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Abstract—The influence of slowly infused norepinephrine on the distribution of radio-
activity from a group of structurally different *4C-labeled compounds was examined.
In short-term experiments it was shown that small amounts of norepinephrine stimulate
the uptake of radioactivity in heart and brain from those compounds that are struc-
turally analogous or biosynthetically related to norepinephrine. No such stimulation
was observed in liver or kidney, nor was the stimulation apparent in any organ, includ-
ing brain and heart, with compounds not bearing either of these relationships to nor-
epinephrine. The effects of norepinephrine on the uptake of radioactivity from its
analogues in heart and/or brain persisted even when the circulatory impact of nor-
epinephrine was minimized by pretreatment with chlorpromazine. When large circula-
tory changes were deliberately produced, norepinephrine still had no specific effect on the
distribution of radioactivity from unrelated compounds. Some possible relations
between a norepinephrine-sensitive transport system and the regulation in vivo of
extracellular norepinephrine and its analogues are discussed.

THis laboratory has reported that intraperitoneal injections of either epinephrine or
norepinephrine (NE) enhance the accumulation of amphetamine in the central
nervous system of the rat.! Under the same conditions, the accumulation of a-amino-
isobutyric acid (AIBA) in the brain is depressed by these catecholamines.?: 3 The
slow intravenous infusion of NE also appeared to stimulate the uptake of radio-
activity from 4C-amphetamine into brain.?

The investigation of the possible influence of catecholamines on transport was
continued and is reported here. There are two important procedural differences
between this study and the ones previously reported. First, NE and 14C-labeled
compounds were administered intravenously. Second, NE was infused slowly through-
out the course of the experiment. The compounds studied include the analogues of
amphetamine and NE, 2-phenylcyclopropylamine (PCP) and tyramine; the precur-
sors of NE; 5-hydroxytryptamine and its precursors; and several amino acids which
have no direct relation to the biosynthesis of the catecholamines.

MATERIALS AND METHODS
All experiments were performed on fasted male albino rats weighing 200 4 25 g.
The animals derive from a Wistar strain carried in this laboratory for some 15 yr.
* This investigation was supported in part by National Institutes of Health Grants NB-2800 and
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The experiments were carried out on the conscious animal restrained in a plastic
holder. Drugs were administered through one of the lateral tail veins.

Experiments in which the effects of chlorpromazine (CPZ) were studied utilized
animals which were pretreated with an i.p. injection of 10 mg CPZ/kg | hr before the
i.v. administration of drugs. These animals were kept in a 37° incubator to eliminate
changes that might occur as a consequence of hypothermia. Rectal temperature was
monitored with a Tele-thermometer probe (Yellow Springs Instruments Co.). No
significant changes in rectal temperature were noted in the absence of CPZ, and these
experiments were carried out at room temperature.

An Aminco motor-driven compensator was used to infuse animals with 0-14 M
NaCl at a rate of 50 ul/min for a 7-min period prior to the administration of drugs,
except in experiments with NE. Here, infusion was carried out at identical rates and
times, except that the infusion medium contained 10 pg NE/ml (free base). This
procedure ensured that the cannula, attached to a fine plastic tubing, was filled with
NE solution prior to the injection of other drugs. The 7-min preinfusion of saline
served as a control for the NE experiments. After preinfusion, 200 pl of a solution of
drug, usually containing 2-5 pmoles/200 nl, was injected as rapidly as possible into
a cannula inserted into a lateral tail vein. The slow infusion of either saline or NE was
continued for 5 min after injection of the drug. Animals were killed by decapitation,
the organs of interest rapidly removed, washed free of adherent blood in ice-cold
saline, and homogenized in 4 vols of ice-cold 0-3 M perchloric acid, except in the
case of heart where homogenization was in 0-01 N HCI prior to the addition of
perchloric acid. Blood was collected in tubes coated with ethylenediamine tetra-
acetate. After centrifugation, the supernatant fluid was assayed for radioactivity
with a Packard Tri-Carb liquid scintillation spectrometer. The disintegrations/min
(dpm) were routinely calculated by the channels ratio method, although periodic
checks on this method were made with an internal standard.

In some experiments with tyramine, which is metabolized quite rapidly, aliquots of
the supernatant fluid were passed through a Dowex-50 column in the H+t form.
Elution was discontinuous: first with water, then with 0-6 N NHs, and finally with
2:0 N NHgs. This procedure divided the radioactivity into three portions. When a
known mixture of p-hydroxyphenylacetic acid, octopamine, and tyramine was
treated this way, the acid was removed first (H20), octopamine next (0-6 N NHg), and
finally tyramine (2-0 N NHs).

Paper chromatography of the eluates was carried out in butanol:acetic acid :water
(12:5:3) and in isopropanol:ammonia:water (20:1:2). R/’s of the chromatographed
compounds were compared with those of known samples of p-hydroxyphenylacetic
acid, octopamine, and tyramine. Aliquots of the 0-6 N NHj eluates from liver were
refluxed for 2 hr with 2-0 N HCI prior to chromatography.

In some cases, tissue extracts were tested for the presence of peptides by the method
of Rydon and Smith.5

Radioactive compounds used in this investigation were, per m-mole: 3,4-di-
hydroxyphenylethylamine-1-24C hydrobromide, 6-4 mc; p-hydroxyphenylethylamine-
1-14C hydrobromide, 5-75 mc; dl-tyrosine-3-14C, 6-85 mc; Il-leucine-14C, 231 mc;
I-lysine-14C, 40 mc; di-tryptophan-3-14C, 4-73 mc; dl-5-hydroxytryptophan-3-14C, 4-46
mc; S5-hydroxytryptamine-2-14C, 0-93 mc (New England Nuclear); /-phenylalanine-
14C, 142 mc (Schwartz BioResearch); dl-3(3,4-dihydroxyphenyl)alanine-2-14C, 312
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me (Nuclear-Chicago); 2-phenylcyclopropylamine-1,2-14C hydrochloride, 0-6 mc;
dl-amphetamine (1-phenyl-1-14C-2-aminopropane), 0-99 mc (gifts from Smith, Kline
and French); and a-aminoisobutyric acid-1-14C, 10-03 mc (Calbiochem).

RESULTS

The depression in the rate of AIBA accumulation in the central nervous system
which is observed after intraperitoneal injection2: 3 does not occur after intravenous
injection of #C-AIBA. No significant effect of NE on the accumulation of AIBA is
evident in blood, brain, heart, kidney, or liver even when NE is infused for 80 min
after the intravenous injection of 14C-AIBA. The effect of the concentration of NE
used during the infusion on the circulation and selective perfusion rate through the
organs examined is small, The results obtained with the intraperitoneal injection
route suggest that the depression in the rate of AIBA accumulation is due to changes
in blood flow through the peritoneum caused by the injection of catecholamines.
Therefore, the enhanced uptake of amphetamine by brain after intraperitoneal
injection! may have occurred despite its slower entry into blood, since amphetamine
augments rather than diminishes the physiological effects of catecholamines.8: 7

Further investigations were concerned with the disposition of radioactivity from
MC.PCP. This compound is like amphetamine in many of its physiological effects.8
With NE, a sharp increase in radioactivity in the central nervous system is noted,
while the radioactivity in other tissues remains essentially unchanged (Table 1). The
increase is observed without a concomitant increase in blood radioactivity levels,
although the data do not exclude the possibility that an increment occurred at some
time earlier than the 5-min period chosen for the termination of the experiment. The
fact that PCP inhibits monamine oxidase (MAQ) activity!® makes the change in its
distribution as a consequence of added NE a complicating factor. Tyramine, which
does not inhibit MAO!! but is thought to mobilize NE,% was therefore used. The
same pattern of response is found with tyramine. However, there is a significant
increase in the amount of tyramine taken up by heart in the presence of NE (Table 1).

It was of interest to determine whether the increased radioactivity with 14C-tyramine
in heart and brain under the influence of NE reflected a change in the metabolic
pattern. Table 2 shows the distribution of radioactivity in an acid or neutral fraction
(H20 eluate), a basic fraction (0-6 N NHj3), and a very basic fraction (2-0 N N Hs).
The radioactivity is differently distributed in heart under the influence of added NE.
The acid or neutral fraction represents about the same percentage of the total radio-
activity under both experimental and control conditions, but the absolute amount is
much greater in the NE-treated animals. The percentage of basic material eluted with
2:0 N NHjs is almost doubled. The radioactivity eluted from brain and heart chro-
matographs, on paper, as p-hydroxyphenylacetic acid (H20), as octopamine (0-6 N
NHs) and as tyramine (2:0 N NHas) in the butanol-acetic acid-water and the iso-
propanol-ammonia-water systems.

The very different distribution of radioactivity found in liver was investigated. The
fraction eluted at 0-6 N NHs was chromatographed in both solvent systems; the radio-
activity found did not correspond to any of the expected products. Presumptive
evidence for the presence of peptides® in this fraction was obtained. Refluxing
with 2:0 N HCI for 2 hr yielded products that were negative for peptides and
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chromatographed as a mixture of octopamine and tyramine. The percentage of octo-
pamine in liver is not much higher than that found in brain.
The effect of NE on the accumulation of 5-hydroxytryptamine and its precursors

was examined. No difference in the accumulation of radioactivity was noted in any
organ with any member of this series. In the NE precursor series, only phenylalanine
failed to demonstrate enhanced uptake of radioactivity (Table 3).

TABLE 3. EFFECT OF NOREPINEPHRINE ON THE DISTRIBUTION OF RADIOACTIVITY FROM

SOME 14C-LABELED COMPOUNDS

(% injected dose/g wet weight)t

Compound* No. of
animals Brain Heart Liver Kidney Blood
A. 5-Hydroxytryptophan and its precursors
Tryptophan
Saline 6 0-32 0-67 1-24 2-12 1-39
NE 6 0-32 0-66 1-28 2:61 1-15
2 Ranks} 37 39 36 42 33
5-Hydroxytryptophan
Saline 6 0-08§ 0-27 3-80 6-00 6-08
NE 6 010 0-30 412 5-48 6-28
X Ranks 37 42 32 40
5-Hydroxytryptamine
Saline 6 0-038 1-10 1-74 0-68 1-07
NE 6 002 1-18 1-60 1-27 096
¥ Ranks 34 41 25 30
B. 3,4-Dihydroxyphenylethylamine and its precursors
Phenylalanine
Saline 6 0-18 0-37 1-88 4-72 0-40
NE 6 017 0-33 2:00 4-44 0-38
Z Ranks 40 36 33 39 38
Tyrosine
Saline 6 032 0-86 6-60 5-80 0-50
NE 6 0-37 099 6-52 600 0-56
X~ Ranks 29 30 34 39 35
3,4-Dihydroxyphenylalanine
Saline 6 014 056 192 10-08 1-10
NE 6 0-18 0-69 2:04 996 1413
% Ranks 24 26 32 41 37
3-4-Dihydroxyphenylethylamine
Saline 6 0-02§ 018 4-32 684 2:04
NE 6 0-02 030 3-.04 654 220
2 Ranks 23 41 39 34
C. Amino acids unrelated to NE
Lysine
Saline 6 0-69 0-23 2-10 3-23 026
NE 6 0-74 0-20 2:37 315 0-24
X Ranks 30 37 33 41 39
Leucine
Saline 6 0-30 096 1-09 1-04 0-29
NE 6 0-32 1-06 099 1-28 0-29
% Ranks 39 34 34 40 39

* All compounds, 2-5 pmoles, administered 7 min after infusion of either saline or NE begun. All

animals killed 5 min after injection of indicated compound.

t Results reported as % of administered dose/g wet tissue/200 g animal.

1 For 6 x 6 table, 5% critical point is 26; 19 critical point is 23.

§ Significance not calculated if organ radioactivity is 2 % or less of blood.
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That this effect is characteristic only of amino acids immediately related to NE
is indicated by the negative findings with phenylalanine and tryptophan and further
with lysine, a basic, and leucine, a neutral amino acid (Table 3).

The absence of important changes in radioactive compound in blood under the
influence of added NE suggested that the procedures employed did not significantly
influence the blood volume or circulation. Nevertheless, a check was performed under
conditions with maximal likelihood of such effects. Mixtures of nonradioactive
tyramine and 4C-leucine or 14C-AIBA were injected into animals in the presence
and absence of NE. Under these conditions, large increases in radioactivity were
observed in blood, brain, heart, kidney, and liver. This effect was eliminated by
CPZ, a drug that abolishes or reverses NE effects on circulation.1? This contrasts with
the continued effects of NE on PCP accumulation in brain and tyramine accumulation
in heart in the presence of CPZ. These differences are clearly evident when a plot
is made of the tissue/blood ratio under the influence of NE (Fig. 1).
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produced by NEP in brain and heart from 4C-leucine, 14C-tyramine, and 14C-PCP.

DISCUSSION

In these experiments NE appeared to stimulate specifically the accumulation of
radioactivity in heart and brain, but only from its 14C-labeled analogues and pre-
cursors. Enhanced uptake is apparently independent of catecholamine-induced
changes in circulation even in brain, a tissue into which NE does not enter.13

These results are surprising. Tyramine, for example, competes with NE for transport
through the plasma membrane,14 for vesicular binding sites,15 and for enzymes found
in the presynaptic terminal.18 If competition at these sites were the primary factor
determining the results, a decrement or qualitative change in organ radioactivity,
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rather than an increment, should have been observed. Despite the large excess of
tyramine employed in these experiments (of the order of 1000 to 1), competition
between these two compounds cannot be excluded on theoretical grounds. Many
instances are known in which inhibitors are less or more effective than the substrate
in forming the enzyme-substrate complex. Sulfanilamide, for example, must be
used at 1000 times the concentration of p-aminobenzoic acid in order to inhibit folic
acid synthesis,1? whereas succinic dehydrogenase activity is significantly inhibited
even when the concentration of succinate is 1000 times greater than that of oxalo-
acetate.18

While the increased concentration of p-hydroxyphenylacetic acid in the experimental
animals is evidence for facilitation of tyramine transport by NE, it is not conclusive.
If intracellular reactions for the conversion of tyramine were stimulated by NE, the
greater concentration gradient between intracellular and extracellular tyramine so
formed might enhance transport despite some inhibition of the carrier system. But it is
not likely that changes in the disposition of radioactivity following transport can
account for the increments. The relative concentration of tyramine and p-hydroxy-
phenylacetic acid is only slightly disturbed by the administration of NE, whereas octo-
pamine concentration undergoes no relative change. Further, the absolute increase
in tyramine in the presence of NE is evidence against its stimulated cellular conversion.
It is probable, therefore, that the transport system for tyramine is implicated in the
NE effect, and that this effect involves a facilitation of tyramine transport.

The assumption of facilitated transport may explain the different results with
PCP and tyramine in brain. Since transport through the blood-brain barrier is
highly selective,!? stimulation of this system may augment transport, but not modify
its specificity. The suggestion that NE may stimulate transport through the blood-
brain barrier, without itself entering brain, is similar to that made for several other
hormones which selectively change the permeability of cell membranes.20

The sympathomimetic properties of tyramine are thought to arise, at least in part!
from competition between tyramine and NE for plasma membrane transport sites.?,
While kinetic studies are required to determine if the same carrier transports both
compounds, the assumption of a common carrier accounts for the inhibition of NE
uptake by tyramine.22

The stimulation of this postulated common carrier by NE does not preclude the
possibility of demonstrating competitive effects. Enzymes are known which are
activated by their substrates, and activation sites are separable from the reaction
sites. A fully activated enzyme of this class shows the normal competitive phenomena
at its reaction site.23 With the large excess of tyramine usually employed, it is not
surprising that tyramine inhibition of NE uptake can be demonstrated.14

While there are contradictory reports about the concentration of tyramine in the
central nervous system,2%. 25 its presence in the normal animal is indicated by its
identification in urine.28 If tyramine is a normal constituent, it could enhance ad-
renergic activity by competing with NE for transport. Facilitated removal of tyramine
by NE would then limit its action. MAO is well suited for an auxiliary role in this
homeostatic process. It has been shown that tyramine has a greater affinity for this
enzyme than has NE,18 and it may be inferred from the rate of p-hydroxyphenylacetic
acid formation reported here that oxidation occurs rapidly in vivo. These processes—
plasma membrane competition with NE, NE facilitation of transport, and rapid
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oxidation—are all consistent with the postulate that a physiological role for the
naturally occurring analogues of NE is the regulated potentiation of NE.

Implicit in this discussion is the suggestion that NE may facilitate its own uptake.
There is evidence for a slow nonstimulated release of NE.27 This release may excite
the continuous miniature postsynaptic potentials characteristic of sympathetically
innervated tissues?® and comparable to those described in cholinergic receptors.2?
The assumption of a NE-facilitated removal of NE suggests a sensitive mechanism
for maintaining concentrations of NE in the synaptic space sufficient for the excitation
of miniature postsynaptic potentials but insufficient for fully activating the receptors.
Evidence that re-incorporation is predominant over catechol-O-methyltransferase
activity in the disposition of NE3? is consistent with this view. Similar mechanisms
for the regulation of other compounds have been described. Glucose 6-phosphate
activates glycogen synthetase,3! inorganic phosphate activates phosphofructokinase,32
and citrate stimulates fatty acid synthesis,3 leading in each case to a fall in the con-
centration of the activator.

Further investigation of these implications is being conducted on isolated tissue
preparations.
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