodynamics of THC, thus, seems to be a
reasonable hypothesis. It is interesting to note that throughout
its long history cannabis has been considered to have anti-in-
flammatory properties'. These reports can now be better ex-
plained on the basis of the cycloxygenase inhibitory action of
A'-THC-7-oic acid® rather than A4'-THC itself.
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Development of high blood pressure in spontaneously hypertensive rats is delayed by treatment with cyclosporin at an

early age
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Sitmmary. In spontaneously hypertensive rats the effect of the T-cell inhibitor cyclosporin was studied at different ages. If treatment
was started at the age of 2 weeks the development of hypertension was delayed, but the ultimate level of blood pressure was not
affected. These results indicate the involvement of immune mechanisms in the early development of hypertension in spontaneously

hypertensive rats.
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In recent years immunological abnormalities have been reported
to be present in a strain of spontaneously hypertensive rats
(SHR) originally developed by Okamoto and Aoki'! by selective
inbreeding of Wistar Kyoto rats (WKY).

Cell-mediated immune responses, including mitogenic respon-
ses, are reduced in SHR. This suggests a selective suppression of
T-lymphocyte function in SHR, the cause of which may be a
natural cytotoxic autoantibody against T cells>®. This auto-
antibody occurs from the age of about one month onward, its
titer varying widely among individuals®3,

The role of the immunological depression in the development of
hypertension in SHR is as yet unclear, but restoration of the
immune responsiveness by transplantation of histocompatible
thymus tissues into neonatal SHR suppressed the development
of hypertension®. Administration of thymosin (fraction 5) to
young and adult SHR resulted in restoration of T cell functions
and lowering of blood pressure’. Since anti-rat-thymocyte serum
and implantation of WKY thymuses also proved capable of
reducing blood pressure in SHR, it is possible that hypertension

in SHR has an immunological basis®*!°. Results of cyclophos-
phamide treatment of SHR are as yet inconclusive, since the
observed decrease in blood pressure was accompanied by a re-
duced growth rate'! 12,

We report the effect of treatment with cyclosporin on the devel-
opment of hypertension in SHR. Cyclosporin is a nonpolar
cyclic oligopeptide immunosuppressive agent of fungal origin,
which appears to act specifically at the level of the T helper cell
and reversibly inhibits the production of lymphokines'*>.
Materials and methods. Male rats of strains SHR and WKY were
obtained from Central Breeding Laboratories TNO, Zeist, The
Netherlands. Adult animals (12 weeks old) weighed 180-200 g.
Young animals (4 weeks) were used after weaning, weighing
50-60 g, and before weaning (2 weeks old), weighing 20-25 g.
Systolic blood pressure was assessed in trained conscious rats by
the indirect method of tail sphygmography'.

Cyclosporin was administered by intragastric gavage, dissolved
in a mixture of 96% ethanol, Tween 80 and normal tap wa-
ter'™'®. The animals received a dose of 10 mg/kg/day, controls
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were treated in the same way with the vehicle only. Dose adjust-
ments for increase of body weight were made daily. During
experiments animals had free access to standard rat food and
normal tap water.

Adult animals. After being trained for blood pressure measure-
ment, adult (12 weeks old) SHR received cyclosporin or the
vehicle for ten days. Systolic blood pressure and body weight
were determined daily.

Young animals. Experiment a. Young SHR were weaned at the
age of 28 days and treated with either cyclosporin or the vehicle
from that day on for two weeks. On the same day, training for
blood pressure measurement was started. Systolic blood pres-
sure values were obtained on the 9th and following days of
treatment. Body weight was determined daily.

Experiment b. Cyclosporin or vehicle treatment was started at
the age of 14 days. Subsequently , at the age of 28 days, the
animals were weaned and training for blood pressure measure-
ment was started. Systolic blood pressure values were obtained
from the 11th day of training on. Body weight was determined
daily. At the age of 9 weeks, i.e. after 7 weeks of treatment,
treatment was discontinued, while body weight and systolic
blood pressure were monitored for one more week.

Experiment c. In this experiment exactly the same procedure was
followed as described for experiment b. However, instead of
SHR, normotensive WKY control rats were used.

Data are presented as means + SEM. For statistical analysis
Student’s t-test was employed.

Results. Adult animals. Adult SHR of 12 weeks of age (n = 4-5)
were treated with cyclosporin for ten days. The condition of the
animals was not affected by the treatment as shown by a normal
body weight gain (21 & 3 g as compared with 22 +£4 g in con-
trols). Neither systolic blood pressure nor heart rate was affected
by the cyclosporin treatment.

Young animals. The results of the experiments a, b and c are
summarized in the table. When treatment of SHR was begun at
the age of 4 weeks no effect on the development of hypertension
or heart rate was observed. If cyclosporin treatment was started
at the age of two weeks, systolic blood pressure as measured
from the 25th day of treatment onward was siggificantly lower in
cyclosporin treated SHR than in controls (fig.). Blood pressure
increased in both groups but more so in the cyclosporin treated
animals, so that the difference in blood pressure gradually disap-
peared. Heart rates were similar in both groups. In 2-week-old
WKY cyclosporin treatment did not affect systolic blood pres-
sure, heart rate or growth rate.

Discussion. The present studies indicate that treatment of adult
and 4-week-old SHR with cyclosporin does not affect blood
pressure or heart rate. In the adult SHR this may be due to the
fact that the activity of T suppressor cells is completely inhibited
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Effect of cyclosporin treatment on systolic blood pressure of SHR. Data
are means + SEM of 6 rats per group. Administration of cyclosporin
(@—®@) and vehicle (O——O) was started at the age of two weeks. For
details see materials and methods. *p < 0.05; **p < 0.01.
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Effect of cyclosporin treatment (10 mg/kg b.wt, once daily p.o.) on body
weight, systolic blood pressure and heart rate of young spontaneously
hypertensive rats and Wistar Kyoto controls

Body weight Systolic Heart
blood rate
pressure

@ (mmHg)  (bpm)

Experiment a'

Controls 11545 188+ 2 470 + 14
SHR <

Treated 81 + 5% 185+ 3 483 £ 5
Experiment b’

Controls 250+ 4 210 £ 4 415+ 10
SHR <

Treated 241+ 9 207 + 4 432 4+ 10
Experiment c?

Controls 210+ 7 127+ 1 385+ 4
WKY <

Treated 189 + 13 126 £ 2 370 £ 12

Data are means + SEM of 4-7 rats per group. ' Results presented were
measured at the end of the 2-week treatment period at the age of 6 weeks.
2 Results presented were measured at the end of the 7-week treatment
period at the age of 9 weeks. * p < 0.01.

by the thymocytotoxic autoantibodies** and the ensuing im-

mune depression is not changed by treatment with cyclosporin,
which inhibits T helper cells'*!°. Probably, the same argument
holds true when cyclosporin treatment is begun at the age of four
weeks. Also at this age the autoantibodies are already present®>.
Interestingly, it appears that when SHR receive treatment which
cyclosporin from the age of two weeks onwards, the devel-
opment of hypertension in these rats is delayed (fig.). This sug-
gests a modest role for T helper cells in the etiology of high blood
pressure in SHR. At the age of two weeks in SHR the thymocy-
totoxic autoantibodies are not yet present. So far, it is not clear
whether cyclosporin treatment in the 2-week-old animals has
any influence on the occurrence of the autoantibodies.

The control experiment, in which 2-week-old normotensive
WEKY rats were treated with cyclosporin, indicated that the
delay in the development of high blood pressure is not caused by
an action of cyclosporin on blood pressure in general.
Although the body weight in one group of cyclosporin treated
SHR (table, experiment a) at the end of the experimental period
was lower than in the control group, the increase in body weight
and therefore growth was almost normal. The mean body weight
of this group of animals was also lower at the beginning of the
experiment, albeit not statistically significantly. This is sup-
ported by the observation of a normal increase in body weight in
SHR treated with cyclosporin from the age of 14 days on (table,
experiment b).

Tavolvement of the immune system in hypertension has been
shown in several other animal models. Hypertension induced in
rats by renal infarction could be transferred by administration of
whole viable lymph node cells to normal rats'®. Hypertension
following allogeneic renal transplantation in rats was effectively
prevented by cyclosporin treatment®. Furthermore, in human
essential hypertension immunological processes may be in-
volved, although it is not clear whether this involvement is pri-
mary or secondary?’. In addition, essential hypertension in hu-
mans has been reported to have a genetic basis with a significant
incidence in patients possessing HLA B§*>%,

In conclusion, the present study supports the notion that very
early in the development of SHR immunological mechanisms
may be involved in the events which result in an increased blood
pressure in this strain.
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Summary. Voltage-dependent K* channels are blocked by several drugs, including 4-aminopyridine (4-AP) and tetraethylammo-
nium (TEA). 4-AP is most widely used to localize K* channels in mammalian and non-mammalian nerve fibers, but 4-AP and TEA
alter various K+ channels and/or preparations in specific ways. The reason is not known, in part because dissociation constants for
4-AP and TEA have not been measured for nodal and internodal K channels in the same fibers. Smith and Schauf! showed that the
density of nodal versus paranodal K™ channels in frog nerves depends on fiber diameter. This size dependence was used to determine
the relative sensitivity of nodal and internodal K* channels to 4-AP and TEA, and to compare voltage- and time-dependent
activation. The results show nodal and internodal K* channels activate similarly. However, internodal channels are selectivity
blocked by 4-AP while TEA is more effective on nodal channels. A high sensitivity of internodal K™ channels may explain why 4-AP
improves symptoms in diseases such as multiple sclerosis.
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The drug 4-aminopyridine (4-AP) blocks the classical delayed
rectifier K* channel in nonmyelinated axons and amphibian
nodes of Ranvier and has been used to determine their distribu-
tion*”. In mammalian myelinated nerve K* channels are ex-
cluded from nodes®'°. Exposure of 2 mammalian internode in
demyelination results in the appearance of outward K* currents
and 4-AP sensitivity!™"". 4-AP prolongs action potentials in
immature and regenerating mammalian nerve'>'%1%152 How-
ever, sensitivity to 4-AP does not localize K* channels to nodes;
it indicates electrical and chemical accessibility. Immature and
regenerating fibers may lack nodal K* channels and differ from
mature nerve in the access of internodal channels to 4-AP. Po-
tassium channels are also blocked by tetraethylammonium
(TEA) and the relative effect of 4-AP and TEA varies. For
example, TEA does not affect many 4-AP sensitive mammalian
nonmyelinated or myelinated axons?>?' and is relatively ineffec-
tive on internodal K* channels'® 3223,

In animal models 4-AP restores conduction in demyelinated
blocked fibers'>152* and symptoms in multiple sclerosis (MS) are
improved by 5-20 mg 4-AP?%. Invertebrate axons and frog
fibers have dissociation constants of 0.5 mM?” and 10 uM®%’, and
1-mM 4-AP is usually used to detect K™ channels'®!%1%:20:26.25 [
MS patients plasma 4-AP Tlevels were about 1 uM. The small
amount of 4-AP needed could result from a higher sensitivity of
internodal K channels to 4-AP. Since K* currents and 4-AP
access both vary, comparison of 4-AP sensitivity requires a sys-
tem where nodal and internodal K* channels can be voltage-
clamped, so a fiber serves as its own control. Nodal K* conduc-

tance in 16-18-um frog fibers is 20-30 % of the Na* conductance
and is increased by lysolecithin (LPC). In 8-10-um fibers there is
no K* current unless LPC is used!. This diameter-dependence
was used to compare K* channels. LPC-dependent channels
were more sensitive to 4-AP than LPC-independent nodal chan-
nels, while TEA acts primarily on nodal channels. The size-
dependent segregation of K* channels in frog fibers also allows a
comparison of K* activation. While similar, there is a slight
increase in the relative number of paranodal channels activated
at low voltages compared to nodal channels.

Methods. Single 8—10-um or 16—-18-um fibers of Rana pipiens
were voltage-clamped in 115 mM NaCl, 2.5 mM KCI, 1.8 mM
CaCl,, and 5 mM Tris"?*. Fiber ends were in isotonic KCI; pH
was 7.30; and the temperature was 18-20°C. Fibers were classed
as sensory or motor based on the initial rate of decline of the
action potential®'. Fibers were held at —80 mV*%. A 50-ms hyper-
polarization was followed by 10-ms depolarizations to voltages
between —40 mV and +100 mV. Leakage and capacity currents
were determined for each fiber and subtracted during ionic cur-
rent measurements. Currents were converted to conductances
using experimentally determined values for the Na™ equilibrium
potential and a calculated value of —97 mV for the K equili-
brium potential**3, Nodal and internodal resistances were
measured® because nodal capacitance determines exposed mem-
brane area and internodal resistance gives current. The Na*
equilibrium potential was monitored because internal Na*
blocks K* channels, leading to an apparent lack of K* conduc-
tance™. Data was used only if there was no change.



