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A. Introduction
The finding that the sympathomimetio agents L'_ c_omaffin ce_ and tn

adrenergio nerves are stored in apparently similar subcellular particles has some.
$imes led to the belief that the mechanisms for uptake, storage and releasv of the
active compounds are identical or at least very similar. Detailed studies, mainly
on isolated particles, have shown, however, that although similarities occur,
important differences between the properties of the chromaffin cell particles and
thoso L,l the adrenergic nerves exist. Thus nerve particles after partial depletion
readily take up amines from a suspension medium to the original content or even
higher _ the presence of ATP-Mg ++, whereas chromaffin cell particles containing
either adrenaline or noradrenaline lack this property. Some drugs like phenoxy-
benzamine inhibit the release of noradrenaline from nerve particles but enhance
the release from adrenal medullary granules. Striking differences in osmotic $_tssl
behaviour between chromaffin cell particles and nerve particles have also been ' o_"I
_¢seribed. _tsg

Moreover, there is increasing evidence that not all adrenergio nerve particles _yrc
are of the same kind. Those appearing in the short adrenergic neurons in the male mec
accessory reproductive organs show a different behaviour from those present in the but
ordinary adrenergic neurons, e.g. in the spleen. It is possible that the adrenergic
nerve particles in the CNS have special properties, although little is known in this tra_
respect. , tin-

The important question of the mechanism of amine release from the chromaffin (cL
cells and adrenergic nerve terminals is still under debate and will not be discussed :v,al
in this Chapter; it is only mentioned here since certain data indicate tha_ the _b_
release mechanisms may differ, not o111yas regards the spontaneous release rate :.r,-
in vitro, but also more fundamentally, with respect to the nature of the relea.4ug _ sbo
process in vivo.

B. Adrenerglc Nerves _,o19

I. Synthesis ai,
ha

1. Main Synthetic Pathway
Synthesis of adrenaline occurs in v/vo from phenylahnine and tyrosino (G_

a,nd D£LLV3r._.,1947; UD_N_'_u_ et al., 1953) and from dopa and dopamin_
(U_z_Z_D and W_O_RD_', 1956). The formation ofnoradrenaline as a step ic_
in the synthatio pathway was originally suggested by BLasc/_o (1939) and by L-
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HOLTZ(1939) following the discovery of dopa decarboxylase by HOLTZet al. (1938).
This was confirmed in vitro by GOODALLand KIRSHNER(1957) who showed that
tyrosine is converted in a sequence to dopa, dopamine, noradrenaline and adre-
naline by enzymes in the adrenal medulla. This pathway could later be confirmed
also for adrenergic nerves (GooDALL and Kn_SH_ER, 1958) and for organs con-
raining adrenergic nerves (SPECTORet al., 1963a).

In the first step tyrosine serves as substrate for the enzyme tyrosine hydroxyl-
ase which is present in th_ axoplasm (NAGATSU et al., 1964). The DOPA formed is

_ _ transformed to dop_mine by L-DOPA decarboxylase which also occurs in the
axoplasm. Dopamine is subsequently oxidized to noradrenaline _th the aid of
the enzyme dopamine-fl-hydroxylase which is present in the storage particles

, (Fig. 1).
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retaining a)TyrosineHydroxylase_henoxy-
enhance Since the formation of tyrosine from phenylalanine occurs in a variety of
osmotic tissues outside the adrenergic neuron it seems appropriate to regard the formation

Jso been ' of DOPA from tyrosine as the first synthetic step in this context. Tyrosine, which
i is generally available in the body fluids, can enter the adrenergic axon, where

particles tyrosine hydroxylase is present. Whether or not special "pump" or "carrier"
the male mechanisms are required for the entrance of tyrosine into the axon is not known,
_ntin the but it has been assumed that this process is facilitated by a "permease".
trer_ergic While tyrosine generally is a poor substrate for amino acid decarboxylases it is
_a in this tTansformed into an efficient substrate by hydrozylation in the 3-position of the

ring. The active enzyme was isolated and characterized by NAGATSUet al. (1964)
romaffin (cf. UDENFRIE_D, 1966). It is present in tissues which normally contain noradre-
liscussed naline or adrenaline. The enzyme requires tetrahydropyridines, e.g. tetrahydro-
that the follc acid, and is activated by divalent iron (IKEDA et al., 1965). Tyrosine hydro-
_ase rate xylase catalyzes the oxidation of phenylalauine to tyrosine as well as the following
releasing _ step from tyrosin_ to DOPA.

The hydroxylation of tyrosine to DOPA is slower than the subsequent decar-
boxylation and fl-hydroxylation and therefore rate limiting (SPECTOR et al.,
1963a; LEvrrr et al., 1965). The activity of the enzyme is inhibited by phenyl-
alanine as well as by DOPA and noradrenaline, which may well constitute a feed-
back control mechanism, regulating the synthesis rate (NAGATSU et al., 1964).

(Gmu_ b) DOPA-Decarboxylase

opamine _ The second step in the biosynthesis of the adrenergic neurotransmitter, the
as a step formation of dopamlne from L-DOPA, is catalyzed by an efficient enzyme,
) and by L.DOPA decarboxylase, discovered in the mammalian kidney by HOLTZet al.

!
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(1938) (cf. BLASC_O, 1959; HOLTZ, 1959; Somu_S, 1966). The _nzyme, which Kn
requires pyridoxal-5'-phosphate as co-factor (cf. HOLTZ and pAT,u, 1964), is the
cyanide-sensitive; it seems to occur in all tissues containing adrenergic neurons pre
(HOLTZet al., 1942) or chromaffin calls (L_G_._-_, 1951). pro

Incubation of noradrenaline or dopamlne (but not adrenaline) with the has
enzymic co-factor causes inactivation of the enzyme and of the amine through 19C
formation of Schiff's bases and transformation to tetrahydro isoquinoline deri-
vatives (SCHoTTand CLARK,1952; HOLTZand WESTERMA_, 1957). isol

Since DOPA but not dopamine passes the blood brain barrier, the amino acid
has been used in patients with Parkinsonism in order to supply substrate tbr
dopaminc formation which is deficient in these cases (B_fAYER and HORI_Y_r_.-
WICZ,1962).

DOPA-deearboxylase is not highly substrate specific, even if L-DOPA appears con
to be the beat substrate. Ortho and metatyrosine also serve as substrates (BLAsC_- nol
XO et al., 1949; BLASCHKO,1950; SOm_KES, 1955; BLAS_m_O and CH_USCrEL, an_
1960), _vhereas tyrosine is not decarboxylated by the enzyme prepared from the hea
kidney or liver of some animals (HoLTZ et al., 1939; AW_PXRAet al., 1964). The
finding that N-methyl DOPA is not attacked by mammalian decarboxylase prehas
actually formed the basis for the concept of adrenaline formation via a primary
amine like dopamine or noradrenaline (BLAsC_KO, 1939). On the other hand tyr_
5-HTP is a good substrate for the enzyme (HoLTZ and WESTERM'AN-_, 1957; cf. an_Lot
also HAo_._ and COH_._, 1966), and also 3,4-dihydroxyphenylserine (DOPS) which inct
is directly decarboxylated to noradrenaline (BLasCH_O et al., 1950; Scn_ rt'_Sw,
1951). Aplisc

I)eearboxylation of erythro-dihydroxyphenylserine and erythro-m-hydroxy, na_
phenylserine to noradrenaline has been demonstrated with hog kidney extract,

and of eryt)iro- or threo-dihydroxyphenylscrine with rat liver homogenate. After tio_
iniection of threo.dihydroxyphenylserine in rats, the (--) isomer of noradrenaline Oct_
was recovered in urine (H_LRr_A_ et al., 1955b). nor

The decarboxylation product, dopamine, was first detected in the mammalian
heart and the suprarenal medulla (GOoDXt_, 1950, 1951) and occurs as a natural occ
product hi urine (EuT_R et al., 1951) and in a variety of organs and tissues. In
studies of the dopam_ne content of organs it must be kept in mind, however, that norCall
it is not only a precursor for noradrenaline but also occurs as a specific product in nor
certain cells of the chromaffin type in various organs (F_CK et al., 1959), sympa-

thetic nerves (Scu_A_, 1956), lungs (EuLER and LISmaJXO, 1957), sinus node phe
(A_o_._os ctal., 1963) and carotid glomus (C_occ_o et al., 1966; LIsmaJKO, wh/
1970). Increased amounts of dopamine are found in the urine of patients with I)O
phaeochromocytoma. Dopamine also occurs normally in the brain (]_IONTAGU, NEll
1957) and appears to serve as neurotransmitter in certain areas such as basal
ganglia, where its presence has been studied both by direct analysis and by the
histochemical fluorescence technique (B_RTLER and Ros_c_v.._-, 1959; Homwr-
k,_.w_cz, 1962; Fu_, 1965; CXRLSSO_.,1966).

Of considerable theoretical and practical interest is the observation that _ela
a-methyl DOPA and a-MMT are readily decarboxylated in the mammalian tio_
organism and stored in adrenergic nerves as a-methyldopamlne, a-methylnor- be,
adrenaline and metaraminol (after ]?-oxidation) (C_z.sso.'_ and LL_QVIS_, 1962; the:
M_T_ and ST_r_.t,r_, 1963; M_SCHOLLand M_i_., 1963; MVS_HOLL, 1965). The

pre,
e) Dopam|ne R-hydroxylase pre:

On incubation of homogenates of sympathetic nerves and ganglia with dop- tha
amine, the formation of noradrenaline has been established (GooD_.__. and per.
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_e, which K_SKNEB, 1958), indicating that a hydroxy group is introduced in ]_-position in
1964), is the side chain. The transforming enzyme, dopamine-fl-hydroxylase was first
neurons prepared from adrenal medullary extracts (L_.v_ et al., 1960) and is a copper

proteid. The enzyme, which requires ascorbic acid and fumaric acid as co-factors,
• ith the has been studied in detail by GOLDSTEE_Tet al. (1965) (cf. K_U_A_ and FRrEDM_,
through 1965). Its activity is high and similar to that of DOPA-decarboxylase.

ine deri- The formation of noradrenaline from dopamine has also been demonstrated in
isolated nerve granules (EuLER and L_S_.rKO, 1968a; STJ_E et al., 1967a).

•ino acid

trate for 2. Other Synthetic Pathways
_RNY-I_F_,- Even meta-tyrosine can be hydroxTlated to DOPA, as shown by its subsequent

appears conversion to dopamine (SouRKES et al., 1961b). By ring hydroxylation, metarami-
BI_SCH- nol can be transformed in vivo to a-methylnoradrenaline in the guinea pig (MA_TR_,

and ST_EHELI_, 1965), Interestingly, the amount of a-methyinoradrenaline in theRUSCI_L,

_om the heart exceeded that of noradrenaline.
64). The As already mentioned, 3,4-dihydroxyphenylserine (DOPS) may serve as a
boxylase precursor to noradrenaline, although no evidence for its presence in the organism
primary has been given. Phenylethylamine (ASATOORand DALGLIESH,1959) as well as
er hand tyramine (SJOERDSMA et al., 1959) occur normally in urine indicating that these
1957; cf. amines are formed by decarboxylation of the corresponding amino acids (cf.
S) which LOV_s_R_ et al., 1962). After inhibition of monoamlne oxidase their excretion is
rERLSw, increased. Most of the tyramlne found is present in the central nervous system.

Apparently the greater part of the tyramine formed in peripheral nervous tissue

_ydroxy- is oxidized to octopamine (_us_c_o and GOLDSTF_U_,1963) which is also a
extract, natural excretion product in urine (P_s_o et al., 1960; SPECTORet al., 1963b).
_. After In the heart and kidney octopamine could only be demonstrated after inhlbi-
renaline tion of I_AO (]_Agr_rOTO and -_LRMSTRONG, 1962). Posterior salivary glands from

Octo_ vulcari_ contain both octopamine (ERSPA_ER and BORET_I, 1951) and
nmalian ! noradrenaline (EuL_.R, 1953) but the exact stage at which the ring hydroxylation
natural i occurs is not kno_ (cf. Br._c--o, 1959).

sues. In Tyramine and octoparnine are apparently to some extent transformed to
_er,that noradrenaline (CR_VEL_a et al., 1962), since adminlgtration of these compounds
_luct in cause an increased excretion of noradrenaline. Some of this may be due to the

sympa- _ noradrenaline-releasing et_ect of the two amines, however.
ns node Liver microsomes from the rabbit can form catechols from the corresponding

phenols (dopamine from tyramine, noradrenaline from octopamine) reactions
SHAXKO, i which require _ADH (A_LROD, 1963). Non-enzymatic conversion of tyroaine to_ts with

DOPA (Uv_mr_s_v et al., 1954) or of tyramine to dopamine (HoLTZ and C_D-
)NTAGU,

_s basal _gR, 1943) has also been demonstrated.
Iby the

3. Localization of Synthesis. Effect of PrecursorsHOR_y- I
Noradrenaline synthesis takes place in the adrenergie neurons in _mrnediate

)n that relation to the storage granules. Of the different enzymes partaking in the forma-
_malian tion of the neurotransmitter, only the dopamiue-]_-hydroxylase has been found to
_hylnor- be directly associated with the granules (POTTERand AXELROD, 1963a, b) and
r, 1962; i these are a prerequisite for the final synthetic step (STJ_RNE and LISHAJKO,1967).
,, 1965). The newly synthesized noradrenaline is taken up and retained by the granules. The

preceding enzymatic transformations from tyrosine are mediated by enzymes
i present extragranularly in the axoplasm (STJARI_E,1966). It is generally assumed

th dop- that the enzymes engaged in the synthesis of noradrenaline are transported to the
LL and periphery by the axoplasmic flow (cf. Wx_ss, 1963) like much other material.
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After inhibition of synthesis with the decarboxylase inhibitor decaborane-14 tyrosine ]
in the rabbit, dopamine but not DOPA, restored the deficient response to adre- (NXOATS,
nergic nerve stimulation (BYGDEMANand EULER, 1966). Although trsnsmitter Tnhib
synthesis normally is adequate to maintain the stores at a level not far from the observed
storage capacity, a certain deficit appears to exist, as concluded from the finding
of increased amounts of transmitter in organs after inhibition of nerve activity by
decentralization (Rv.m-_, 1958) or a neuronal blocker like bretylium (RYD, 1962).
An increase of the order of 25--50% over the "normal" content is frequently
found on injection of noradrenaline, its precursors, or by exclusion of nerve
stimuli.

Access of precursors may also play a role in the rate of synthesis. Thus BAT.Z_R
and PAT,M (1962) observed that pretreatment of mice with the MAO inhibitor
iproniazid causes an increased influx of 14C-a-amlnobutyric acid in the brain. This
may also hold true for amino acids serving as noradrenaline precursors (cf. HEss
et al., 1959). Alterations in the permeability of the cell membrane may therefore
play a part in the action of some MAO inhibitors (EKRI_OER et al., 1961).

4. Synthesis Inhibitors

By inhibition of one or more of the enzymatic synthetic steps it should be
theoretically possible to diminish the production of the adrenergic neurotrans-
mitrer. Such inhibition has been extensively studied partly with the aim to
achieve therapeutic results (el. MUSC_OLL,1966a).

Fig. 2. Le

• a) Tyrosine HydroxylaseTnhibitors administra!

• Of the three enzymatic steps, the formation of DOPA by tyroaine hydroxylase
is the slowest and therefore rate-limiting. Consequently it would seem that an inhi.
bition of this step should be most useful for the purpose of reducing noradrenaline
formation. Several kinds of inhibitors have been described. A nul

A certain degree of tyrosine hydroxylase inhibition has been observed with Cr.ARKan
dopacetamide and some congeners in doses of 300 mg/kg (C_LSSO_ et al., 1963 a). 1961). Ac

a-Methyltyrosine, which like tyrosine is not a substrate for DOPA decarboxyl- in vlvo w_
ase (SPECTER et al., 1965), inhibits tyrosine hydroxylase in contrast to a-methyl a-Met
DOPA and a-M_IT. When a-methylt_rosine is given in amounts that lead to its decarbo_
accumulation in tissue in concentrations higher than those of the natural analogue a-methy
(5 X 10-SM), biosynthesis of DOPA is inhibited and the noradrenaline content of in rive ;
the organs lowered. (Fig. 2). On the other hand a-methyltyrosine does not inhibit which ¢
the formation of dopamine from DOPA or 5-hydroxytryptamine from 5-HTP DENOLE
(Fig. 2). a-methy

The inhibition of tyrosine hyclroxylase by a-methyltyrosine may cause severe SOU_KE
signs of noradrenaline deficiency (Sr_.CTOR et al., 1965). Notwithstanding its The
inhibitory effect, a-methyltyrosine is to some extent itself hydroxylated in the DOPA _
ring to a-methyl-DOPA and subsequently decarboxylated and fl-oxidized to ase inhi
a-methylnoradrenaline (M_iTR_., 1965). adrenali

Effects _milar to those of a-methyltyrosine have been demonstrated for its adrenali
dimethyl ester (H 44/68) (CoRRODI and _IAT._VORS, 1966) which in a dose of substitu
250 mg/kg lowers the noradrenaline stores in rat tissues. Strong inhibitory action product
has also been reported for 3-iodo-L-tyrosine (GoLDST_ and WEIss, 1965). lation a_

The noradrenaline depleting effect of H 44/68 has also been shown for adrener- 1962). "l
gie nerve fibres in the periphery, using the histochemical fluorescence technique of treatm¢"
FZ_K and H_._.ARP (CoRRODI and _IAT_._r_ORS,1966). Of great functional interest product
is the observation that noradrenaline as well as dopamlne strongly inhibit the is readil
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_)rane-14 tyrosine hydroxylase which may form the basis for a feedback control mechanism
tO adre- (NAGATSU et al., 1964; STJ_RN:E, 1966).

;nsmitter Inhibition of tyrosine hydroxylase (and of dopamine-/?-hydroxylase) has been
from the observed with the pigment antibiotic chrothiomycin (Arur_wA et al., 1969}.
e finding
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v, 1962). :_ Spleen
equently ._
c)f zierve z t.5 ,, _ j,_

Z
0

B AT.Z_R *-o 1.2
inhibitor tt_
dn.This

_f.H_.ss _ o.9
_herefore

_z
)" ,_o._

Z
UJ o.NORADRENALINEn*

0 .3 • SEROTONIN
LO]Z_d be

0rotrans- z
I I t ..

_im to o _. 4 6 8 24
TIME (HRS)

Fig. 2. Levels of noradrenaline and 5-hydroxytryptamine in the spleen of guinea pigs after
admlni_trationof a singledose of a-methyltyrosine (80 mg/kg i.p.), meanand range (S_EcTOR

et al., 1965)
_xylase
an inld-
muallne b) DOPA Decarboxylase Inhibitors

A number of DOPA deearboxylase inhibitors have been investigated by
ed with CLARKand his group (HART_ZANet al., 1955a; CLARK,1959;CLARKand POORU2_-D,
1963a}. 1961). Active in vitro was e.g. 3-hydroxycinnamic acid although the inhibition
,rboxyl- in vivo was only moderate.
•methyl a-Methyl-DOPA and a-MMT exerted a marked inhibitory effect on DOPA
d to its decarboxylase as discovered by SouI_z_s (1954), while a-methylphenylalanine and
nalogue a-methyltyrosine had only a weak effect. The inhibitory effect could also be shown
_tent of in vivo; thus a-methyl-DOPA diminished the effect of DOPS on the blood pressure
inhibit which depends on decarboxylation to noradrenaline (S_'Arr_RL6W, 1951;
5-HTP D_lC_tLERand REXCItEL,1957). After admirdstration of DOPA to rats in vivo,

a-methyl-DOPA decreased the excretion of dopamiue in urine (3IuRPH_ and
_severe Sou_g_s, 1961}.
ling its The fall in noradrenaline-content in various organs observed after a-methyl-
in the DOPA and a-_E_IT (Sou_K_.S et al., 1961a) does not seem todependondecarboxyl-

to ase inhibition since more active hydrazine derivatives lack the effect on the nor-
adrenaline content of the heart and brain. It is therefore assumed that the nor-

for its adrenaline depleting effect of a-methyl.DOPA and a-_L_IT is caused by partial
lose of substitution of the normal noradrenaline content through the decarboxylated
action products a-methyldopamine and a-methyl-meta-tyramine which after _-hydroxy-
). lation act as false transmitters (WEIsSBACH et al., 1960; C_LSSO_ and L_DQWST,
irener- 1962). This may contribute to the therapeutic effect of a-methyl-DOPA in the
ique of treatment of hypertension (OAT_.S et al., 1960), although the _-hydroxylated
nterest products are quite efficient as sympathomimetic amines, a-methylnoradrenaline
bit the is readily taken up by the normal storage sites in the nerve granules and given off
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at a _imi|ar rate as noradrenaline. This expl_in_ the nearly quantitative exchange of a:
of noradrenaline for a-methylnoradrenaline (CART.SSO_ and Lr_DQVIST, 1962; like"

SCHOX_'_r and GROBECKER, 1964). It has been assumed that a-methylnoradre- hydt
naline is lost from organs at a slower rate than noradrenaline and also that it grou
causes, by substituting noradrenaline in the C_S, some alteration in the function l
of the adrenergic system (HoLTZ, 1965; H_o, 1969). hear

a) Derivatives of Hydrazine and Hydroxylamlne afte_q

Strong inhibitory action in vitro on the DOPA decarboxylase is exerted by but
e.g. N-methyl-_ (3-hydroxybenzyl)-hydrazine (_SD 1034) (BRoDrE et al., 1962; 196_
I_ and SJOERDSMA, 1964), but this and similar compounds (NSD 1039,1045)

have only little effect on the endogenous amines. These compounds also inhibit the ,_
decarboxylation of a-methyl-DOPA and a-SE_IT (UDv._-FR_ND and ZALTZ_A_-
NIRENBERG, 1962), and counteract their blood pressure lowering effect in the rc_,as b.
hypertensive rat (DAws et al., 1963). _ith

_) Decaborane foun
196_

M_RRITT et al. (1965) have shown that the boron hydride decaborane-14 ami,
(Bl0 H14 ) lowers the noradrenaline content in the rat brain in doses of 10--20 mg/ hant
kg. I)ecaborane also causes noradrenaline depletion in a variety of tissues, notably the
the heart, brain and kidney (EuLER and I_s_JxO, 1965a). After decaborane

COII._

treatment the dopamine content in the brain after artmini_tration of DOPA is brain
greatly dlrnlni_hed, and in o.ther experiments 51_RI_ITT and SCHULTZ (1966) have norm

shown that the decarboxylase activity is greatly lowered. The noradrenaline- of do 1
depleting effect on the rabbit heart reaches a ma_rnum about 24 hrs after a dose 4-hy,
of A $ mg/kg intraperitoneally and remains for another 24 hrs whereafter the 196_
noradrenaline content gradually returns to normal. In the rabbit decaborane with
causes a rapid diminution of the response to sympathetic stimulation (BYoD_MA_ q-_
and Eux._.R_ 1966). The effect of decaborane appears to depend on the inactivation of th_
of the co-factor pyridoxal-5'-phosphate and can be counteracted by injection of
pyridoxine (WY_ES and I.A_-vxz, 1967). up alnora,:

Oxi, l"
e) Dopamlne lJ-hydroxylase lnhlbitors stor_

Arylalkylamlnes such as phenylethylamine inhibit the transformation of 1
dop_mine to noradrenaline (GoLDSTEL_ and COI_'TS_._A, 1961) by competing for hibil
the hydroxylating sites of the storage granules. MA,

(STJ

a) Hydroxybenzyloxyamln e leve
q

m-Hydroxybenzyloxyamine (',_SD 1024) inhibits in vivo the formation of
noradrenaline from dopamine in the heart (NIKODIJEVlC et al., 1963) and exerts nor:,

aimilar inhibitor action on the oxidation of a-methyl-dopamlne to a-methylnor- 196t
adrenaline, stor:

Although _-methyl-N-(3-hydroxybenzyl)-hydrazine (NSD 1034) in low doses
is able to prevent the usual rise in noradrenaline in rat brain following a MAC-
inhibitor (pargyline) even 200 mg/kg only lowers the normal noradrenaline content !
by 60_/o for a few hours (KUNTZM_,_ et al., 1962). the

uric,
p) Disnlfiram, Tropolone wit}

Disulfram (antabuse) inhibits aldehyde dehydrogenase and the hydroxylation
of dopamine to norad_enaline by dopamine-]_-hydroxylase. The active compound dem
is diethyl-dithio-carbamate which is readily formed from disulfiram in the presence ther

L

...................................................................... I
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e exchange of ascorbic acid (ALBERT, 1961; GOLDSTEINet al., 1964a). It serves as chelator
fisT, 1962; like 8-hydroxy-quinoHne, 2,2'-dipyridyl, and EDTA, and inhibits the dopamine-fl-
LylnoraAre- hydroxylase which probably is a metal proteid. Also active as inhibitors in this
klso that it group are 4-methyl- and 4-isopropyltropolone (GoLDSTEL_ et al., 1964b)
ae function Disulfiram in a dose of 400 mg/kg lowers the noradrenaline content of the rat

heart by about 50% and also prevents the formation and storage of octopamine
after administration of tyramine (McsAccmo et al., 1964).

The enzyme was found to be relatively insensitive to hormones and reserpine,
exerted by but was markedly inhibited by thyroxine or benzyloxyamines (NAGATS[;et al.,
t al., 1962; 1968).

1039,1045) d) Reserpine

i_nhibit the The rapid depletion of noradrenaline stores in organs and adrenergie nerves byZ Ar.Tz_ti'C-
rect in the reserpine has raised the question as to whether this drug affects synthesis as well

as binding to the granules. In experiments with homogenized splenic nerves and
with splenic nerve trunk particles the conversion of dopamine to noradrenaline was
found to be inhibited by reserpine (STJ.iR_X]_and LISHAJKO,1966 ; ROTa and STOXE,
1968), suggesting that an altered ability of the granules to take up catechol-

abora_e.14 amines after reserpine treatment prevents the final synthetic step. On the other
10--20 rag/ hand, some observations seem to indicate that reserpine does not seriously impair
_s, notably the noradrenaline synthesis in tissues. Thus GLOWL_SKIet al. (1966a) found a
decsborane considerable degree of noradrenaline synthesis from various precursors in the
_fDOPA is brain of the reserpinized rat and concluded that synthesis proceeds essentially in a
1966) have normal fashion, although it may be somewhat hampered by diminished availability
adrenaline- ofdopamine. Observations on the excretion of free noradrenaline and of3-methoxy-
ffter a dose 4-hydroxy mandelie acid in the urine of rats treated _ith reserpine (Wr__x_x_I__i,
;reafter the 1968) also support the view that reserpine interferes only to a moderate extent
decaborane with noradrenaline synthesis (cf. RUTLEDGEand WE_-ER, 1967).
BYO])_Aw The fact that noradrenaline synthesis continues even after reserpine depletion
nactivation of the noradrenaline stores suggests that the ability of the storage particles to take
inject/on of up and bind the product, noradrenaline, is not a prerequisite for its formation. If

noradrenaline is not taken up this may be assumed to hold true also for dopamine.
Oxidation of dopamine may therefore occur without the amine entering the
storage particle.

rmation of In the experiments of ROTH and STOSE (1968) it was observed that the in-
npeting for hibitory effect of reserpine on noradrenaline synthesis was partly reversed by the

MAO inhibitor pargyline in intact nerves, in contrast t_ isolated nerve particles
(STJIRXlS and I_SHAJKO, 1966), possibly by increasing the intraaxonal dopamine
levels.

,rmation of The membrane-active drugs prenylamine and phenoxybenzamine also inhibit
and exerts noradrenaline synthesis at the fl-hydroxylation step (STJ_La_XEand LISHAJKO,

methylnor- 1966), presumably by preventing access of dopamine to the active sites in the
storage particles.

a low doses 5. Induction and Regulation of S_-nthesis
ng a MAO-

Rue content Increased adrenergie nerve activity enhances the synthesis of noradrenaline in
the nerve terminals as evidenced bythe rise in the excretion of noradrenaline in
urine (Eb'LER, 1954) and of its metabohtes (AR_STROXGand MC3hLLk_x, 1959),
without lowering of the amounts in the stores.

droxylation The effect of nerve stimulation on the synthesis of noradrenaline was first
compound demonstrated for the cat spleen in rive; after 10 rain stimulation of its nerves

;he presence there was no significant reduction of its noradrenaline content in spite of a con-

13 Hdb.exp.Pharmakol.,Vol.xxxin
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siderable release of transmitter (EULER and HELLNER-BJSRKM&__,-, 1955). Similar inhibit-_
results have been obtained oil the isolated perfused spleen by DE.tRS&LEY and in the _

(]EFFEN (1966), who observed a fall of only 7.7% of the original noradrenaline {MuELI
content after ncrve stimulation. The outflow of transmitter caused by nerve
stimulation (cf. BROWN, 1965) directly indicates that synthesis is increased under
these conditions since the transmitter content is practically unchanged. The
relative constancy of the noradrenaline content in organs during var3-ing cmt-
ditions suggests that the regulatory mechanism possesses a high degree of pre-
cision. As a likely system it has been proposed that, after noradrenaline release,
the lowered concentration at some strategic point in the storage system elicits
resynthesis, presumably by removal of an inhibito W action {negative feedback
control). This concept has received support by the experimental results of XAGXT-
StYet al. (1964) and UDE_N-FRIE_NDet al. (1965). Thus the hydroxylation of t3-rosine ,
the rate-limiting step, is. significantly inhibited by noradrenaline 2 × 10-4M in the
medium. STJ.'_,RNE (1966) and STJARNE et al. (1967b) found that noradrenaline
inhibits synthesis to more than 9no/ 7,o even at 2.4 × 10-sM concentration, and since
dopamine formation was less affected, the results suggest inhibition also at the _-o
final step (Fig. 3). Binding of noradrenaline to the tyrosine hydroxylase has been
reported by IKEDA et al. (1966).

If the concentration of transmitter is increased by a ._LkOinhibitor, the con-

version of labelled tyrosine to noradrenaline is decreased (S_eECTOR et al., 1967), ,
which is in harmony with the above concept.

The remarkable and continuous increase in adrenergic transmitter release
observed after administration of reserpine in conjunction with a 3IAO inhibitor
(CHEsSlN et al., 1957), suggesting increased synthesis, may partly be due to
derailment of the regulating system caused by the two drugs in combination.
Increased tyrosine hydroxylase activity has been observed in the rat superior
cervical ganglia and the rabbit brain stem after reserpine with increased Vmax for
both tyrosine and the pterkline co-factor (._It'ELLER et al., 1969 a).

The effect of direct and reflex nerve stimulation in increasing noradrenaline
synthesis has been observed on various organs {GORDON et al., 1966a, b; ALOt-SI
and Wvx_-V.R, 1966; OLIVERIO and STJ._mxE, 1965; AVSTr_ et al., 1967; SEDVALL
and KoPIN, 1967; WErNER and RABADJIJA, 196S). The effect is not accompanied
by an increase in tyrosine hydroxylase activity in vitro, which supports the

concept of a functional interaction of the product with the synthesizing system. Fig. 3.
Noradrenaline synthesis from t3-rosine in the isolated guinea pig vas deferens fractio,

was found to increase 3 times by nerve stimulation (ROTIt et al., 1967). The in difft-
enhancement of synthesis was not dependent, on the response of the organ since the
same effect was seen when the motor effects of stimulation were inhibited by ! !
Hydergine. The effect is not due to increased conversion of dopamine to nor- l Mt

adrenaline but is presumably a result of increased tyrosine hydroxylase activity. _ 1956).
On the other hand, no increase in synthesis rate occurred on stimulation of the Of

isolated bovine splenic nerve. It is doubtful, however, whether stimulation of the may '
nerve trunk causes release of transmitter as in the isolated organ, blocki

A compensatory increase in adrenal tyrosine hydroxylase activity has been enzyn
found after chemical sympathectomy produced bv 6-hydroxydopamine which adrem
destroys the adrenergic nerve endings and depletes the noradrenaline stores HAJK,
(Muv.LL_.R et al., 1969b). As shown by D]:QvATTRO et al. (1968) sinoaortic dener- or din
vation of the rabbit caused an increased enzyme activity. In

Since the tyrosine hydroxylase activity may also be altered by preganglionie the fi,
nerve stimulation (THov.NE_X et al., 1969) it has been suggested that the neural h_
control can be accomplished by two mechanisms 1. rapid changes in end-product phys,-

13 °
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;). Similar inhibition or availability" of substrate at the enzyme site, and, 2. gradual alterations
ALEY and in the amount of tyrosine hydroxylase in response to prolonged nerve stimulation
Ldrcnaline (MuELLER et al., 1969a).
by nerve

sed under A L-NA 0 B.L-NA1.2xl0-SM C.L-NA2.4xl0-SM D.L-NA/,.Sxl0 "5M
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)__ng con-
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system. Fig. 3. Inhibition of the noradrenaline and dopamine formation from t_-rosine in microsoma]

deferens fractions of splenic nerve homogenate by addition of noradrenaline to the incubation medium
_67). The in different concentrations (A--D). Ion exchange chromatogram fractions. L-NA, NA, (--)-
since the noradrenaline; DA, dopamine; SU, supernatant (STJ._R.NE et al., 1967b)

bited by

to nor- Muscular exercise, which strongly increases the noradrenalhm output (KXRKI,
activity. 1956), also enhances the activity of tyrosine hydroxylase (AXELROD et al., 1970).

)n of the Of drugs which have been reported to stimulate tyrosine hydroxylase, there
on of the may be mentioned thyroxine (BAGcHI and MCGEER, 1964) and a-adrenergic

blocking agents (DAn_._LLX et al., 1968). With the blocking agents no increase in
has been enzyme activity in vitro was observed. Since a-adrenergic blockers inhibit nor-
le which adrenaline uptake in isolated nerve particles as well as release (EuLER and LIs-
m stores HAJKO, 1968b) the effect may be the result of either reflexly induced nerve activity
;icdener- or diminished end-product inhibition.

In isolated rat and guinea pig atria and in rat vas deferens angiotensin increases
anglionic the formation of noradrenaline from tyrosine (BOADLE et al., 1969).
m neural Increased de novo synthesis has been seen in the rat heart following hypo-
.-product physectomy (LANDSBERG et al., 1969). This occurred concomitantly with increased

13"
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turnover, reflecting thyroid and adrenal deficiency (LANDSBERG and AXELROD,
1968a) and was accompanied by reduced accumulation of 3H-noradrenaline in the
rat heart (LANDSBERG and _XELROD, 1968b).

_orl!

6. Synthesis Rate and Kinetics nerves,
moderat

The rate of noradrenaline synthesis has been estimated in vivo and in vitro conditi_,
during different experimental conditions. The rate (measured as pg/g.hr) can be and GEF

expected to vary widely in _fferent organs as a result of variations in both the rate ally and
of release and the size of the stores; the latter may vary from near zero to values a small c
of about 10 pg/g depending on the organ. Exo-

In order to make results more comparable, data for synthesis rate may be GIGEE, |
expressed in % of the normal noradrenaline content per g tissue per hr. content

PA[rLSE._ and HEss (1963) have reported synthesis rates for noradrenaline of and st_T-
about 0.03 pg/g.hr in the guinea pig heart, depleted after administration of the stration

benzoquinolizine compound, RO ,1 1284, or of the methyl ester of methyl adrenali
reserpate, Su 9064. A similar value for resynthcsis was found in the guinea pig I_SHAJJ_
brain in which the noradrenaline content was reduced by electroshock. The

The amounts of noradrenaline synthesized from tyrosine in the isolated guinea methc_l
pig heart have been calculated to 0.03 0.05/_g/g.hr (SPECTOR et al., 1963a) but present
values may be considerably higher at high release rates. Synthesis rate has been Apr
calculated on the basis of the disappearance of radioactive noradrenaline incor- highly l
porated when the organ content was constant (UDENFRIEND and ZALTZMA_- endogem,,
NIRENBERO, 1963; _IONTA.N'.4.RIet al., 1963) or by means of the rate of loss of Whih'
transmitter after synthesis, appear at

circumst
Values between 0.03 and 0.10/_g/g.hr have been reported for various organs the stor_,s

(C_o_r, 1962; POTTER and AXELROD, 1963b; MONTANARI et al., 1963). In the For tt
isolated bovine splenic nerve the rate of noradrenaline synthesis from tyrosine was to be ma,

0.15---0.20/_g/g.hr (ROTH et al., 1967). specific st
At a half-life of 7 hrs for incorporated aH-noradrenaline, the rate of loss is at these t

about 10_o per hr and, given a constant total noradrenaline value of 1/_/_ - and a to be ma_
regular distribution and release of the label, synthesis proceeds at the rate of the axoJ_

0.1 pg/g. hr. There is some evidence, however, that the release does not affect the uptake
stores in a proportionate way but that there is a preference for the release of newly FALCK _
synthesized material. In such case the loss of label is delayed and the rate of decide _'

synthesis higher than indicated by the half-life (KoPIN et al., 1968). reserpi,,,
In perfusion experiments on the isolated guinea pig heart a Km value for the (MALMF,

overall conversion of tyrosine to noradrenaline has been found which is the same by tissm
as that for tyrosine conversion to DOPA, or 10-SM (SPECTOR et al., 1963a). A in isolat.

more detailed study of the kinetics of bovine adrenal tyrosine hydroxylase has Cat(._
been reported by IKEDA et al. (1966). studies,

The kinetics of the dopamine fl-oxidation reaction has been examined in detail has beck.
by GOLDSTE_ et al. (1968). specific

The approximate Km values for the enzymes taking part in catecholamine graphy,
synthesis are, according to UDE_FRIE_D (1968)

Tyrosine hydroxylase 1 × 10-sM
DOPA decarboxylase 4 × 10-4M Fun,

Dopamine-fl-hydroxylase 5 × 10-3M Bt_R._-, _

From these constants UDE_FRIE_D has concluded that the enzymes must adrenali
occur in close connection since the intermediates do not accumulate, studies,
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_X_L_OD, H. Uptake
ine in the

1. Introduction

Normally the adrenergic nerves, like the organs which receive a supplyof these
nerves, contain a characteristic amount of neurotransmitter, subject to only
modera_ changes both in loss and gain even under greatly varying activity

t in. vitro conditions (EULER, 1951; Et'LER and HELLNER-BJSRKMA_, _955; DEAR_AX, EY

r) can be and GEFFE__-, 1966). This suggests a hmited storing capacity, presumably structur-
h the rate ally and chemically determined, and normally utilized to an extent allowing only
to values a small or moderate complementary uptake.

Exogenous noradrenaline can be taken up to various extents (R___B and
; may be GIO_E, 1953) but is. only temporarily stored. Thus after a limited time the organ

content returns t_ its normal value. The granular stores are capable of taking up
_naline of and storing also adrenaline; this explains why the uptake in tissues after admini-
_n of the stration of this amine is more readily detectable: it partly substitutes for nor-
[ methyl adrenaline in the specific stores (STRSSIBL._-D and NICKERSO_, 1961; EULER and
nnea pig LISH._JKO, 1963a; A_D_-, 1964; WESTFALL, 1965).

The availability of radioactively highly labelled noradrenaline has afforded a

;d guinea method of high precision and usefulness, introduced and successfully used in its
'63a) but present form by AXELROD and his co-workers since 1959.
has been A problem wl_ch has not been fully elucidated is whether tracer amounts of
ne incor- highly labelled amines are distributed in a way truly representative of the
mTZ_- endogenous distribution in'the organism under all conditions.
ff loss of While uptake studies with the use of semi-tracer amounts of noradrenaliae

appear at present to give consistent and accurate results, it may under some
circumstances be advantageous to study bulk uptake after previous depletion ofts organs

_. In the the stores (cf. p. 202).
For the interpretation and evaluation of uptake experiments distinction has)sine was

to be made between uptake through the axonal membrane and uptake into the
specific stores, particularly since some drugs have different actions on the uptake

)f loss is at these two sites. So far there seems to be no direct method which allows studies

:/g and a to be made of the effect of various drugs and other factors on the uptake through
; rate of the axonal membrane. However, by comparing the effect of drugs on the total
ffect the uptake in nerves, for instance by the fluorescence histoehemical technique of
of newly FALCK and HrLLARr, with that in the storage particles, it is sometimes possible to
; rate of decide whether an uptake inhibition is located at one or the other site. Thus

reserpine inhibits noradrcnaline uptake in storage particles but not in the axon
for the (MAL._FORS, 1965). On the other hand isopropylnoradrenaline is hardly taken up

;he same by tissues (A__D__X et al., 1964; H_gTTI_-O, 1964), while it is readily incorporated
}63a). A in isolated particles (Et'LER and LISHAJKO, 1967 b).
"lase has Catecholamine uptake in the tissues has become the subject of numerous

studies of which only a limited number can be discussed in the present survey. It
in detail has been attempted to include those studies in the first place which deal with

specific uptake in the normal physiologically relevant stores. An extensive biblio-
_olamine graph)- on uptake is found in the monograph of Iv_Rsv.._ (1967).

2. Uptake ot Cateeholamines in Organs and Tissues
Functional uptake of catecholamines was demonstrated as early as 1933 by

Bu_._, who observed a modification of the effect of nerve stimulation after adding
es must adrenaline to the perfusion fluid used for the hlndleg of the dog. In most of the

studies of amine uptake (e.g. BUR_ and R._,_'_D, 1958) various proportions of the

/
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injected amines were in all probability unspecifically located and disappeared
relatively rapidly from their deposits. Using highly radioactive cateeholamines th[_
AX_LRODet al. (1959) were able, however, to distin_ish for the first time between ti_
a specific and a non-specific uptake after injection of 0.1 mg/kg 3H-adrenaline no ._
intravenously to mice. They observed that a large proportion of the dose, about (E1-
70%, disappeared from the body M some 5 min, whereafter the remaining 30°o ami
disappeared more slowly. The exper':ment thus showed that a certain proportion
became bound more firmly and was released at a slow rate. In experiments _ith ?

highly labelled noradre_lalme the results were similar (_VH:ITBY et al., 1961), but
an interesting difference could be no_d, in that a higher proportion of noradre- "
naline than of adrenaline was specifically bound. As already mentioned, iso-
prenaline is taken up even less efficiently (A__D]___et al., 1964). Since all three
amines are equally well taken up, and stored by the specific storage particles the _t
differentiation must occur at the axon membrane which therefore appears to
constitute a neuronal barrier, allowing preferential uptake of the natural neuro- ,,
transmitter.

After injection of a large dose of noradrenaline into puppies most of the amine
recovered from the heart was located in the soluble fraction of a homogenate after
sedimentation, indicating that it was not specifically bound (WF.G._I_t_ and K__KO,
1961). Binding of noradrenaline, administered ill large doses, to certain tissues
such as smooth muscle cells has been studied by GILLESPIE(1968) x_hth the aid of
the fluorescence technique. For further references see TRESDELENBURG (1971). t :

Uptake of catecholamines in brain has recently become the subject of numerous
studies after introduction of a technique allo_ving administration of amines _:
directly into the brain ventricles (GLov,x__SKIet al., 1965; GLOWI__SKIand AXEL-
ROD, 1965). From these and other studies it has become evident that the brain A
contains specific stores capable of binding catecholamines.

Fig. 4
3. Uptake in Adrenergie Nerves _lin_:

2 hrs
The main specific storage sites for noradrenaline are found in the adrenergic

nerves, and it is in agreement with this fact that the distribution of labelled nor-
adrenaline after injection is roughly proportionate to the amount of the transmitter _
normally present in the different organs (WHrrBx" et al., 1961); this in turn is beer
closely related to the supply of adrenergic nerves. In experiments on the develop- nor_"
ing rat the accumulation of aH-noradrenaline occurred parallel to the endogenous the
noradrenaline content (Ivv.RSE.< et al., 1967). For the distribution of injected label graI
both turnover rate and blood flow in relation to the size of the store are important. (GII
If these parameters have low values the conditions for labelling are correspondingly
less favourable, as for instance in the adrenal medulla (cf. WrRT._L__Xet al., 1964). neul

Uptake in nerves has been well illustrated by autoradiographic technique. I_sl
SA_mRAJSKIet al. (1964) found a deposition of silver over adrenergic nerves in the trar_
heart after injection of 3H-noradrenaline in the cat (Fig. 4). eith.

The uptake of radioactive noradrenaline in isolated splenic nerve bundles has I
been studied by STJ,_LR_Eet al. (1970a). The concentration of the amine was the
relatively small, which may be associated _-ith the lira;ted stores, that

After degeneration of the adrenergic nerves the transmitter stores are greatly 196_
dlminished or disappear (Cx____o__and LIss_K, 1939; GOODALL, 1951: Et'LEI_ and also
I_Y_KHOLD,1951). Under these conditions there is a greatly reduced specific uptake adr,
of noradrenaline in the organs (HERTTINO et al., 1961a; STROMBLADand NICKER-
SO_, 1961 ). Similarly, after immuno-sympathectomy in rats and mice, the uptake whk
of _H-noradrenaline is greatly reduced (Z_s et al., 1965). are •
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sappeared A certain uptake nevertheless occurs in the absence of adrenergic nerves but
holamines this is presumably of non-specific character {AND_* et al., 1963). Nerve free
e between tissue like the placenta lacks endogenous noradrenaline and consequently presents
Ldrenaline no specific storage sites for uptake of circulating amines under normal conditions
ose, about (EuLER, 1951). It is not "l_mual to what extent the placenta takes up catechol-
ning 30% amines unspecifically after an injection.
)roportion

Lents with _ ) '- • :jl _'_ _L_'_r"_ _T2"._":I ' '_ :_" :-- _3['_-w_- ,__

t961),but :- "" +,'"' ' " _'.;""._ :', '. ,t '; _ _I _, T,tlrnoradre- ._.-,, :,--,y_%_._,'t,_ it "l : ;
:)ned, iso- ") t"_ , '_"'_ _ _

, all, three , "- ' _'' " ' _ 6,1I,_ . ,
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I,intissues : ),, , . .. ,,--- ' '
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Fig. 4. A Autoradiography of heart muscle 2 rain after intravenous injection of aH-noradren-
aline; loci of uptake indicated by arrows. 162 ×. B Localization of radioactivity in heart muscle
2 hrs after intraperitorteal injection of SH-noradrenaline. 162 × (SA3IORXJS_det al., 1964)_drenergie

elled nor-

ansmitter With the histochemieal fluorescence technique of F._:LCK and HxLL_I_ it has

in turn is been shown that in the rat iris, previously depleted of noradrenaline by reserpine,
) develop- noradrenaline after injection accumulates in the adrenergic nerve fibres, includfi_g
tdogenous the cell bodies and the terminals (HA__mr.g_Eg et al., 1964). Combined radioauto-
cted label graphy and fluorescence technique have also been used, with similar results
nportant. (OlL_rSrir. and KlxrrK._, 1965).

pondingly The ease with which noradrenaline is taken up and incorporated in the specific
al., 1964). neuronal stores, as evidenced by the rapid uptake in depleted stores (EuLEtt and
eehnique. Lm_aJxo, 1965a; BaaTT_&Cm_RYa, 1968), suggests that some of the released
yes in the transmitter may be recaptured in the axon, and, depending on the available sites,

either bound to specific stores or metabolized.

indies has Precise information as to the proportion of released transmitter recaptured by
mine was the axon terminal is for obvious reasons difficult to obtain. Some authors claim

that more than 90° o of the released transmitter is recaptured (HAEFELY et al.,
re greatly 1964) which would mean that less than 10°,o of the released transmitter is lost and

ULER and also that release and uptake are simultaneous processes during continuous
fie uptake adrenergic nerve activity.

[ NICKER- _ As a method of estimating the recapture, use has often been made of drugs
_e uptake which inhibit the passage of the amines through the axonal membrane. Such drugs

are cocaine, desipramine, protriptyline and its congeners, and phenoxybenzamine.

i
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It has been reasoned that if re-uptake occurs, a blocking of the membrane should Et-i
increase the outflow from a perfused organ as a result of nerve stimulation, rat_

While the results obtained with uptake blockers like cocaine (BRow__, 1965) or
desipramine (G_.FFF.S, 1965) at tinms indicate a weak action on the outflow in the nor:
perfused, stimulated cat spleen they generally cause an increase of 2--3 times (cf.

STJXRsEand WLx__._t._L_t, 1971). Phenoxybenzamine and other a-blockers, on
the other hand, regularly cause a marked increase in the outflow under these con-
ditions.

Although it may be safely assumed that under favourable conditions a certain
re-uptake at the axonal level takes place, the importance of this mechanism under [
normal conditions is difficult to assess. Noradrenaline and its metabohtes are

continuously present in blood plasma and excreted in urine in amounts which are _
roughly parallel to the activity of adrenergic nerves. An increased outflow after ii
certain drugs might also depend on releasing action of these drugs per se. t

For exogenous circulating anaines the temporary uptake in adrenergic axons as _: i
well as in extraneuronal tissue probably represents the most hnportant mechanism I !

for the iuactivation of the amines (AXELROD, 1965) although the uptake in the i
specific binding sites may be small. I

./

4. Specific Uptake in Storage Particles i

After uptake in adrenergic nerves a certain proportion of released or injected

eatecholamines is deposited in the storage particles and specifically bound (EuLER i
an4 LISHAJKO, 1965a; _[._CKE_NSA, 1965), as readily observed after previous
depletion. This part is not freely diffusible as evidenced by the stability of the l

particles at low temperature (EuLER and LISHAJKO, 1963 a), their insensitivity to
oxidizing agents (EuLER and LISHAJKO, 1967 a) and inability to become adsorbed i

onalumina. ]
Evidence for the uptake of catecholamines into the specific storage sites has i

lJ_en provided by electron microscope autoradiogTaphy, using radioactive nor-
adrenaline which accumulated in sympathetic axons in the rat pineal bed 3,
(WOLFE et al., 1962). Accumulation of silver grains in the region of the particles in Fig.

bovine splenic nerves is sho_a in Fig. 5. The results obtained _Sth the histo-
chemical fluorescence technique are also compatible with this conclusion (CoRRODI
et al., 1966). an,!

More detailed information on the specific uptake has been obtained by studies A
on isolated nerve particles. On incubation of a suspension of splenic nerve particles fira
in isotonic sucrose or potassium phosphate there is a continuous release of nor- i 19t;
adrenaline, increasing in rate with temperature (EuLER and LISHAJKO, 1963a, i wit
1967a). The release is partly compensated by re-uptake, depending on the con- !
centration of noradrenaline in the medium as evidenced by the incorporation of { tea,
labelled noradrenaline in the particles. At a noradrenaline concentration of about _ i._o!
10-4M the reuptake almost wholly compensates for the loss by release at 20°C. 19t;

After partial depletion of the noradrenaline content of the particles a net pr_.
uptake occurs, whereby the uptake of noradrenaline from the incubation medium
is greatly facilitated by ATP and other nucleotides in the presence of Mg (EULER rvl:_
and LISl_._JKO, 1963b, 1969) (Fig. 6). After re-uptake as well as net uptake the Nl,
noradrenaline incorporated in particles is released in the same way as the endo- " adt-
genousnoradrenaline, tea

Uptake in particles as well as in organs shows a certain degree of stereoselecti- : hal
vity. Thus the uptake of the (÷)-isomers of noradrenaline and adrenahne is con-
;!derably smaller than that of the (--)-isomers (ASD_-, 1964; WESTFALL, 1965; it .-

e
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This has been shown in the early experiments of Bt_R-_(1933) who found that the eonce
vasoconstrictor effect of nerve stimulation reappeared in the perfused leg after nora, l
adding adrenalhm to the blood reservoir. Release of labelled amine upon nerve IvEa-
stimulation was shown by HERTT_G and AXELROD(1961). After decentralization cells
of the rat salivary gland and the iris the disappearance of labelled noradrenaline DELE
was slower than bl the normally innervated organs, indicating that the release is varie,
enhanced by the normally occurring nerve impulses. Similarly, ganglionic blocking adrer:
agents slowed the release of 3H-noradrenaline from the heart (HERTTING et al.,
1962).

5. Bulk Uptake of Catecholamines after Depletion I_

While the physiological uptake process is obviously less open to study when , nerv,
the stores are filled to capacity or nearly so, it is possible to study specific uptake cent,-
after depletion, particularly after giving inhibitors of synthesis which do not seem consi
to interfere with uptake. Thus after decarboxylase inhibition by decaborane-14, tissu:
which causes a severe depletion of the noradrenaline content of rabbit heart and sites•
kidney 21 IS hrs after administration, the injection of noradrenaline in doses of of tt"
0.05 mg/kg i.v. or 0.3---0.4 mg/kg intramuscularly rapidly refills the stores to appe
nearly normal values (Et'L]_R and LISHAJKO, 1965a). Analysis of subcellular parti" mitt,
fractions showed that distribution of noradrenaline between particles and super- tran_natant was normal.

The effect of various drugs on the bulk uptake of noradrenaline in the isolated A
perfused rat heart previously depleted by decaborane has been studied by BHAT- of h,':mediu
TAca._a_Y._ (1968) (cf. Section B. II. 6). ' istics.

The histochemical fluorescence technique has also been used for the demon- TI
stration of bulk uptake after previous depletion of the endogenous noradrenaline by studi, _
synthesis inhibitors (CoRROD_et al., 1966; MXL._FORSand ECL_R, 1971).

Bulk uptake in the rabbit heart has also been demonstrated after noradrena- uptak
line-depletion with prenylamine (3[._,CKE__._A,1965), while the subcellular distri- centr.about
button in different fractions after homogenization was essentially normal, adren

eann,_
6. Uptake Estimated by Perfusate Deficit Studies F,

coin

By measuring the loss of amine in the perfusion fluid after passage through an esti_
organ it has been possible to arrive at an estimation of the uptake through the Ivm
organ. As observed by P.L_¢(1926) and Lt-xD (1951), perfusion of a solution of
adrenaline or noradrenaline through the hver leads to an almost complete dis-
appearance of the biological activity of the outflowing solution. BACQ (1937) has Tabl
found that the -kidney also possesses strong inactivating power, and subsequently
several organs have been found to remove catecholamines from the perfusion fluid Corn
to different extents. An inactivation of this -kind is presumably operating con-
tinuously under physiological conditions. If no net uptake occurs, removal equals (± )_
inactivation with the exception of the small percentage excreted unchanged. In (_)-
man only about 1.5--2 °,o of the infused catecholamines is excreted as such (EuL_ (+ }
and LEFT, 1951), indicating that the major part is rapidly metabolized and (:)"
inactivated.

Of the amount of catecholamines eliminated by the isolated rat heart 90% was
retained (Lr_UD_XRand MCSCHOLL,1964). In the cat spleen 40--70%, depend- the
ing on the concentration, is lost during the passage, partly by retention, partly by net
inactivation (G_m]:s_I_. and KIRPEKA_R, 1965). In bulk uptake studies after ' Iw=
depletion, as much as 40?_ of the noradrenaline perfused may be taken up and nor
recovered as noradrenaline in the organ when noradrenaline was perfused in a et _:

t
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that the concentration of 10-_M (BHATTACHARYA, 1968). At increasing concentrations of

leg after noradrenaline the total amount taken up by the organ as a rule increases (ef.
on nerve Iv_sE_x, 1963) and a part of this is temporarily distributed in various -kinds of
•alization cells (cf. GILLESPIE, 1968). (For discussion of extraneuronal uptake, see TREN-
_renaline DP.L_.._Bt_RG, 1971). The ability to remove catecholamines from the perfusing fluid
release is varies considerably in different organs, depending on cell types, vascularization,
blocking adrenergie nerve supply and other factors (cf. LUg-D, 1951).
ro et al.,

7. The Uptake Process

It has frequently been stated that the uptake of eatecholamines in adrenergic

dy when nerves occurs against a concentration gradient. This is true insofar as the con-
c uptake centration of noradrenaline in the plasma after injection of the amine may be
not seem considerably lower than the amount of noradrenaline found per unit weight in the

_rane-14, tissue, and presumably very much lower than that present at. the specific uptake
eart and sites. Yet an uptake, e.g. of labelled amines, can be readily demonstrated. Part
doses of of this uptake is of exchange character since a steady release and re-uptake

stores to appears to take place both at the axonal membrane and at the level of the storage
bcellular particle. The gradient on the other hand may be largely apparent, since the trans-

mitter amine bound in the storage particles is osmotically inert. Uptake of theLdsuper-
transmitter in the stores will then proceed as long as storage sites are available.

isolated As observed by DE__GLER et al. (1961) the uptake of _H-noradrenaline in slices

y BHAT- of heart and brain from the cat becomes saturated at a concentration in the
medium of 25 ng/ml (1.5 × 10-vM), when uptake seems to assume the character-

demon- istics of diffusion.

reline by The uptake of att-noradrenaline in the isolated rat heart has been extensively
studied by IV_RSE__ (1963) using concentrations of 10---1O00 ng/ml. The net

radrena- uptake in the heart increased with time (over a period of 30 rain) and u_ith the con-

_r distri- eentration of 3H-noradrenaline in the medium and reached values of 1.5 pg/g,
about three times the normal noradrenaline content. A large part of this nor-
adrenaline is presumably located outside the specific stores, since these amounts
cannot be maintained without continuous supply.

From the initial uptake rates the Michaelis-Menten constants have been

'ough an computed (I_-E_S___,1963). As seen in Table I the Km for (--)-noradrenaline was
mgh the estimated at 0.27 × 10-sM. In later experiments on the iris and ciliary body
ution of Ivzgs__x (1968) found an "affinity constant" of 1.4 × 10-*M.
lete dis-

937) has Table I. Kinetic constants for catecholamine uptake in rat heart at perfusion concentrations

_'quently 10--500 ng/ml (Iv_as_.x, 1963)
ion fluid Compound Km V_
ing con- M × 10-_ /_g/min/g heart

_1equals ( +-)-noradrenaline ................ 0.67 0.23
_ged. In (--)-noradrenaline ................ 0.27 0.20
(EULER (-{-)-noradrenaline ................ 1.39 0.29
_ed and (+_)-adrenaline ................. 1.40 0.19

_0_/owas In isolated storage particles (Ec_v.R and LISHAJKO, 1967a; cf. ECLER, 1970)
depend- the Km values for the reuptake of noradrenaline as well as for the ATP-stimulated

artly by net uptake were about 1.5)< 10-%_L which is close to the value reported by
es after IVERSE__"for the iris/ciliary body. Similar values were obtained for the uptake of
up and noradrenaline in the perfused lung (HUGHr.S et al., 1969) and rat iris (Jo.wsso_w
_d in a et al., 1969).

_L



.roll ....... /,.if/. , ,_i| H -- i|i| H /r I I_:_iia]a _

204 U.S.v. Et'LER: Synthesis, Uptake and Storage of Catecholamines in Adrenergic Xerves

Kinetics of the dopamine-uptake in the isolated rat heart hare been studied
by PV, SKAR et al. (1968) who found a value of 0.68 × 10-6M. adr,

A seeond uptake process, operating when high concentrations of eatechol- (Ta
amines are used in the perfusion medium, has been described by IVERS__X (1L'c_5). Son
Binding occurred to some as yet unidentified structures, and at a perfuslon con,
concentration of adrenaline of 5 pg/ml the uptake of adrenaline in the rat. hear_
was about 10 pg/g in 5 rain or about 15 times the normal content. A large uptake prir
of catecholamines in the spleen has been described by AVAKIA__-and GILLESPIE aver
(1968), using analytical and histochemical techniques. Except i_n adrenergic be
nerves, uptake was observed in arterial smooth muscle and collagen. For a histo- sup
chemically visible up.take of this kind, concentrations above 10 /ig/ml in the whi
perfusion fluid were required. (For detailed accounts of the uptake studied with

high concentrations of eatecholamines see IVERSr._X [1967] and GmLI:SPIE [196S]). of I
fact
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Fig. 6. Isolated splenic nerve particles incubated in phosphate buffer. Per cent noradrenaline in

of original. After partial depletion (10 min 37:) continued incubation (30 min 20=) with net 191
uptake after addition of ATP. Note no net uptake after reserpine (ErL_g and IAsrr_Zao,

unpubl.) or
W&
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The uptake of SH-noradrenaline in heart slices is als_ dependent on the pre-
sence of Na + in the medium. Substitution of Na" for Li* or K" almost completely
blocked the ability of the tissue to concentrate the amine. In isotgnic sucrose,
however, some uptake occurred (BOGDA_XSK_and BRODIE, 1966). (For reference see
also IVERSr._" and K_._vrrz, 1966)_ ca'

The importance of ATP for catecholamine uptake has been sho_m for adrenal or;
medullary particles by C._RLSSO_Xet al. (1963b) and by KmSrLXER (1962). In w_
isolated adrenergie nerve granules ATP strongly facilitates reuptake as well as net as
uptake of noradrenaline (EuLER and LISHAJKO, 1963b, 1969) (Fig. 6).

_::" Stimulation of noradrenaline uptake in isolated storage particles is also m,
observed with ADP, ITP, C]?P and UTP, but not with AMP or cyclic AMP. An fl"
interesting difference is noted between nerve particles and adrenal medullary 31
particles, in that the latter show no net uptake of catecholamines after partial at:
depletion (LIsItAJKO, 1969). Moreover, uptake in medullary particles is not th
enhanced by ADP. It



_,icNerves Uptake of False Transmitters. Multi-Amine Storage 205

t studied _ It has been assumed that the ATPase present in nerve particles as well as in
adrenal medullary particles is in some way involved in the amiue uptake process

,-atechol- (TAumXER and H._SSELBACH,1966: PHILIPPU et al., 1967; BURGER et al., 1968).
g (1965). Some observations on the action of metabolic inhibitors are compatible with this
)erfusion concept (EvLER and LISHAJKO, 1969).
rat heart From the data accumulated it appears that the amine "uptake" is oi" two

e uptake principally different -kinds, specific uptake in special stvres; and non-specific
ILLESPIE accumulation ill neurons as well as in other tissue cells. The spocific stores seem to
lrenergic be of different kinds and it is generally assumed that the main granular store is
•a histo- supplemented by a moire "peripheral" store, perhaps in the axon membrane, from
tl in the which the immediate release occurs (cf. STJ:kR_NE,1964; EULER, 1970).

Jed with The final uptake in storage particles is subject to a large number of influences
: [1968]). of physical and chemical nature. In addition t9 temperatme, pH, and metabolic

factors a variety of drugs act. on this process. Reserpine is a potent inhibitor of the
ATP-stimulated uptake, but several other drugs have similar though less per-
sistant actions. Most of these caus_ transmitter depletion in circ.

There are some indications that the uptake process in particles is an active,
energy-requiring process. Thus the uptake is greatly facilitated by ATP and
apparently dependent on a functioning respirator)- chain and oxidative phos-
phorylation (EvL_m and LISH__JKO, 1969). The effect of uncouplers suggest that
phosphorylation processes are of hnportance for uptake as well as for retention of
the transmitter. Interference with one or several of the mechanisms involved, for

instance by drugs, may therefore caus_ disturbances in uptake and release, and
consequently influence the transmitter content of an organ.

The finding that the noradrenaline uptake -- both in rico and in isolated
particles -- is inhibited by a-blockers may be of significance for elucidating the
binding mechanism of the transmitter to the receptors in particles as well as in
effector cells.

M It is worth noticing that many of the findings reported as regards uptake of
noradrenaline and other amines in adrenergic neurons and their specific trans-;.) _-5 M
mitrer stores seem to have a certain parallel in the 5-hydroxytryptamine uptake

_drenaline in platelets and their intracellular storage particles (cf. D__PR__DXand PL_TSCHER,i with net
[,ISa__JKO, 1968). The platelets in these respects thus appear to behave like "synaptos3mes"

or free-moving nerve terminals as it were. Blood platelets may therefore in certain
ways serve as a model for the more inaccessible adrenergic nerve endings. For
amine uptake in "synaptosomcs" see the review of _VHrrTAKEI_(1966).

the pre-
mpletely
sucrose, 8. Uptake of False Transmitters. Multi-Amine Storage

mnee see Specific uptake of amines, different from the normal neurotransmit_r but
capable of binding to the same sites, has been studied both in civo, in perfused

: adrenal organs, and in isolated storage particles. Since these amines may be released in a
962). In way similar to that of specifically bound noradrenaline they are often referred to
_ll as net as false transmitters (D),Y and R.aND, 1963).

Evidence for a stoichiometric exchange of endogenous noradrenaline for
, is also metaraminol formed in viro from a-methyl-metatyrosine by decarboxylation and
kMP. An i fl-oxidation has been provided by C.LRLSSONand LI__DQVIST(1962). 3It-SCHOLLand
tedullary } MAiTR]_ (1963) showed release of a-methylnoradrenaline by nerve stimulation
r partial _' after administration of a-methyl DOPA. Similarly tyramine may be taken up in
s is not the nerves and stored and released as oetopamine after/if-oxidation (KoPLX et al.,

1965; cf. MVSCHOLL,1966a).

'_ _ _- _ _:*_¢ _._V_,_,_.r.q'_ _ _'_x- ,_ _, _:_ e,c_'_._.*__'_Z'_e_'_n_._?_ea_" _'_'e_"_':_'__'_._._,_T _;_'_' '_
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False transmitters may be said to have occurred in experime.nts where adre- tak
naline was injected into an organism in amounts large enough to cause an uptake oct-
in adrenergic nerves (R_t__B and GIGEE, 1953). Uptake experiments x_ith different

eatecholamines were made by STR6MBLS_D and XICKE_SOX {1961), ASD_S ('q6-t) tlw
and ASD_N et al. (1964), who observed that both ( )- and (+)-adrenaline _ere san
taken up by the heart, although in different proportions. _*hen used it. sufficiently 197
high doses, (+)-adrenaline or metaraminol could even competitively replace the

1.0 (+)- Adrenaline {-)-Adrenaline
Heart NA Heart NA :

0.8

' • _..... ! org:
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Fig. 7. Noradrenaline and adrenaline in the rat heart, after i.m. injection of ( ) and (+) uptal
adrenaline. Mean and S. E. 31. (_VEsTF:kLL, 1965) A

inhi

endogenous noradrenaline to 50---100% in various organs of the rat (AxD_.X and biol,
Mxcxcssox, 1963). The substitution process between endogenous noradrenaline tis._

and the potential false transmitters ( )- and (+)-adrenaline was studied by ,, ";

_Vv.sTF.tLL (1965) who found an approximately stoichiometric exchange for both } arc,
isomers in the rat heart. As a sign of the different uptake rates for ( )- and
(+)-adrenaline, the adrenaline values after injection of the (--)-isomer were i such
approximately twice as high as for the (+)-isomer (Fig. 7). 1 (

The sympathetic nerves of the rat pineal gland contain both noradrenaline and _ site.

5-hydroxytryptamine (Ow3ta.x-, 1964). As sho_aa by ZwEIo and AXELROD (1969) i had
treatment with the tyrosine hydroxylase inhibitor a-methvltvrosine causes an t

increase in the pineal 5-hydroxytryptamine, which is svnthes_ed bv the parenchy- and
real cells and taken up by the adrenergic nerve terminals. This rise is prevented by was
dopamine or noradrenaline, suggesting competition for storage sites. On the other (.
hand, tryptophan increases the pineal 5-hydroxytryptamine. These results indi- effc,-

eate that adrenergie nerve fibres may also take up and store 5-hydroxytryptamine corr,
if this as in the pineal gland is normally available in the adjacent cells. ' _,

Similar multi-amine storage ability has been described for nerves in a variety = affin
of tissue and organs (for references see Zx_IO and AX_ELROD, 1969) but in these affin

cases the nerves have been shown to take up foreign amines only after exogenous i:
administration and apparently lack the biosynthetic machinery. An uptake may : sLx-n
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ere adrc- take place, however, during conditions of increased plasma levels such as may

n uptake occur in cases of amine-producing tumours.
different I-Iowever, a marked degree of specificity in the ability to take up amines or

!_ (1964) their precursors has been noted for central neurons (HILLARP et al., 1966). The
line were same is true for organs innervated by peripheral adrenergic nerves (S_t._I_A,3 et al.,

fficiently 1971).

place the 9. Effect of Drugs on Catechohunine Uptake in Organs,
Nerves and Isolated Particles

Extensive studies on the action of drugs on the uptake of noradrenaline in

organs and in isolated nerve particles have been made. Some of these drugs are

.I "'! listed below:
a) Sympathonlimetic amines

_,,_,t b)c)AdrenergieNeuronalandblOckingganglionicagentSblockers
d) Psychotropic drugs

t _ e) Enzyme and metabolic inhibitors
f) Various drugs

Dose a) Sympathomiuietie Amines

t0mg/kg BuRoE-_ and IVERSE__- (1965) studied systematically the effect, of a large num-
IOmg/kg ber of sympathomimetic ambms on the uptake of _C-noradrenaline in the isolated

3.3mg/kg perfused rat heart from a solution containing 10 ng/'ml (0.6 × 10-73I). The effects ¢
were expressed as ID 50 (drug concentration producing 50('/o inlfibition of nor-
adrenaline uptake). The strongest inhibitory actions on the noradrenaline uptake

:_'_"_,x noradrenaline,Wereexerted noradrenahnebY(--)-metaraminol,and ts-ramine,d°pamine'while is°prenaline(+)-amphetamine,had a mucha'methyl-weaker
1025 20_8 effect. This is of interest since isgprenaline is hardly taken up by the axonal

membranes. Normetanephrine has also only a moderate inhibitory effect on the
-) and (+) uptake.

Amphetamine and tyramine are both noradrenaline releasers and their strong
inhibitory effect on noradrenaline uptake may contribute to their relatively strong

SD_ and biological action. The most active inhibitory amines are also readily taken up into
Ldrenahne tissues.

mdied by The following conclusions from the results with the sympathomimetic amines
e for both are quoted from Bt'RGE_< and IVERSE__ (1965) (L stands for (--)):
(--)- and - "(a) fl-Hydroxylation produced a decreased affinity for the uptake site. In
mer were such compounds the L-enantiomer had a higher affinity than the D-enantiomer.

(b) a-Methylation resulted in a considerable increase in affinity for the uptake
]aline and site. This effect was also stcreochemically specific, in this case the D-enantiomer

.OD(1969) had considerably more activity than the L-enantiomer.
causes an (e) Phenolic hydroxyl groups enhanced the affinity for the uptake site, para-
parenchy- and meta-substitutions having approximately equal effects. The optimal structure
vented by was the 3,4-dihydroxyphenyl group.
the other (d) N-Su_stitution decreased the affinity of the drug for the uptake site. This

sults indi- effect was dependent on the size of the X-substituent, bulky substituents having
cyptamine correspondingly greater effects in depressing affinity.
t cells. (e) O-Methylation of phenohc hydroxyl groups produced a striking decrease in

t a variety affinity for the uptake site. Meta-methoxy-compounds had considerably lower
at in these affinities than the corresponding para-methoxy compounds.

exogenous (f) The phenylethylamine structure could be replaced with saturated five- or
3take may six-membered ring structures as in propylhexedrine and eyclopentamine without

.... I
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producing a marked decrease in the affinity for uptake. Even the long chain ah- in the
phatie amine tuamine and the indoleamine serotonin had appreciable affinities for Phen,
the uptake site", of infl

Using the rabbit heart MCSCHOLL and WEBER (1965) tested the effect of to ab,
various amines on the uptake of a-naethvl-noradrenaline with similar results. Et

Amphetamine also inhibits tlle uptake of 3_[-noradrenaline from a depot injectcd a-blot
into the lateral ventricles of the brain (GLoWISSYa and AXELROD, 1965). agent

In a study of the uptake of ZH-noradrenaline in cat tissue slices _I.)ENGLERet al. inter I
(1961) found that t3u'amine, ephedrine and (+)-amphetamine ha concentrations A
of 5× 10-aMinhibited the uptake 32--5700. adren

The inhibition of uptake of (--)-metaraminol in rat heart slicesbynoradrenaline diben

(GIAcHE_rI and SHORE, 1966) probably signifies that noradrenaline in the con- ATP-
centration used (1.7 × i0-SM) effectively competes with (--)-metaraminol (5 × 10 -7 LISH:
M)foruptakesites, with

On isolated nerve particles EVLER and Llsm_,JKO (1968a) found that indirectly hand

acting amines like tba'amine, phenethylamine and amplmtamine increase the rate both
of noradrenaline loss on incubation in potassium phosphate. Most of this effect was block

due to inhibition of reuptake. Tyramine also inhibits the ATP-facilitated reuptake (--)
and net uptake of noradrenaline, partly by competition through the octopamine (BYG
formed (cf. KoPI_X et al., 1965). Uptake of t3u'amine itself was small. Of other

arylamines prenylamine was strongly active as uptake inhibitor.

Incubation of nerve particles with ZH-dopamine caused a considerable uptake Ot
of radioactivity which, howeyer, quantitatively corresponded to the extra uptake of 3tI-

of noradrenaline. Even when present in a concentration 10 times higher than (HE_ta
noradrenaline in the medium, dopamine did not appear bound as such in nerve

particles. The inhibitory action of dopamine on the noradrenaline reuptake is inhibi
presumably a result of a competitive action. "When dopamine and noradrenaline Ac
both are present in the incubation medium in a concentration of 3 × 10-eM the an in'memt
reuptake of noradrenaline is inhibited by about 25°'0 (EULER and LISItAJKO, uptak
1968a). actio_

a.Methyl.metat3-ramine 10-_M inhibits noradrenaline uptake in nerve particles
by 65%, while a-methvl-m-tvrosine has no effect. The effect of metaraminol, no ac'. . lt.

a-methylnoradrenaline and other anaines, which are stored in the nerve particles, hear
on the uptake of noradrenaline is dependent on the relative concentrations of isola
noradrenaline and the amine (Et'LER and LISltAJKO, 1970).

b) Adrenergie Blocking Agents

An inhibitory action of the 3H-noradrenaline uptake in various organs by [

phenoxybenzamine was observed by HERTT1-SG et al. (1961b). Phentolamine and vivo
dichloroisoproterenol in the doses used had no significant action. On testing a in tl
number of phenothiazine derivatives ROSELL and AXELROD (1963) found that the drat:
inhibitory effect on the noradrenaline uptake in the rat heart was related to their thai
antiadrenergic effect. Chlorpromazine had only a negligible effect on the ZH-nor-
adrenaline uptake in brain (I_ERSE_n et al., 1966) although it was quite active on tiss_
the noradrenaline uptake in the heart. Dibenamine had no action on the uptake '-'
of noradrenaline in the heart (Mt'SCHOLL,1961) or of 3H-noradrenaline in slices of doe,

spleen (DESGLER et al., 1961). is in
BRow:_ and his co-workers (cf. BROW_, 1965) found that in the perfused cat obs

spleen the a-blockers dibenamine, phenoxybenzamine, phentolamine and Hyder- I.a.x
gine increased the transmitter outflow at low stimulation frequencies by a factor find
of 5. This effect was at first interpreted as the result of blockade of the a-receptors a re
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g chain all- in the effector organ but was later attributed to inhibited reuptake (BRowN, 1965).
_.ffinitiesfor Phenoxybenzamme, as well as Hydergine and phentolamine blcreased the recovery

of infused noradrenaline in the outflow from the perfuscd spleen from about 30%
Leeffect of to about 60--80% (GILLESPIE and KIRPEKAR, 1965).
lar results. EISENFELDet al. {1967) found that adrenergic blocking agents, particldarly the
_t injected a-blockers, inhibit also the extraneuronal uptake of noradrenaline in tissues. These
5). agents, in addition, decrease the concentration of the metabolites, which is
;OL_Ret al. interpreted as the result of an inhibited extraneuronal transpart mechanism.
centrations A number of adrenergic blocking agents have also been tested on the nor-

adrenaline-uptake fia isolated nerve particles. All a-blockers tested, including
radrenaline dibenamine, and the majority of ]?-blockers inhibited reuptake as well as the
in the con- ATP-stimulated net uptake of noradrenaline to a varying degree (Eun_ and
ol (5× 10-7 I_s_aJKo, 1968b). suggesting that nerve granules possess an uptake mechanism

with certain properties in common with the adrenergic receptors. On the other
indirectly band a lack of correlation between receptor and uptake blockade has been reported

se the rate both with a-adrenergic blockers (T_o_____ et al., 1964a) and with fl-adrenergie
_effeetwas blockers (M_'sCaOLL, 1966b). Adrenergic blockers also inhibit the uptake of
d reuptake (--) adrenaline (BORN, 1968) and of 3H-noradrenaline in human blood platelets
_etopamine (BYoD_.mA__-and Jot___s_s, 1969).
[. Of other

ble uptake e) ,_'euronal and Ganglionic Blockers
tra uptake Of the neuronal blockers, bretyhum and T3I 10have little effect on the uptake
igher than of aH-noradrenaline in cat organs, while guanethidine markedly inhibited uptake
h in nerve (ttERZ'rL_ et al., 1961b; HEI_T_O, 1965). Bretyhum and guanethidine also
euptake is inhibit noradrenaline uptake in spleen slices (DE._GLER et al., 1961).
adrenaline According to SttORE and GI.tC_ETTZ (1966) guanethidine at 5 × 10-°M blocks
10-_M the an intrace]lular uptake mecha_fism and at 10-a3I uptake through the axonal
LISIL_JKO, membrane. On the other hand guanethidine at 10-SM has no action on release or

uptake of noradrenaline in isolated nerve particles and only a weak inhibitory
"eparticles action at 10-_M. This is also seen with fl-TM 10 and TM 6 whereas bretylium has
taraminol, no action even at 3 × 10-aM (Et-L_a and LISHAJKO, 1970).
._particles, ttexamethonium seems to have little action on noradrenaline uptake Lu the
;rations of heart (LIsD.m_i_ and 3ICSCt_OLL1964), brain (WEtt.-M_tL_E_B_. et al., 1961) or on

isolated particles.

d) Psychotropic Drugs

a) Reserpine

organs by Reserpine strongly inhibits uptake of 3H-noradrenaline in various organs in
amine and vivo (HERTT_'G et al., 1961 b) and the bulk uptake ofnoradrenaline after depletion

testing a in the perfused rat heart (Ba_i_r_ict_,_rv.i, 1968). The effect of reserpine is less
d that the dramatic in the brain; it blocks the uptake in the pituitary but not in the hypo-
._dto their thalamus, cortex or medulla (WEIL-3IALI_ERBEet al., 1961).
m _It-nor- An inhibitor- action of reserpine on the noradrenaline uptake is also noted on
active on tissue slices (D_.-','OLEget al., 1961).

he uptake The initial uptake of catecholamines through axonal or other cell membranes
in shces of does not seem to be inhibited by reserpine, however (IvERSE__"et al., 1965). This

is in agreement with histochemical evidence (H._)_BEnGER et al., 1964) and earlier
rfused cat observations (KoP_ and GORDON, 1962; WEI=UERand TRENDELENBttRO, 1962;
_d Hyder- L_D_,_t¢ and MUSCHOLL, 1964). These results are also in harmony with the
y a factor findings of Ah-D_.h"et al. (1963) that aH-noradrenaline can be taken up in tissues of
-receptors a reserpine-treated animal even after denervation. It is then rapidly metabolized.

14 Hdb. exp. Pharmakol., Vol. XXXIII
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GLO_CSKI and AXELROD(1965) observed that whereas amphetamine raises nearly
the normetanephrine levels in brain, reserpine augments the 0-methylated Owrx
deaminated metabolites. Re
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Fig. 8. Upper trace: response of isolated rabbit ileum to pre-arterial nerve stinmlation 50/see (k
for short periods and 5 rain. Lower traces: ilemn from rabbit pretreated with reserpine. Response of IX,
to stimulation partially restored by soaking in noradrenaline but readily fatigued (GILLESI'Ig vari

and ._L_CKE._-_-A,1961) KII:
out t

Unchanged (LIXDMAR and MtISCHOLL, 1964) or even increased removal of not
noradrenaline from the perfusion fluid passing through organs from reserpine- obt_
treated animals (GILLESPIE and ]_IRPEKAR, 1965) indicates that specific uptake is the
not essential. Newly synthesized, noradrenaline is then partly deaminated by gb_,
intraneuronal 3LkO (KorI_ and GORDON, 1962). However, even in reserpine-treated Gm
animals a small uptake of noradrenaline can occur at sites which allow temporary the
restoration of the nerve stimulation effect in an isolated intestinal preparation obs
(GILLV.S_IV.and _I._.CKE._._A, 1961) (Fig. 8) or on the circulation of the cat (ROSELL efl't_
and SV.DVALL,1961 ; Bem_ and RA-_D, 1958). The restored effect is easily fatigued (E_
by continuous stimulation of the nerves, suggesting that the uptake in specific occ
stores is very limited, or occurs only in a small pool. The recovery observed after
,;aeuronal rest" may be explained by refilling of these stores by resynthesis, elu
GILLESPIEand 5IAcKE._'XA(1961) also observed an acute blocking effect of reser- of
pine added to the organ bath on the effect of adrenergic nerve stimulation, nm
presumably due to delayed refilling of some specific pool even in the presence of (S.,

t
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mine raises nearly normal stores. Effects of a similar kind have been observed by D._Y and
methylated OwEx (1968) on the rabbit ear and EULER (1969) on guinea pig vas deferens.

Reserpine inhibit_ the uptake of 3H-noradrenaline in l0 and 18 days old rats
but considerably less than in adult animals which may indicate a difference in the
specific stores (IvERSE-_ et al., 1967).

LINDMARand 3[USCHOLL(196'J) made the interesting observation that after
pretreatmcnt with small doses of reserpine the a-methylnoradrenaline taken up in
the rabbit heart afar administration of a-methyl-DOPA is not depleted whereas
the noradrenaline stores decreased. Whether this difference is due to a less affected
uptake or reuptake in particles of a-methylnoradrenaline or depends on firmer

_._.: binding of this amine has not been established. Similar fi]]dings have been made by
C_RLSSOS et al. (1965) on stores in the brain.

The effect of reserpine on isolated nerve particles is to block the net noradre-
naline uptake in the presence of ATP (cf. Fig. 6). Whether reuptake is blocked is
difficult to ascertain since the normal release is strongly retarded (EuLER and
I_SaAJKO, 1965b).

_ffi_b_m fl) Cocaine
F_I II-I_FT Inhibited tissue uptake as a cause of increased catecholamine action was first

suggested by BLASCHKO(1954) who presented this possibility as an explanation

of the potentiation of the response to adrenaline by cocaine.

In 1959 MAc._n-L_S suggested that cocaine, by preventing the uptake of
noradrenaline into the tissue stores, increased the amount available for the
receptors and thus potentiated its effect. This concept was supported by the
_]_rlding of TRE._,-DELENBURG(1959) that cocaine delayed the disappearance of nor-

adrenalhm from the blood after injection. Direct evidence for the correctness of

MAC._]]_L._'S hypothesis was given by MCSCHOLL(1960) and by WH_TBV et al.
(1960) who observed that cocaine reduced the uptake of circulating noradrenaline
in organs and confirmed the increase of its concentration in plasma after injection.
This finding has since been amply confirmed in a variety of ways. HUKOV[6 and

m..... MUSCHOLL(1962) showed that cocaine increased the noradrenaline-content of the
"'"" perfusate from the rabbit heart after sympathetic nerve stimulation by 122% .
ation 50/see Cocaine has been used repeatedly in experiments designed to study recapture
m. Response of noradrenaline released from organs by nerve stimulation. The results have been
(GmL_Se_. variable. Thus TRENDELENBU-RG{1959), N._S_YTH and A-_DREWS (1959) and

KII_P]_K_ and CERvo__'_ (1963) observed only a very modest increase in the
outfow of noradrenaline from the stimulated cat spleen after cocaine, certainly

emoval of not comparable with that seen after phenoxybenzamine. Similar results were
reserpine- obtained by BL._K]_LEYet al. (1963) who could not detect any action of cocaine on
;uptake is the outflow of noradrenaline after nerve stimulation, while the a-blocker Hyder-
inated by gine caused a large increase like dibenamine and phenoxybenzamine (Baoxs-.- and
ne-treated GILLV.SPIE,1957). THOE__E__et al. (1964b) found an increase of noradrenaline in
_emporary the outflow of the stimulated spleen after cocaine but still far lower than that
_eparation observed after phenoxybenzamine. It may be recalled that cocaine increases the
t (Ros]_LL effect of adrenaline on the vascular resistance of the perfused human placenta
y fatigued (E_Lm_, 1938). If the effect of cocaine is due to inhibition of reuptake this must
in specific occur in non-neuronal tissue in this case.

rved after While cocaine clearly inhibits the uptake of noradrenaline in the tissues, in-
synthesis, eluding the adrenergic neurons, this is of a moderate degree, since even large doses
t of reser- of cocaine did not prevent the deposition of radioactive noradrenaline in adre-
mulation, nergic fibres of the heart and vas deferens in mice although the uptake was delayed
resence of (S_oRAJSK_ et al., 1964) (Fig. 4).

]
/
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As shown by HERTTr_O and Scm-EFTm_LER (1963) the noradrenaline output of On i
the perfused cat spleen during sympathetic nerve sthnulation greatly depends on triptylb_
the flow rate. At low flow rates during vasoconstriction a larger proportion of the inhibits
released transmitter is re-bound. By blockade of the vasoconstrictor effects or at (EULER

elevated perfusion pressure the noradrenaline output of the spleen is increased. An
enhancement by cocaine of the vasoconstrictor effect of nerve stimulation tends

to mask the elevation of overflow of noradrenaline brought about by intfibition of L3_
re-uptake at the same time. If the cat spleen is perfused _ith a constant volume slices (I *
cocaine causes an increase in transmitter output (THOE_E_ _ et al., 1964b). The has an i,

results obtained on the spleen are therefore in accord with those obtained on the nerve p_
heart (Hvxo_6 and MVSCHOLL, 1962). In this preparation sympathetic stimulation
with or without cocaine did not appreciably alter the coronary flow.

Several years ago BLASCHKO (1954) suggested the possibility that potentiation
of adrenaline-like action might be brought about by a competitive interference Of t!
with entry across the cell membrane, causing an amine to be present in an effective thalamu
concentration for a longer time. cases (_

The inhibitory action of cocaine on noradrenaline uptake depends on the par_-lir
concentration ratio of the two compounds (_[USCHOLL, 1961). to 10-_:

Cocaine only moderately inhibited the bulk uptake of noradrenaline in the Nor_
depleted rat heart (BH._TT.%CHARYA, 1968) particularly when noradrenaline was inhibite-
used in higher concentrations (10-%_I). This is in agreement with the conclusion EULEP,
of FURCHGOTT et al. (1963) that cocaine may compete with noradrenaline for (DE._cI.

common uptake sites, be inhib,,
Cocaine also inhibits the uptake of a-methylnoradrenaline by the isolated STEFAN,,

rabbit heart (WEBER and MUSCHOLL, 1965). Tetracaine had no effect on the E_rir

uptake in a concentration _Sth t_ice the local anesthetic effect. In brain slices no the perfu
inhibitory action of cocaine is seen on the uptake of 3H-phenylethanolamine, also ina(.,_
which is an active noradrenaline releaser. The antagonistic action of cocaine on particles.

this indirectly acting amine could therefore not be explained by inhibition of amine Arsen
uptake (Ross et al., 1968). As observed by B._A_NETTet al. (1968), cocaine does not affect n_'_
inhibit the effect oftyramine on the nictitating membrane in concentrations which In th
potentiate the response to noradrenaline. Similar observations were made by active c_
LAGERCRa_'_TZ (1968) on the isolated iris. (1963 b) ,

various
Kn',

7) Imipramlne, Desipramine, Amltriptyline strongl:.

Imipramine inhibits the uptake of 3H-noradrenaline in heart and spleen gland _
(HERTTr_o et al., 1961b) and after administration in the lateral ventricle the also act
uptake in the brain (GLow_sr_ and AXELROD, 1965). Desipramine (DMI) and Kit.
amitriptyline acted similarly, phenol

DMI, which is normally a potent inhibitor of noradrenaline uptake (TITUS and combin.
SPrEO_L, 1962) and more efficient than cocaine (B._._ETT et al., 1968), is in- In
effective in preventing uptake in the reserpine-pretreated heart (IVERSEN et al., uptake
1965). It is conceivable that reserpine has altered the properties of the cell mem- that w}
brane, othera:

The finding of GEFFEN (1965), previously referred to, that D_LI does not Suli
increase the outflow of noradrenaline from the isolated perfused spleen on nerve and m,
stimulation suggests either that the postulated recapture of transmitter is neglig- centra_
ible under the prevailing experimental situation or that desipramine does not uptah-
reach the release sites. Inh

As reported by IVERSE_ et al. (1966) the uptake of noradrenaline in the brain lation
is inhibited by DMI and by amphetamine, but not the uptake of dopamine, both o,

i



rgic Nerves Effect of Drugs on Catecholamine Uptake in Organs, Nerves and Isolated Particles 213

output of On isolated particles DMI (STJZR_E et al., 1968), amitriptylinc and nor-
epends on triptyline strongly inhibit release as well as uptake of noradre_laline. DMI also
:ion of the inhibits the noradrenaline releasing effect of tyramine on isolated nerve particles
_eets or at (EtrLV.R and LISH._J_O, 1968a).
eased. An
:ion tends $) d-Lysergic Acid Diethylamide

dbition of Lysergie acid diethylamide does not affect noradrenaline up*.ake in organ
it volume slices (D_.__GLERet al., 1961), or in the brain (GLowr_SKI and AX_.LROD, 1965) but
}4b). The has an increasingly larger inhibitor)- effect on the noradrenaline uptake in isolated
ed on the nerve particles when added to the incubation medium to 10-6M or tfigher.
imulation

_entiation e) Enzyme and )Ietabolie Inhibitors

_erference Of the 5LkO inhibitors, iproniazid inhibits noradrenaline uptake in the hypo-
keffective thalamus but not in the pituita_-, whereas pheniprazine was without effect in both

cases (W£_L-M__]_BE et al., 1961; HERT_ et al., 1961b). Xialamide and
[s on the pargyline had no effect on uptake in isolated nerve particles in concentrations up

to 10-_M, whereas pheniprazine had a slight releasing effect.
ae in the Noradrenaline uptake in vice or in isolated nerve particles was not found to be
aline was inhibited by ouabain (WEIL-_La.LHERBE et al., 1961; H_RTT_'O et al., 1961b;
onelusion E_LEg and LISH.¢JKO, 1965b) whereas inhibition is observed in tissue slices
taline for (DE-_OLERet al., 1961). Recent observations indicate, however, that uptake may

be inhibited after a time lag of 10--20 min in vivo. (TIss._a_ et al., 1969 ; LEITZ and
, isolated ST_-FA-',-O,1970).
t on the Eserine and prostigmine have no action of the outflow of noradrenaline from
slices no the perfused spleen on stimulation of its nerves (BLAKELEY et al., 1963) and are

mlamine, also inactive when tested on the release and noradrenaline uptake in isolated nerve
)taint on particles.
of amine Arsenate and fluoride in high concentrations (10-_--10-_M) do not seem to
does not affect noradrenaline uptake in particles (EuZ_ERand L_SH._JKO, 1969).

nS which In their study of various metabolic inhibitors on the incorporation of radio-
made by I active catecholamines in isolated adrenal medullary granules C.4_RLSSO-_"et al.,

(1963b) observed that the facilitating effect of ATP plus Mg was inhibited by
various compounds. Most active as inhibitors were SH-reagents.

Kn_SH__ and S_wI_ (1966) found that cyanide and iodoacetic acid given togetherstrongly inhibited the catecholamine secretion by acetylcholine from the adrenal
spleen , gland whereas each substance alone had only little effect. Antimycin or oligomycin

;ricle the also acted as inhibitors only when given in combination.
5II) and KIRe_K__a_and W__K__D_.(1968) observed that while iodoacetie acid or dinitro-

phenol (DNP) 5 × 10-_M used singly, had a moderate inhibitvry effect only, their
rrb-s and combined action was marked.
t), is in- In a study of the action of various metabolic inhibitors on the release and
'._ et al., uptake of noradrenaline in nerve particles, EVLER and LISHAJKO (1969) found
ell mem- that while cyanide or azide had only little effect on these functions, a number of

other agents were active.
lees not Sulphydryl reagents like N-ethylmaleimide (NEM), iodoacetate, iodobenzoate
_n nerve and mercuribenzoate were slightly to moderately active and required high con-
s neglig- centrations in order t_ exert an action. NEM at 3 × 10-_,_[ inhibited noradrenaline
toes not uptake by 40%.

Inhibitors at various sites of the respiratory chain and of oxidative phosphory-
he brain lation were all active inhibitors of the uptake of noradrenaline in isolated particles,
he. both on reuptake and on the ATP-stimulated net uptake. Thus rotenone, anti-
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myein A, chlorpromazine and oligomycin strongly inhibited uptake. In a con-
¢entration of 3 × 10-_5I antimycin completely prevented the ATP-stimulated i

uptake. Oligomycinwasalso stronglyactive. '
Uncouplers of oxidative phosphorylation, DNP, carbonyl cyanide m-chloro-

phenylhydrazone (CCP), desaspidin ,nd pentachlorophenol all strongly enhanced
spontaneous release and inhibited noradrenaline uptake (Et-LV_R and LISHAJKO, I

1969).

t) Yarious Drugs

Nicotine and atropine seem to have no effect on the noradrenaline uptake in
tissues or in particles (._IusctIOLL, 1961; Et:LER and LISHAJKO, 1965b).

A large number of other substances have been studied with regard to their i
action on the uptake of 3H-noradrenaline in organs in rivo or on isolated nerve i
panicles in vitro. Of special interest are perhaps the actions of drugs, known to
exert actions on the functions of the autonomic nerve system. To this group i

belong various amines and naturally occurring substances. 5-Hydroxytryptamine, i
histamine, prostaglandin E 2 (PGE2) (HV.DQ_IST, 1970), GABA, angiotensin, vaso-
pressin and oxytocin, insulin and various other peptides were without action on

amhm uptake.

lII. Storage

1. Storage in Subeellular Particles

From analytical data, based on tke relative amounts of noradrenaline in
splenic nerves and splenic tissue and the probable amomlt of nerve tissue in the
spleen, it was inferred that the amine is accumulated in the nerve terminals
(EuL]gR, 1954). Later experiments showed (EULER and Hrr.T._a_p, 1956) that
noradrenaline was bound to a small subcellular particle fraction obtained in the
sediment from homogenates of organs and adrenergie nerves by high speed
eentrifugation. The norach'enaline present in the particles 1 occurred in a bound
form as shown by the facts that it was not susceptible to oxidants, nor was it
adsorbed on passage through alumina. Moreover, it was not biologically active
until released from the granules (EuLER, 1958).

Incubation of a suspension of particles in phosphate buffer at 37-_C causes a
rapid release of the transmitter with a halftime of about 5 min, whereas it is firmly
bound at 0 °, no loss being observed in several hours (EuLER and LISH._JKO, 1963a).

The cytology of these particles has been studied by electron microscopy. After
squeezing of bovine splenic nerves and removal of larger particles a suspension is
obtained which contains osmiophilic granules with a diameter of 0.03---0.15

(Fig. 9a). (cf. EULEI_ and SW.__XBV.CK,1964). Tissue sections have shown granules
of this -kind in sympathetic nerve terminals in various organs (DE ROBERTIS and
DE IRALDI, 1961 ; LEVER and ESTERHUIZE.N*, 1961 ; RICH3_RDSO_N-,1962 ; HOKFELT,
1969). The bovine splenic nerve particles have been studied _-ith regard to their

physical and chemical properties by LADU]_ON et al. (1966), H6RT_AGL et al. (1969)
and D_ POTTER et al. (1969).

While the association of the transmit_r with the osmiophilie granules rests

beyond doubt, detailed knowledge is still lacking as regards the relative noradre-
naline content in granules from the nerve trunk and terminal granules or in
granules of different size. After administration of radioactive noradrenaline to
animals it has been possible to show that silver grains are located over nerve Fig. 93geniza t

1 The subcellular particles storing noradrenaline in adrenergie nerves are often referred to splenic
as nerve granules.
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particles in preparations studied by combination of autoradiography and electron
microscopy (WOLFE et al., 1962)...

Transmitter storage particles appear in the highest number in the terminal
swellings of the adrenergic nerves, sometimes tightly packed. In the axon they
occur much more sparsely (Fig. 9b); this explains the fact that they have eluded nor
detection for considerable time although their presence in the axoplasm was pa_
known. From their relative dispersion and assuming the same relative noradrenaline 19_
content in the particles the concentration would be about 100 times 'nigher in the no_
terminal swellings than in the axon. Since the splenic nerve trm_k contains about in
10 pg/g the concentration in the varicosities would be of the order of 1 mg'g which i CA:
is similar to that in chromaffin tissue (cf. XORBERG and HA_SIBERGER. 1964). !- i W,

Although several possibilities have been suggested for the storage mechanism _ fir.-_"
this is still unknown. Of the various possible modes of storage, binding to nucleo- _ nex

tides, proteins, lipoproteins and phosphohpids have been suggested (cf. BELLEAV, il gex
1960). For an extensive discussion of this problem the reader is referred to the [ Ev
review by GREEN (1962). [ wit

From the results of experiments on uptake in vivo and in vitro it appears that adl
the catechol group and the ]?-hydroxyl gToup in the side chain are essential for the fro

binding in adrenergic storage particles (cf. MUSACCHIO et al., 1965b). As pointed pn
out in section II B 4 the binding characteristics are different in the dopamine "s,
particles, tre

2. Storage Capacity, Noradrenaline Content in Particles totob,-_

Precise data relating to .the noradrenaline storage capacity of the gTanules at afte
different locations (terminal and extraterminal) and their size in the adrenergie GoI:
axons cannot be given at present. It has been computed from morphological obt_
studies, however, that the average number of granules in a varicosity is of the vari
order of 1000, and from estimations of the number of varicosities and the nor-
adrenaline content of the tissue it is calculated that the average noradrenaline
content per granules is 5 × 10 -6 pg. or 1.5× 104 molecules (Dxn-LSVR6_ et al., nor_tha_
1966; FOLKOW et al., 1968). "av

The storage capacity is usually not wholly utilized as judged from the moderate inr
increase of 25---50_) observed in the total noradrenaline store in an organ after
decentralization, ganglionic blockers or neuronal blockade (cf. Uptake p. 209). by
Apparently a moderate deficit is upheld during normal impulse traffic, eefbe_

Whether the lower noradrenaline content in the axon in comparison to that in rel
the terminal swelling simply depends on the greater dispersion of granules in the RO
axon or upon a difference in storage capacity is not known, ha

ne!

3. Stability of Storage Particles rcf
rel

The very high degree of stability of the transmitter storage particles at low sul
temperature is illustrated by the observation that storage of an organ at refriger- th,
ator temperature (2--5 ° C) for 24 hrs does not diminish the yield of noradrenaline
extractable from an organ. On storing isolated nerve particles in phosphate buffer
for 24 hrs the loss in noradrenaline content is less than 50% of the original content, m(

At higher temperatures the noradrenaline content of an organ as well as in _;
isolated particles diminishes. Release increases rapidly with temperature. Thus to
the release constant at 20°C in isotonic phosphate, ph 7.0, is approximately 0.01 G_
or 1_/o per rain, but increases to about 0.15 at 37 ° (E_-LER and LISHAJKO, 1967a). pr,
The high temperature coefficient (Q10 3 t), has so far not been adequately ex- Th
plained, tel

+



:'.,_,;-:i ¸:_¸::r:¸:¸_'!£::_; _.'_ .-:, •........ :_L_ ,_:'_ ,_:_::; i_ _. _,_ i_:;_: :;:'_'!:,_:,:_•: !,:_:_:_ _-_ • = _ i•_• • _ •

_rgicNerves Free and Particle-bound Noradrenaline in Homogenates 217

_delectron 4. Free and Particle-bound Noradrenaline in Homogenates

e terminal of Adrenergic .Nerves and in Organs

axon they , In the press juice from bovine splenic nerves about 30 i0% of the total
ave eluded noradrenaline was recovered in the high speed sediment whereas the remaining
Masm was part was found in the soluble fraction and in the residue (E_LER and LISm¢JKO,
adrenaline 1963a). Several authors, using different homogenization procedures have found
_,herin the noradrenaline from various organs, usually the heart, about equally distributed
ains about in the coarse particles, the high speed sediment and the soluble fraction (cf.
_g/g which i C_il'os and SHIDESI.k_N-, 1962; BHAOAT, 1963; STrrZ_.L and LUNDBORO, 1967;

[964). I W_.STFALL,1965; _I_¢CKE__NA,1965) and others. These fairly consistent results ataechanism first seem to indicate that a certaia proportion of the noradrenaline in the adre-to nueleo- _[
B_L_AtL t nergic neurons is either free or loosely bound. In a study of the influence of homo-genization on the distribution of noradrenaline between the subcellular fraction,
red to the i E_u_,ER(1966) found, however, that continued treatment of the particle suspension

I with the homogenizer rapidly lowered the proportion of particle-bound nor-
pears that adrenaline and increased the amount in the soluble portion. Extrapolating back
_ialfor the from the rate of continued release from particles, it appeared that the original
ks pointed proportion of soluble noradrenaline only amounted to around 10°o or less. The
dopamine "soluble" fraction may therefore partly be an artifact depending on the mechanical

treatment during homogenization. The concept that only a small fraction of the
;S _ total noradrenaline in the terminal is present in free form is supported by the

observation that newly s3uithetized noradrenaline which cannot be stored, e.g.
ranules at after reserpine, is either rapidly metabolized or leaves the axon (KoPr_- and
_drenergie ! GORDOn, 1962). However, using a standardized technique it seems possible to
phologieal i obtain comparable values which might serve as guidelines for changes caused by

is of the .i various physico-chemical factors or by drugs.
t the nor- !
_drenaline _ Although most or practically all of the noradrenaline in the terminals may
5_ _t al., ' normally occur in a bound form, several observations suggest that there is more

than one pool containing the transmitter. TRE__,-DELE__BURG(1961) used the term
moderate "available noradrenaline" for a certain small fraction which seemed to be released

rgan after in response to nerve stimulation and various agents, e.g. tyramine. Observations
e p." 209). by CROt_Tet al. (1962) and TRENDELE__,-BUI_G(1963) are in harmony with the con-

eept that the small available pool can be replenished from a larger pool. It has also
to that in been suggested that storage particles near the axonal membrane form a tvramine-
ties in the releasable pool and take up 3H-noradrenaline preferentially (PowrEi_ and AXEL-

ROD, 1963a; C_OUT, 1964). Experiments on the isolated guinea pig vas deferens
have shown that reserpine in concentrations of 0.25---1 /_g/ml rapidly causes
neuromuscular inhibition or block (Eum_.R, 1969) which may be due to deficient
refilling of a peripheral "available" pool since it is -kno_ua that'reserpine retards the

les at low release from the storage granules (E_;'Lv.R and LISHAJKO, 1965b). It has been

t refriger- suggested that the peripheral pool may be associated with or even form a part of
_drenaline the axon membrane (cf. Eb-'LER, 1970).

ate buffer Studies on the specific protein chromograuin A, first demonstrated in adrenal
,1content, medullary granules, have shown its presence also in the noradrenaline-containing
well as in granules of bovine splenic nerve (B.a_'_-KSet al., 1969). On stimulation of the nerve
_re. Thus to the isolated perfused spleen of the calf it was observed (D_. POTTERet al., 1969;
_tely 0.01 G_.FF_._ et al., 1969) that the perfusates contained far more noradrenaline in
), 1967a). proportion to Chromogranin A and dopamine-fl-hydroxylase than the vesicles.
_ately ex- These results, like those of STJla_XE et al. (1970b), which demonstrated that

release of transmitter from the stimulated perfused spleen was not accompanied
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by a release of previously labelled nucleotides, do not speak in favour of exoeytosis A re!
as a principal mechanism for transmitter release from adrenergie nerves, oxidativ

effect (a

5. Effect of Drugs apparen

While the amount of noradrenaline stored in reserpinized tissue is diminished, or physi
due to deficient uptake in the particles, there is a striking increase in deaminated changes
metabolites (KoPIs and GORDON', 1962; GLOWrSSKt and AXELROD. 1965; GLOWLX- Sew

" 5-hyd ro :
SKI eta]., 1966b). After administration of a 3L3,0 inhibitor to the reserpinized
animal before giving aH-noradrenaline, it accumulates to almost normal levels, from pa
How this noradrenaline is "stored" is not _lo_x3a; it is not even certain that it effect.

occurs mainly h_traneuronally but it may be present also extraneuronally. In the Inte_
acutely reserpinized spinal cat preparation the transmitter, protected by a MAO- nerve _r
inhibitor, is constantly leaking out from the terminals and may increase the tissue rate of- amines.

contentofnoradrenaline. (st_red
The small reserpine-resistent noradrenaline "store", described by SEDVALL

(1964), HX_GGESDAL and LISDQVIST (1964), GLOWrXSKI et al. (1966b) may be due

to retention in particles still able to take up a certain amount of newly synthesized AL_Ear.
noradrenaline, but releasing it slowly. In this ease an additional dose of reserpine (19,_t
might or might not affect this amount, which may represent the balance between ALor._t.
a small uptake and slow release. In the reserpine-treated rat heart the small store Effe,Sci.
can be partially released by D3IPP (IvERSE_X et al., 1965). A,,,-oi::¢.

In the reserpine-treated brain DMI or amphetamine hardly affect the accumu- Aeta
lation of 3H-noradrenaline, but if the rapid metabolism of the noradrenaline is -- C._Pa.
prevented by a 3L-kOinhibitor like pheniprazine tile effects of these drugs again ti._u,- -- CoPa_
become apparent and the uptake is smaller (GLowI2¢SKI et al., 1965). Amphet- ehoh_
amine in these experiments seems to have a 3L-_O inhibiting effect. Acta

The results of injections of noradrenaline in reserpine pretreated rats have _ M._;:Ineta

revealed the important fact that the heart of such rats is able to take up and store fl_NGEL.t
in a normal manner tracer doses of noradrenaline, but calmot store larger amounts, the (i
which are recovered in the supernatant fraction after homogenization (IvERsE-',- 59. 1
et al., 1965). Uptake experiments with tracer doses of noradrenaline must therefore AR-_tSTt_mati

bejudgedwithcaution, ll.:
After administration of amphetamine the normetanephrine level increases in ASATO,,

the rat brain whereas after reserpine the O-methvlated deaminated metabolites AL'STt:_dop,
increase. The differences in the metabolic pattern of noradrenaline observed after AwKI_
amphetamine and reserpine moreover suggest the presence of more than one mu,
storage form for eatecholamines in the brain (GLoWI_-SKI and AXELROD, 1965). con:

AwAP._
From studies on the rat brain it has been suggested that reserpine releases nor- last

adrenaline mainly from the "supernatant fraction" i.e. from the whole neuron AXEL_..
while amphetamine releases from the varieosities (GLO_q-SSKI et al., 1966b). S(,i,

-- 'rh,.
_/IAITRE and STAEHELI-S (1968) have observed that while cocaine, imipramine 597

and desipramine strongly inhibit the uptake of 3H,noradrenaline in the rat heart, _ 3h
the amount found in the vas deferens was considerably increased, possibly indi- and
eatinga specialstorageformin this organ. H..

The storage in adrenergic nerve particles is influenced by a large number of its l
drugs, as judged by their action on the "spontaneous" release rate (EuLER and AYr_

LISHAJKO, 1965b). Many of these cause a retardation of the release as observed Sty:,

with reserpine, prenylamine, adrenergic a-blockers, desipramine, nortriptyline, B.wu.
LSD, metabolic inhibitors at the first and second stage of the respiratoD" chain, X?
oligomycin. Several of these compounds are releasers at higher concentrations, int
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exocy_osis A releasing action is seen with indirectly acting amines, and uncouplers of
;s. oxidative phospho, ylation (EvLER and L_sm_J_:O, 1968a, 1969). The releasing

effect (also seen _Sth detergents, increased temperature, lysis, and sonication) is
apparently in some way associated with the condition of the particle membrane

iminished, or physico-chemical state of tSe particle, but may also be induced by metabolic
eaminated changes.
• GLowi_- Several biologically highly active compounds like acetylcholine, histamine,
' 5-hydroxytryptamine, nicotine, atropine have no effect on the storage and release
;serpinized
_aal levels, from particles, whereas cocaine, bretylium and guanethidine have only a weak
_in that it effect.

lly.'In the Interestingly, there is an exchange between endogenous noradrenaline in the
nerve storage particles and exogenous adrenaline in the incubation medium, the

_y a MAO-
the tissue rate of which is dependent, on the release and the relative concentrations of the

amines. This is true also for dopamine (stored as noradrenaline) and tyramine

r SEDv_ (stored as octopamine).
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