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Muscarinic inhibition of [ 3H]-noradrenaline release on
rabbit iris in vitro: effects of stimulation conditions on
intrinsic activity of methacholine and pilocarpine
'Irene T. Bognar, Sylvia Pallas, Hermann Fuder & Erich Muscholl

Pharmakologisches Institut der Universitdt, Obere Zahlbacher Strasse 67, D-6500 Mainz, Federal Republic of
Germany

1 Rabbit isolated irides were loaded with [3H]-noradrenaline and superfused with Tyrode solu-
tion. The inhibition by the muscarinic agonists (±)-methacholine and pilocarpine of the
[3H]-noradrenaline overflow into the superfusate evoked by field stimulation (pulses of 1 ms dura-
tion, 75 mA) was measured as an index of activation of presynaptic muscarinic receptors.
2 The fractional rate of release per pulse during the first stimulation period (SI) was low with 360
pulses at 3 Hz, intermediate with 360 pulses at 10Hz and high with 1200 pulses at 10Hz. Upon
repetitive stimulation (7 periods at 20 min intervals), the fractional rates of release per pulse during
S7 no longer differed, suggesting a 'long-term' regulation of [3H]-noradrenaline release depending
on the stimulation conditions.
3 The evoked [3H]-noradrenaline overflow was depressed by (± )-methacholine in a
concentration-dependent manner. The EC5o ranged from 0.29 to 0.42pM. Methacholine nearly
abolished the transmitter release evoked at 3Hz but reduced that induced at 10Hz by only 50%.
Under the latter condition the methacholine concentration-inhibition curve was bell-shaped and no
muscarinic inhibition was observed in the presence of methacholine 30pM. After washout of meth-
acholine the evoked [3H]-noradrenaline release was temporarily enhanced.
4 Atropine 0.1 gm enhanced the [3H]-noradrenaline overflow (evoked by stimulation with 360 or
1200 pulses at 10Hz), probably antagonizing a presynaptic inhibition by endogenous acetylcholine.
The inhibition by methacholine was competitively antagonized by atropine 0.1 M (apparent -log
KB= 8.5-9.0).
5 Depending on the concentration, pilocarpine reduced the [3H]-noradrenaline overflow evoked
by 360 pulses at 3Hz up to 63%. However, at 10Hz stimulation frequency the compound was
inactive as an agonist but competitively antagonized the presynaptic inhibition induced by meth-
acholine. The KB under the latter condition (0.95 Mm) was very close to the EC50 value determined
at 3 Hz (0.85 pM).
6 The results demonstrate a muscarinic inhibition of noradrenaline release from the rabbit iso-
lated iris. The activation by pilocarpine of the presynaptic receptors provides an alternative expla-
nation for the miosis induced in the rabbit in vivo, which might be the result of a decreased
sympathetic tone in the iris dilator muscle.

Introduction

It is generally accepted that the miosis induced by an atropine-sensitive, concentration-dependent
topical application of parasympathomimetic agents manner (Boros & Takats, 1961; Yamauchi et al.,
is due to stimulation of postsynaptic muscarinic 1973; Salazar et al., 1976). Pilocarpine, however,
receptors on the iris sphincter muscle. This view is showed a very low intrinsic activity in contracting
supported by the finding that muscarinic agonists rabbit iris sphincter strips and competitively antago-
contract the isolated iris sphincter muscle in vitro in nized the contractions elicited by the full agonist car-

bachol (Akesson et al., 1983). This observation
'Author for correspondence. markedly contrasts with the effectiveness of pilocar-

© The Macmillan Press Ltd 1988



MUSCARINIC INHIBITION ON IRIS SYMPATHETIC NERVES 891

pine in reducing the pupillary size of the rabbit eye
in vivo (Bynke et al., 1985) and raises the question
about the mechanism underlying the miotic effect of
this compound. It was suggested that pilocarpine
may act indirectly by reducing the sympathetic tone
of the iris dilator (Akesson et al., 1983). This sugges-
tion was supported by unpublished results obtained
by the same group: in rabbits pretreated with
reserpine pilocarpine not only failed to produce a
miosis but even caused a slight mydriasis.
The occurrence of presynaptic muscarinic recep-

tors inhibiting noradrenaline release has been estab-
lished in virtually all peripheral tissues tested so far
(Starke, 1977; Muscholl, 1980). A physiological role
of the muscarinic inhibition is likely, at least in some
organs in which the stimulation of parasympathetic
nerves reduces the release of noradrenaline elicited
by simultaneously applied sympathetic nerve stimu-
lation (for review see Muscholl, 1980).

Histochemical studies on irides from several
species have shown that both dilator and sphincter
muscles receive a dual autonomic innervation (Laties
& Jacobowitz, 1964; Nilsson, 1964; Richardson,
1964; H6kfelt & Nilsson, 1965; Ehinger, 1966). The
sympathetic terminals in the iris sphincter of the
guinea-pig, for instance, represent about 15% of the
axons present in the tissue (Nishida & Sears, 1969a),
whereas the non-sympathetic nerve fibres in the
dilator muscle represent about 33% of the total
number of nerves (Nishida & Sears, 1969b). More-
over, Ehinger et al. (1970) observed membrane to
membrane contact sites between adjacent adrenergic
and cholinergic varicosities in the rat iris.
A detailed pharmacological analysis of muscarinic

modulation of the noradrenergic transmission in the
iris, however, is lacking. To our knowledge, only one
brief study provided evidence that sympathetic nerve
endings in the rabbit iris-ciliary body are endowed
with presynaptic muscarinic receptors, which
undergo considerable tonic activation by the
endogenous acetylcholine released during field
stimulation (Jumblatt & North, 1986).

In the present study we investigated the effects of
the muscarinic agonists methacholine and pilocar-
pine and those of atropine on the [3H]-nor-
adrenaline overflow evoked by field stimulation in
rabbit isolated irides. The tissue used included the
dilator as well as the sphincter muscles but was free
from the surrounding ciliary body.

Preliminary accounts of some of this work have
been given (Fuder et al., 1986; Bognar et al., 1987).

Methods

Preparation ofrabbit isolated irides
Rabbits of mixed strains (albino and non-albino) and
either sex (1.6-3.1 kg weight) were killed by a sharp

blow to the back of the neck and exsanguinated via
the left carotid artery. The eyes were quickly
removed and the irides, excluding the ciliary bodies,
dissected free as a ring containing sphincter and
dilator. For labelling of the noradrenaline stores,
irides were suspended for 30min in a glass tube filled
with 5ml of Tyrode solution (composition in mM:
NaCl 137, KCI 2.7, CaCl2 1.8, MgCI2 1.05, NaHCO3
11.9, NaH2PO4 0.42, D-glucose 5.6, (+ )-ascorbic
acid 0.057) containing IpCi ml-' of (-)-[7,83H]-
noradrenaline (specific activity: 11-15Ci mmol-1).
The tissues were then rinsed and placed horizontally
between two parallel platinum wire electrodes (2 mm
apart, 10mm length) in a 2nml jacketed organ bath.
The irides were superfused with Tyrode solution at a
constant rate of 2 ml min-1. The tubes, solution
reservoirs and the bath were gassed continuously
with 95% 2 plus 5% CO2 and kept at 37°C.

Design of experiments and determination of
stimulation-evoked [3H]-noradrenaline overflow

In order to wash out radioactivity not bound to syn-
aptic vesicles, the tissue was superfused for 65 min
before the first field stimulation period (SI) was
applied. A 'conditioning stimulation' (SO; same
stimulation parameters as in the rest of the experi-
ment) was performed 45min after the beginning of
superfusion. The release evoked by So was not deter-
mined. Generally, 7 field stimulation periods were
carried out at intervals of 20min (S1-S7), each con-
sisting of 360 or 1200 square-wave pulses (1 ms dura-
tion, 75mA current strength) delivered by a Grass S6
stimulator at a frequency of 3 or 10 Hz. The impulse
flow was monitored on an oscilloscope.
For the measurement of tritium overflow, the

superfusate was collected continuously in 5 min
samples commencing 5 min before S1. The tubes
contained 1M HCl (to adjust the pH to 2-3) and
1 mg ascorbic acid. One ml of the fluid was used to
determine the total tritium content and the remain-
der was subjected to column chromatography
according to Graefe et al. (1973) to separate
[3H]-noradrenaline from its tritiated metabolites.
Occasionally, the quantities of tritiated metabolites
were determined. The tritium activity was measured
by liquid scintillation spectrometry and corrected for
the counting efficiency by an external stan-
dardization method (scintillation cocktail: Instagel,
Packard Instruments). The values for
[3H]-noradrenaline and metabolite contents were
corrected for minor cross contaminations (Fuder et
al., 1982) and expressed as fmol referring to the spe-
cific activity of the [3H]-noradrenaline used for
loading. The stimulation-evoked efflux of tritium and
[3H]-noradrenaline (in fmol per stimulation period)
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was calculated by subtracting the mean basal over-

flow (calculated from the 5 min samples immediately
preceding and 15 min after the onset of stimulation)
from the overflow contained in the two samples
(10min) collected during and after the stimulation
period. The overflow of radioactivity evoked by
S2-S7 was expressed as a percentage of that evoked
by S1.

The testing ofdrugs and analysis of data

To test the effects of the muscarinic agonists meth-
acholine and pilocarpine on the evoked overflow, the
drugs were introduced (2-3 concentrations increas-
ing by a factor of 3 or 10) into the Tyrode solution
10 min before the respective stimulation period
(S3-S4 or S3-S5) and remained present for 20min.
Thereafter, the irides were again superfused with
drug-free solution until the end of the experiment.
The evoked overflows at S1, S2 and S7 were dis-
played in a co-ordinate system and fitted to a

straight line by regression analysis. Predicted over-
flows at S3 to S6 in the absence of agonist (predicted
individual control values) were estimated from the
regression lines. Concentration-response curves for
the inhibition of evoked overflow by muscarinic
agonists were constructed by expressing the evoked
overflow values at a given stimulation period in the
presence of agonist as a percentage of the predicted
individual control values. Total suppression of
evoked overflow corresponded to 100% inhibition.
The concentration of agonist at half-maximal inhibi-
tion (EC5O values of the agonist) was estimated
graphically from the mean curves.

In an additional series of experiments, meth-
acholine concentration-inhibition curves were

obtained in the presence of atropine (0.1 pM) or pilo-
carpine (50 M). The antagonists were added to the
superfusion solution 10min before S3 and remained
throughout the experiment. Two or three concentra-
tions of agonist were tested at S4-S5 or S4-S6,
respectively, in one preparation. Predicted individual
control values in the presence of antagonist were

derived from the regression lines between S3 and S7.
The EC50 values for methacholine in the presence
and absence of antagonist were estimated as

described above, and from the dose-ratio an 'appar-
ent dissociation constant' (KB) for each antagonist
was calculated according to the following equation:
KB = antagonist concentration/(dose-ratio - 1)
(Furchgott, 1972).
Drug effects on the spontaneous overflow of

[3H]-noradrenaline were investigated by comparing
the relative changes in basal overflow (with respect
to the first sample of spontaneous overflow)

occurring in the presence of drugs with those
observed under control conditions (drugs not added).

Extraction of tritium and [3H]-noradrenalinefrom the
irides

In order to calculate the fractional rate of 3H-
transmitter release per pulse, the [3H]-noradrenaline
content of the tissues was determined after the end of
experiments. In the first series of experiments, the
irides were homogenized in 3 ml HC104 0.4 M
(3 x 1 ml) for 1 min with an Ultraturrax at maximal
setting. After centrifugation (6,000 r.p.m. for 10min),
the total tritium and [3H]-noradrenaline content of
the supernatant was determined. In agreement with
previous observations on the rat iris (Jonsson et al.,
1969) the [3H]-noradrenaline in the rabbit irides
represented 95.2 + 1.4% (n = 7) of the total tritium
recovered by this procedure. This percentage was
used to calculate the [3H]-noradrenaline content in
further experiments in which the irides were
immersed overnight in 5ml HCl04 (0.4M) and only
the total tritium content of the extract was mea-
sured. The amount of tritium recovered after one
overnight extraction represented 99.8 + 0.02%
(n = 5) of the total tissue tritium i.e. the yield was
increased only negligibly by repeating the extraction
and measurement twice, followed by homogenization
of the extracted iris and determination of the remain-
ing tritium as described above.
The mean [3H]-noradrenaline content of the

irides was 15.9 + 0.2 pmol per iris (n = 14) under
various control conditions and did not differ signifi-
cantly between groups of different treatment. The
wet weight of an iris determined at the end of the
experiments ranged from 10 to 22mg.

Statistical analysis

Results are given as the mean + s.e. mean. Statistical
differences between means were determined by use of
Student's t test for unpaired observations and, if
more than one group of treatments was to be com-
pared, by analysis of variance followed by
Newman-Keuls test (for simultaneous comparisons)
or Dunnett's test (comparison with one control
group). Statistical differences between series of points
in mean concentration-inhibition curves were assess-
ed by modified t test according to Bonferroni (Wall-
enstein et al., 1980).

Drugs

The following drugs were used: atropine sulphate
(Boehringer, Ingelheim); (-)-[7,8-3H]-noradrenaline
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(Amersham-Buchler, Braunschweig); (± )-meth-
acholine chloride (Sigma, St. Louis); pilocarpine
hydrochloride (Boebringer, Ingelheim) and tet-
rodotoxin (Sigma, St. Louis).

2 a

I0

Results

Isolated irides preloaded with [3H]-noradrenaline
were subjected to 7 stimulation periods which con-
sisted of 1200 pulses at a frequency of 10Hz or of
360 pulses at either 3 or 10Hz. Albino as well as
pigmented irides were used in all experimental
groups. Neither the basal nor the evoked overflow of
tritium compounds under control conditions, nor the
effects of the various muscarinic drugs differed
between the two types of irides. Hence, the results
obtained with albino and pigmented irides were
pooled.

Overflow of 3H-compoundsfrom the resting and
stimulated irides

In the present study, the [3H]-noradrenaline over-
flow was chosen as an index of neurotransmitter
release from rabbit isolated irides. The total tritium
content of the samples, however, was always deter-
mined in order to detect any changes in the overflow
of the metabolites caused by the various drugs under
study. Additionally, the contribution to the total
radioactivity of individual tritiated compounds was
determined for the first three stimulation periods in
some of the control series of experiments. As an
example, the pattern of metabolites in the overflow
from irides stimulated with 1200 pulses at 10Hz is
shown in Figure 1.
The spontaneous overflow of [3H]-noradrenaline

in the collection period immediately before S1
accounted for 15.9 + 2.6% (n = 14, mean value
pooled from control groups) of the total tritium
overflow, although for an unknown reason the varia-
tion between different experimental groups was
rather large (Figures 1 and 2). 3H-O-methylated
deaminated metabolites (3H-OMDA) and [3H]-3,4-
dihydroxyphenylglycol ([3H]-DOPEG) comprised
40 and 30%, respectively, of the sum of all the
3H-compounds under resting conditions . [3H]-3,4-
dihydroxymandelic acid ([3H]-DOMA) and
[3H]-normetanephrine ([3H]-NMN) were only
minor metabolites, each contributing to the total
spontaneous tritium overflow by at the most 5%.

Field stimulation of the irides caused a marked
increase in tritium overflow which consisted mainly
of unmetabolized [3H]-noradrenaline. Upon stimu-
lation at 10Hz, [3H]-noradrenaline contributed
about 80% to the evoked increase in tritium over-
flow. The efflux of the main tritiated metabolites
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Figure 1 The effects of 7 successive field stimulation
periods (S1-S7) on the overflow of 3H-activity from 4
rabbit isolated irides. Time (min, abscissa scale) '0' cor-
responds to 70min after the end of the loading pro-
cedure (1yCiml1 [3H]-noradrenaline for 30min). The
irides were then superfused with Tyrode solution at a
rate of 2mlmin-'. When indicated by filled squares
1200 pulses (1 ms duration, 75mA current strength)
were delivered at a frequency of 10Hz. Values are

means (vertical lines indicate s.e. mean) of the amounts
of (a) total tritium, (b) noradrenaline and (c-f)
3H-compounds in the superfusate (5min collection
periods) expressed as fmol per 5min referring to the
specific activity of the [3H]-noradrenaline used for
labelling of the noradrenaline stores. Abbreviations:
NA = noradrenaline; OMDA = 0-methylated deami-
nated metabolites (sum of 3-methoxy-4-hydroxy-
phenylglycol and 3-methoxy-4-hydroxymandelic acid);
DOPEG = 3,4-dihydroxyphenylglycol; DOMA = 3,4-
dihydroxymandelic acid; NMN = normetanephrine.
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Figure 2 The effects of 7 successive field stimulation
periods (S1-S7) on the [3H]-noradrenaline overflow
from superfused rabbit isolated irides. When indicated
by filled squares (I, 1) 360 pulses (1 ms duration, 75 mA
current strength) were delivered at a frequency of (a)
3 Hz or (b) 10 Hz. Values are means (vertical lines indi-
cate s.e. mean) of the number of experiments in parenth-
eses. For further explanations see legend to Figure 1.

OMDA and DOPEG was also increased (Figure 1).
Stimulation at 3 Hz, in contrast, failed to affect the
overflow of the various 3H-metabolites (not shown)
but significantly enhanced that of [3H]-nor-
adrenaline (Figure 2).
The [3H]-noradrenaline efflux in response to 1200

pulses at 10 Hz was abolished in the presence of tet-
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Figure 3 The inhibition of the stimulation-evoked (360
pulses, 3Hz) [3H]-noradrenaline ([3H]-NA) overflow
from the superfused rabbit isolated irides by (±)-meth-
acholine in the absence (0) and presence (0) of atro-
pine 0.1 JsM, and by pilocarpine (A). The inhibition is
expressed as a percentage of total suppression of the
evoked [3H]-NA release. The predicted individual
control values (X) in experiments with stimulation in
the absence of agonist (controls) did not differ from 0
(broken line). Each value is the mean of 3-7 individual
observations; vertical lines indicate s.e. mean. Statistical
comparison between curves, (Bonferroni test)
*,tP < 0.05, **,ttP < 0.01, ***,ftttP < 0.001:
*compared to controls, tcompared to methacholine
alone.

rodotoxin 0.3pm (n = 3, not shown). Thus, opening
of sodium channels precedes transmitter release.
The fractional rate of [3H]-noradrenaline release

per pulse during S1 in the absence of any drug
varied depending on the number of pulses applied
and on the frequency at which the pulses were
delivered (Table 1). Upon stimulation with 1200
pulses at 10Hz the amounts of [3H]-noradrenaline
released per pulse were significantly greater than
those evoked by each of 360 pulses delivered at the
same stimulation frequency (10 Hz). Upon stimu-
lation with 360 pulses at 3Hz, the fractional rate of

Table 1 The fractional rate of evoked [3H]-noradrenaline ([3H]-NA) release per pulse from superfused rabbit
isolated irides during the first (SI) or the seventh (S7) stimulation period at the specified conditions

Stimulation conditions
No. pulses Frequency (Hz)

Fractional rate of [3H]-NA release
Si (10-6) S7 (10-6)

3.48 + 0.25 (21)b
5.62 ± 0.49 (24)8

11.27 + 1.55 (19).b

7.05 ± 0.85 (6)
6.85 + 1.69 (4)
5.93 + 1.55 (3)

Each value is the mean ± s.e. mean with the number of experiments in parentheses. The values for S1 were pooled
from all experimental groups in which no drug was present during this stimulation period. The fractional rate of
release during S7 was calculated only from the control experiments (no drug was present throughout). Statistical
comparison of differences (analysis of variance followed by Newman-Keuls test): a VS a and b VS b, p < 0.01.
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Figure 4 The muscarinic inhibition of the stimulation-
evoked (10 Hz; (a) 1200 pulses, (b) 360 pulses) [3H]-nor-
adrenaline ([3H]-NA) overflow from superfused rabbit
isolated irides. Concentration-inhibition curves for
inethacholine were obtained in the absence (0), and in
the presence of atropine 0.1 yM (@) or of pilocarpine
50M (A). Pilocarpine alone (1 to 100 LM) failed to affect
the [3H]-noradrenaline overflow evoked by either 1200
pulses (A, a) or 360 pulses (not shown). Controls (X),
predicted individual control values from experiments
carried out in the absence of drugs. Each value is the
mean of 3-9 individual observations; vertical lines indi-
cate s.e. mean. For further explanations of symbols indi-
cating statistical differences see legend to Figure 3.

[3H]-noradrenaline release per pulse tended to be
(but was not significantly) lower than when the same
number of pulses was delivered at 1OHz.

In the seventh stimulation period the fractional
rate of release per pulse no longer differed between
the various stimulation conditions (Table 1). This
appears to result from the different kinetic behaviour

of the evoked overflow observed in the three groups.
The [3H]-noradrenaline overflow in response to 360
pulses at 3Hz at S7 was larger by 113.3 + 46.7%
(n = 6) than that at SI (Figure 2a). In contrast, the
[3H]-noradrenaline overflow evoked by 7 successive
periods of 360 pulses at 10Hz remained fairly con-
stant (Figure 2b), and the [3H]-noradrenaline efflux
induced by 1200 pulses at 10Hz progressively
declined with repetitive stimulation (Figure 1) to
52.3 + 14.1% (S7, n = 4) of that caused by SI.

Effect ofmethacholine

Under all stimulation conditions (±)-methacholine
decreased the evoked [3H]-noradrenaline overflow
in a concentration-dependent manner (Figures 3 and
4). The EC50 values and the maximal inhibitions
under the various conditions are summarized in
Table 2. The transmitter efflux evoked by 360 pulses
at 3Hz was nearly abolished by methacholine 1I0 M
(Figure 3). In contrast, the maximal inhibition of the
[3H]-noradrenaline overflow evoked by either 360
or 1200 pulses at 10 Hz was significantly lower
(approximately 50%, Figure 4). However, the EC50
values under the three conditions were similar (Table
2). A bell-shaped concentration-inhibition curve was
observed in the experiments with 360 pulses at 10Hz
(Figure 4b).
The inhibitory action of methacholine was fully

reversible. The amount of [3H]-noradrenaline recov-
ered after S7 (i.e. 30 min after starting superfusion
with drug-free solution), expressed as a percentage of
the release during S1, was not significantly different
from that obtained under control conditions.

Table 2 Maximum inhibition (Imax) concentration of half-maximum reduction of evoked [3H]-noradrenaline over-
flow (ECjO) for (±)methacholine or pilocarpine, and apparent dissociation constant of pilocarpine (as presynaptic
antagonist against methacholine, KB) on the rabbit isolated iris

Stimulation conditions
No. pulses Frequency (Hz)

3
10
10

3
10

360
360
1200

360
360

Imax
(%)

(± )-Methacholine
92.5 + 3.3 (3)a. b
49.6 + 4.0 (5)a
40.5 + 8.3 (5)b

Pilocarpine
63.4 + 6.2 (4)C

* Imax expressed as a percentage of total suppression of the evoked [3H]-noradrenaline release and given as the
mean + s.e. mean with the number of experiments in parentheses.
t EC50 values estimated from the mean concentration-inhibition cuves in Figures 3 and 4 as described in Methods.
I KB of pilocarpine acting as an antagonist against methacholine calculated according to Furchgott (1972).
Statistical comparison of differences (analysis of variance followed by Newman-Keuls test): vs and b vs ',
P < 0.01. c Denotes statistical significance (two-tailed Student's t test, P < 0.01) with respect to methacholine (3 Hz,
360 pulses).

ECSot
(PM)

KBM
CUM)

0.29
0.32
0.42

0.85
0.95

I

TVf%
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Figure 5 Reversal of the methacholine-induced inhibi-
tion of the evoked [3H]-noradrenaline overflow from
rabbit isolated irides by superfusion with agonist-free
solution. (a) Percentage deviation from the predicted
individual control values (PICV) of the [3H]-nor-
adrenaline overflow evoked by S6 carried out at the
specified conditions in control tissues (C, no drug
present throughout) or 10min after the end of super-
fusion with methacholine 10puM (M). (b) Percentage
deviation from the predicted individual control values
of the [3H]-noradrenaline overflow evoked by 360
pulses at 1OHz in the presence of methacholine 30pM
(S4, left), and 10 or 30min (S5 and S6, middle and right,
respectively) after returning to agonist-free solution
(columns designated by M). The values of the corre-

sponding stimulation periods in control tissues (C, no

agonist contact) are included for comparison. Values
are means of the number of experiments in parentheses;
vertical lines indicate s.e. mean. Under all stimulation
conditions, the amounts of [3H]-noradrenaline released
at S7 (expressed as % of the release at S1) in the
methacholine-treated tissues did not differ significantly
from the controls (not shown). Asterisks indicate signifi-
cant differences from controls (Student's t test for
unpaired observations: * P < 0.05).

However, the 3H-transmitter released by the first
stimulation immediately after returning to super-
fusion with Tyrode solution was significantly greater
compared to the predicted individual control values
(Figure 5a). In the experiments with methacholine

30 iM (1OHz, 360 pulses) in which no inhibition was
seen (Figures 4b and 5b), an inhibition of
[3H]-noradrenaline overflow appeared 10min after
the onset of the washout phase (S5), and an enhance-
ment in the following stimulation period was
observed (S6, Figure 5b).

Addition of atropine 0.1 JiM to the superfusion sol-
ution did not affect the spontaneous [3H]-nor-
adrenaline overflow but significantly increased by
25.7 + 6.6 (n = 3) and 27.9 + 10.4% (n = 5) the 3H-
transmitter release evoked by stimulation with either
360 or 1200 pulses at 10Hz, respectively. However,
at 3Hz stimulation atropine failed to increase the
evoked release significantly (21.4 + 28.3%, n = 5),
although the greater variation of the individual
values may have masked any significant difference.
The ratio S7/S1 (90 min superfusion with atropine) of
evoked [3H]-noradrenaline overflow did not differ
from that of the controls (atropine not present).
The concentration-inhibition curves of meth-

acholine determined at either 3 or 1OHz were dis-
placed to the right in a nearly parallel manner by
atropine 0.1 JM (Figures 3 and 4). The maximal inhi-
bitions in the presence of the antagonist were not
significantly different from those observed in its
absence. An apparent -log KB value of 8.5 or 9 (10
or 3 Hz, respectively) was determined, thus confirm-
ing the muscarinic nature of the receptors stimulated
by methacholine.
When methacholine was washed out in experi-

ments carried out in the continuous presence of atro-
pine 0.1 PM the facilitation of evoked
[3H]-noradrenaline release (360 pulses at 3 Hz or
1200 pulses at 10Hz) was not observed (S7 not dif-
ferent from S7 of controls, not shown).

Effect ofpilocarpine

Addition of pilocarpine (1 to 100yM) to the super-
fusion solution failed to affect the spontaneous
[3H]-noradrenaline overflow. The transmitter
release evoked by 360 pulses at 3 Hz was reduced by
pilocarpine in a concentration-dependent manner
(Figure 3). The maximum inhibition was significantly
lower compared to that of methacholine (Table 2).
When release was evoked by stimulation at 10 Hz,
pilocarpine up to 100 M failed to inhibit the evoked
[3H]-noradrenaline overflow (1200 pulses, Figure
4a; 360 pulses, not shown). Pilocarpine competitively
antagonized the methacholine-induced inhibition of
[3H]-noradrenaline overflow evoked by 360 pulses
at 10 Hz (Figure 4b). The apparent KB value of
0.95 JiM estimated for pilocarpine under these condi-
tions closely agrees with the EC50 of 0.85 pM
obtained for the inhibition of the evoked [3H]-nor-
adrenaline release at 3 Hz (Table 2).

0
0-

b
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Discussion

The purpose of the present paper was to find out
whether the noradrenaline release from the rabbit
iris can be inhibited by pilocarpine via activation of
presynaptic muscarinic receptors. A negative answer
would not have easily been reconciled with the idea
that in the rabbit under in vivo conditions pilocar-
pine acts indirectly by inhibiting the dilator sympa-
thetic tone. At first, release conditions were
established that should provide an exocytotic trans-
mitter release sensitive to presynaptic modulation.

Release of [3H]-noradrenalinefrom rabbit isolated
irides

Field stimulation of the rabbit isolated irides caused
a marked increase of tritium overflow which consist-
ed mainly of unmetabolized [3H]-noradrenaline,
even in the absence of inhibitors of neuronal and
extraneuronal uptake. Apparently the released trans-
mitter reaches the superfusion medium quickly and
is not extensively metabolized.
The fractional rate of release per pulse during S1

increased with the number of pulses applied (Table
1). A tendency to a higher fractional rate of release
per pulse with increasing frequency at 360 pulse
trains did not reach the level of statistical signifi-
cance. Facilitation of transmitter release by increas-
ing the length of the stimulus train or the stimulation
frequency has been shown to occur in a great variety
of tissues and may be explained by the residual 'CaX
hypothesis' (for review see Starke, 1977).
When measured at S7 the fractional rate of

[3H]-noradrenaline release per pulse no longer dif-
fered between the various conditions (Table 1). A
reduction of a fractional rate of radioactivity release
within a series of pulse trains, such as that observed
under the 10Hz stimulation condition (1200 pulses,
Figure 1), may be partly due to isotope dilution
(though other factors such as exhaustion of highly
active transmitter pools cannot be excluded). Tri-
tiated transmitter stores within the nerve terminals
are expected to become diluted by unlabelled and
probably newly synthesized noradrenaline with suc-
cessive stimulation. Isotope dilution may have also
occurred under the two other conditions (360 pulses,
3 or 10 Hz). Nevertheless, the fractional rate of
[3H]-noradrenaline release remained constant
(10Hz) or was doubled (3Hz) indicating that the
release of endogenous transmitter probably also
remained constant or, more likely, increased with the
application of pulse trains. Apparently, under the
latter conditions (360 pulses, 3 or 1OHz) a facili-
tation of neurotransmitter release occurred which,
depending on the stimulation conditions, compen-
sated or even overrode the reduction of fractional

release due to dilution of the labelled transmitter.
We cannot exclude that a similar facilitation is
responsible for the high fractional rate of release seen
in the first period of stimulation with 1200 pulses at
10 Hz, since a conditioning stimulation preceded that
period. However, since stimulation periods were
placed 20 min apart from each other (and facilitation
according to the CaX hypothesis generally comes
into play within seconds), it seems rather unlikely
that the 'long-term' facilitation we observed may
have been due to an augmented calcium availability.
These results seem to indicate that the noradrenaline
release from the rabbit iris may be regulated not
only in an immediate, 'short-term' way (within the
first pulses or action-potentials) but also in a 'long
term' manner, the first stimulation periods being able
to modify the effects of subsequent stimulation
periods.

Inhibition ofrelease by muscarinic agonists

The results of the present study show that
[3H]-noradrenaline release from sympathetic nerve
terminals in the rabbit iris dilator and sphincter
muscles can be inhibited by activation of presynaptic
muscarinic receptors, in agreement with results
obtained in the rabbit ciliary body-iris preparation
in which [3H]-noradrenaline release was evoked by
field stimulation (300 pulses, 10 Hz; Jumblatt &
North, 1986). Methacholine reduced the noradrena-
line release in response to field-stimulation in a
concentration-dependent manner, with EC50 values
(0.29 to 0.42pM) similar to those obtained for the
presynaptic muscarinic receptors in other test
systems, such as the rat heart (0.19,um; Fuder et al.,
1982) and the perfused rabbit atria (0.27 um; Mus-
choll & Muth, 1982). The effects of methacholine
were competitively antagonized by atropine and thus
characterized as muscarinic. The apparent -log KB
values (as approximate estimates of an affinity con-
stant) were 8.5 and 9, and closely agree with presy-
naptic values determined or quoted in a previous
paper (Fuder et al., 1981).

Albino and pigmented irides were used for our
experiments. In the incubated rabbit iris sphincter,
Salazar et al. (1976) observed a linear Schild plot for
atropine in the albino tissues (pA2 = 8.8) but a
non-linear plot in the pigmented iris sphincters. This
deviation from linearity may be accounted for by the
binding of atropine to a low affinity site on the
pigment melanin (Salazar et al., 1976; Akesson et al.,
1983). Our apparent -log KB of 9 (obtained when
atropine failed to enhance the stimulation-evoked
[3H]-noradrenaline overflow) was obviously not
affected by binding of the antagonist to the pigment.
This may be due to the superfusion technique we
used. Even if the drug concentration had been
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decreased in the biophase by binding to melanin, the
constant drug supply would have compensated for
the loss and allowed a steady-state on a level higher
than in an incubation system without replacement
by new drug. The same would hold true for other
drugs tested in our superfusion system.
The maximum effect of methacholine depended on

the stimulation conditions (Table 2). Presynaptic
muscarinic inhibition of noradrenaline release has
been shown to be inversely related to the stimulation
frequency (Steinsland et al., 1973; Kirpekar et al.,
1975). Under our experimental conditions, the presy-
naptic inhibitory effect of methacholine was more
pronounced at low (3Hz) than at high (10Hz) fre-
quency (Table 2). Pilocarpine behaved as a partial
agonist (relative to methacholine) at 3Hz. At 1OHz,
in contrast, pilocarpine was inactive as an agonist
and acted as a competitive antagonist against meth-
acholine. The close agreement of the EC50 value esti-
mated for pilocarpine at 3 Hz with the KB
determined at 10Hz (Table 2) indicates that the
affinity of the receptors for pilocarpine was not
changed by varying the stimulation conditions. If
one assumes that the receptor affinity and concentra-
tion are unchanged by a manipulation of an effector
system, the simplest explanation for the decrease in
agonist effectiveness remains a reduction in the effec-
tive receptor reserve (Kenakin, 1986). The effective
receptor reserve for a given agonist is determined by
the receptor concentration in the tissue and by the
number of receptors to be activated for a given
response which, in turn, depends on the intrinsic effi-
cacy of the agonist and the efficiency of coupling
between the receptor activation and response. The
precise molecular mechanism of the presynaptic
inhibitory muscarinic effector system is not known,
but it may involve the reduction of calcium avail-
ability for exocytosis achieved either directly (Dubey
et al., 1975), or indirectly by altering the electrical
properties of the sympathetic nerves and consequent-
ly the impulse propagation (Wakade & Wakade,
1982). Since the fractional rate of release per pulse
upon stimulation with 1200 pulses at 10 Hz was
higher compared to that upon 360 pulses at 3 Hz, the
calcium influx is likely to be larger at 10Hz (1200
pulses) than at 3Hz (360 pulses). Hence, under the
conditions of increased calcium influx and at an
unchanged receptor concentration and coupling
between receptor activation and stimulus-generation,
an equal degree of presynaptic inhibition can be
achieved only by formation of a higher number of
agonist-receptor complexes. The observation that
the EC50 values of methacholine under the various
conditions were similar (but that maxima decreased
with increasing stimulation parameters) points
towards a low density of muscarinic receptors in the
iris. When a receptor reserve is lacking a decrease in

the effective receptor reserve will result in a
reduction of the maximum agonist response. In the
case of the partial agonist pilocarpine which is
known to possess a very low efficacy on muscarinic
receptors (relative to methacholine: 1/14 at the post-
synaptic muscarinic receptors in rabbit stomach,
Furchgott & Bursztyn, 1967; or 1/16 at the presy-
naptic muscarinic effector system of rat heart nor-
adrenergic nerves, Fuchs & Fuder, 1985), the
modification of the stimulation procedure resulted in
a complete loss of presynaptic inhibitory activity.
Hence, the presynaptic muscarinic inhibition of nor-
adrenaline release from the rabbit iris appears to fit
into the concept of dynamic changes of the effective
receptor reserve determined by the particular condi-
tions of the experiment (Yoshida et al., 1979;
Kenakin, 1986).

Besides modification of the effective receptor
reserve, differences in the biophase concentration of
released endogenous acetylcholine may also explain
the variation of the activity of exogenous agonists
between different stimulation conditions. Atropine
(0.1 Mm) slightly but significantly increased the
[3H]-noradrenaline overflow evoked at 1OHz (360
or 1200 pulses) but failed to affect the release induced
at 3Hz. This observation clearly indicates that the
noradrenaline release, evoked by field stimulation at
the higher frequency, was already inhibited to some
extent by acetylcholine secreted from simultaneously
stimulated cholinergic fibres. In the presence of
endogenous acetylcholine, any exogenous agonist
would cause further inhibition of a magnitude that
would originate from a higher 'baseline' and presum-
ably be lower than that observed in the absence of
the endogenous agonist.
The inhibitory activity of methacholine was com-

pletely reversible. After 10min of superfusion with
drug-free solution the evoked release of [3H]-nor-
adrenaline was not only restored but even greater
than that expected if no drug were present (Figure 5).
Conceivably, the prolonged inhibition of release by
the agonist may have resulted in an increased avail-
ability of transmitter for secretion by further stimuli
and, thus, in an 'apparent rebound' phenomenon.
When the highest concentration of methacholine
(30pM) was superfused in the absence of antagonist,
no transmitter could have been saved because no
inhibition occurred. Decreasing the concentration of
agonist in the biophase by washout resulted initially
in a minute inhibition (not induced by the presence
of this high concentration, see Figure 4); thereafter,
the facilitation of release became apparent (Figure 5).
We cannot exclude a desensitization of presynaptic
inhibitory muscarinic receptors (Fuder et al., 1985)
as a reason for the decreasing part of the bell-shaped
concentration-response curve. However, it is possible
that the high concentrations of muscarinic agonists
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exert a facilitatory effect on release which may
counteract the inhibition prevailing at low agonist
concentrations. High concentrations of muscarinic
agonists are known to activate the breakdown of
polyphosphoinositides in the iris (reviewed by
Abdel-Latif, 1986). As a result inositolphosphates
(IP) or diacylglycerol could be formed; these are
known to activate a series of intracellular events
leading ultimately to an increase in the availability of
calcium ions for the cellular responses. In the rabbit
iris sphincter muscle, it has been suggested that IP3
is involved in the phasic component, and diacyl-
glycerol-induced protein kinase C activation in the
tonic component of contraction (Howe et al., 1986).
In our case an increase in the intraneuronal calcium
availability should result in enhanced exocytosis.

The miotic effect ofpilocarpine

Pilocarpine effectively reduced the noradrenaline
release from rabbit isolated irides evoked by stimu-
lation at 3 Hz (Figure 3). In contrast, the agonist had
a very low intrinsic activity in contracting the rabbit
iris sphincter isometrically (Akesson et al., 1983) and
failed to contract it isotonically (Bognar et al., 1987),
thus casting doubts about a direct postsynaptic
mechanism underlying the miotic effect observed in
vivo. It cannot be excluded that disruption of tissue
connections or loss of essential blood factors
(required for optimum function of postsynaptic
muscarinic mechanisms), in connection with the iso-
lation procedure, reduce the efficiency of coupling
mechanisms or receptor number. In that case it
would be surprising that the presynaptic efficacy of
pilocarpine would be better preserved than the post-
synaptic efficacy. Nevertheless, the present results
support the hypothesis of an indirect mechanism of
action of pilocarpine in the rabbit eye as advanced
by Akesson et al. (1983).

Pilocarpine may activate the inhibitory presynap-
tic muscarinic receptors on the noradrenergic nerve

terminals, thereby reducing the sympathetic dilator
tone and leading to a miosis. The low postsynaptic
intrinsic activity of pilocarpine may be ascribed to a
low postsynaptic effective receptor reserve. The
density of the postsynaptic muscarinic receptors in
the bovine iris, for instance, has been shown to be
significantly lower than in other peripheral tissues
(Yoshida et al., 1979). Due to a low receptor concen-
tration (and a threshold phenomenon) in the rabbit
ciliary body, theoretical occupancy-response curves
indicated that the postsynaptic stimulus generated
by pilocarpine cannot reach the threshold level, even
if the compound occupies all the muscarinic recep-
tors in the tissue (Konno & Takayanagi, 1986). In
contrast, receptor occlusion experiments with phe-
noxybenzamine indicated that some spare receptor
capacity may be present in the human iris hemi-
sphincter for carbachol (Kaumann & Hennekes,
1979). There are a few early studies indicating that,
in contrast to the rabbit sphincter, the human muscle
contracts in response to pilocarpine (Swan & Gehr-
sitz, 1951; Takats, 1964), although a high pilocarpine
concentration has been shown to reduce the extent
of acetylcholine-induced contraction of human iso-
lated iris sphincter in vitro (Boros & Takats, 1961).
Furthermore, preliminary experiments in our labor-
atory confirmed these observations, showing that the
intrinsic activity of pilocarpine in the human iris
sphincter may be as high as that of methacholine.
Hence, caution should be exercised in extrapolation
of results obtained with rabbit iris in vitro to other
species. Further work is needed to find an animal
species that may be characterized as similar to
human iris tissue.
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