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FUXE K., B. J. EVERITT AND T. HOKFELT. On the action of nicotine and cotinine on central 5-hydroxytryptamine
nenrons. PHARMAC. BIOCHEM. BEHAV. 10(5) 671-677, 1979.— The actions of nicotine, and its main metabolite
cotinine, on 5-hydroxytryptamine (5-HT) neurons in the brain of the rat have been assessed biochemically (on turnover,
uptake, release, overflow and binding of 5-HT in brain) and functionally (on extensor reflex activity, which is 5-HT
dependent). Nicotine and cotinine in repeated doses of 2 mg/kg caused a reduction of brain 5-HT turnover, which was not
blocked by pretreatment with mecamylamine, and nicotine significantly inhibited the effects of norfenfluramine and
5-methoxydimethyltryptamine on extensor reflex activity, effects counteracted by mecamylamine. In low concentrations
cotinine weakly inhibits the uptake and retention of 5-HT and also increases its spontaneous release in vitro. The biochemi-
cal findings suggest that the reduction of 5-HT turnover caused by high doses of nicotine are mediated, at least in part, by
its main metabolite cotinine. The experiments on extensor reflexes indicate that nicotine can block the functional expres-
sion of 5-HT receptor activity in the spinal cord by an action beyond the 5-HT receptor at nicotine-like cholinergic

receptors whose location is also discussed.

Nicotine S-HT turnover, release, re-uptake

THE INVOLVEMENT of cholinergic mechanisms in
neuroendocrine systems has been implied by the results of
many experiments (see [4] for review). It is also well known
that monoamine transmitters are intimately related to the
control of anterior pituitary function and sexual behaviour
[14, 18, 26). However, the extent to which cholinergic and
monoaminergic mechanisms interact, if at all, is unclear.
Evidence has, however, recently been obtained which
suggests that nicotine can reduce LH and prolactin secre-
tion, at least in part by selective activation of an inhibitory
dopaminergic mechanism known to be located in the median
eminence [11, 12, 18-20]. It has also been shown that the
tryptophan hydroxylase inhibitor p-chlorphenylalanine
completely inhibits the rise in plasma prolactin which is in-
duced by suckling [24]. Particularly interesting, then, was
the finding that nicotine also blocks the suckling-induced rise
of circulating prolactin in lactating rats [5]. This raises the
possibility, therefore, that the effects of nicotine on prolactin
secretion may also involve a 5-HT-mediated mechanism.
That nicotine in low doses can enhance sexual behaviour in
the female rat [21] is at first sight consistent with this view,
since the inhibitory influences of 5-HT pathways on sexual
receptivity is well accepted [13-15, 26]. It is important,
therefore, to determine whether cholinergic (nicotine) recep-
tors are indeed linked to S-HT pathways in these contexts.

Evidence has, in fact, already been published which
shows that nicotinic receptor blockers can prevent the car-
bachol (10 M) stimulated release of newly synthesized

Cotinine

Extensor reflex Mecamylamine

3H-5-HT in hypothalamic slices [23]. In this paper, however,
we present experiments which were undertaken to investi-
gate the actions of nicotine, and its main metabolite cotinine,
on 5-HT turnover and receptor activity.

METHOD

Male, specific pathogen-free Sprague-Dawley rats (An-
ticimex, Sweden; body weight 150-200 g) have been used.
The rats were kept under a regular day and night cycle (lights
off at 8 p.m. and on at 6 a.m.). The experiments were per-
formed between 8 and 12 a.m. Nicotine was given as the
tartrate or the salicylate salt.

Biochemical Experiments

In vivo.

5-HT turnover. Changes in S-HT turnover after nicotine
and cotinine were evaluated by studying their influence on
the depletion of brain 5-HT after treatment with a-propyl-
dopacetamide (H 22/54, 500 mg/kg, IP, 3 hr before killing, see
ref. [3]). The 5-HT stores were measured by means of spec-
trophotofluorimetry after cation exchange chromatography
[1,6). Nicotine or cotinine were given IP either alone or to-
gether with H 22/54. For details on the various treatment
schedules, see Tables 1 and 2. In one experiment the gangli-
on blocking agent mecamylamine (1 mg/kg) was given prior
to nicotine to establish if the nicotine induced changes in
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TABLE 1

THE EFFECT OF NICOTINE ON THE DEPLETION OF BRAIN 5-HT FOLLOWING
TREATMENT WITH o-PROPYLDOPACETAMIDE (H 22/54)

Treatment Dose of nicotine Brain 5-HT Statistical
mg/kg in per cent significance
(No. of injections
in parenthesis)

No drug treatment 100 = 5.2 (8)

Nicotine 2 (x3) 103 = 3.7 (8) ns
Nicotine I (x1) 95 + 4.4 (3) ns
H 22/54 64 +34(7

Nicotine + H 22/54 2 (x3) 83 + 3.6 (4 p<0.01

Nicotine (all injec-
tions before H 22/54)

+ H 22/54 2 (x3) 108 + 4.6 (4) p<0.001
No drug treatment 100 = 8.4 (4)

H 22/54 511914

Nicotine + H 22/54 1 (x1) 46 = 5.0 (4) ns
Nicotine + H 22/54 0.5 (x1) 55+35(4) ns
Nicotine + H 22/54 0.1 (x1) 57+38@4) ns

Nicotine was injected IP 5 min before H 22/54 (500 mg/kg, IP 3 hr) or saline and 1
and 2 hr after H 22/54 or saline. In one experiment nicotine (2 mg/kg, IP) was given 2
hr, 1 hr and 5 min before H 22/54 injection. When single doses were used they were
given 5 min before H 22/54 or saline. In the H 22/54 alone group saline instead of
nicotine was given S min before and 1 and 2 hr after H 22/54. Means = SEM are given
in per cent of untreated control group means (421 += 35 ng/g). N=number of animals
within parenthesis. Statistical analysis was made according to Student’s 7-test after
establishing significant differences using a one-way analysis of variance. All compari-
sons have been made with the respective untreated and H 22/54 alone groups.

TABLE 2

THE EFFECT OF COTININE ON THE H 22/54 INDUCED $-HT DEPLETION IN
WHOLE BRAIN

Treatment Dose of cotinine Brain 5-HT Statistical
mg/kg in per cent significance
(No. of injections
in parenthesis)

No drug treatment 100 £ 5

Cotinine 2 (x3) 111 = 4

H 22/54 36+ 3

Cotinine + H 22/54

(at the same time) 2 (x3) 47 = 1 p<0.01
Cotinine + H 22/54

(5 min apart) 2 (x3) 48 + 3 p<0.05

Cotinine was given IP in 3 doses of 2 mg/kg with 1 hr intervals, the last dose
given 1 hr before killing. The first dose was given at the same time as the H
22/54 injection or 5 min earlier. H 22/54 was given in a dose of 500 mg/kg 3 hr
before killing. In the H 22/54 alone group saline was given instead of cotinine.
Means = SEM are shown. Number of animals are given in parenthesis. The
brain 5-HT levels in the untreated group was 502 + 26 ng/g. Statistical analysis
was made according to Student’s 7-test after one-way analysis of variance. All
comparisons have been made with the untreated or the H 22/54 alone group.
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TABLE 3

THE EFFECT OF NICOTINE AND COTININE ON THE UPTAKE AND
RETENTION OF 3H-5-HT IN SLICES OF DORSAL NEOCORTEX
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TABLE 4

THE EFFECT OF COTININE ON SPONTANEOUS RELEASE OF
*H-5-HT FROM SLICES OF THE DORSAL PART OF THE NEOCORTEX

Treatment Amount of radioactivity per slice Treatment Amount of radioactivity per slice
in per cent in per cent

Buffer alone 100 = 11.6 (8) Buffer alone 100 = 59 (8)

Nicotine 10~ M 106 = 14.9 (4) Cotinine 1077 M 73 =+ 6.4* (4)

Nicotine 107 M 86 = 9.4 (4) Cotinine 107 M 88 + 4.7 (3)

Nicotine 107> M 91+ 4.0 (4) Cotinine 10> M 100010 @

Buffer alone 100 28 (14 The sli incubated with °H-5-HT (10~ M) for 15 min at

Cotinine 107 M 9+ 1t (4 e slices were incubated wi -5- ) or 15 min a

ngg::z 10-6 M 83 + ; 8§ 28; +37°C, then after rapid rinsing the slices were incubated for 30 min
. . - - with a Krebs-Ringer bicarbonate buffer containing various concen-

Cotinine 107> M 9+ 7.5 (8

The slices were preincubated in a Krebs-Ringer bicarbonate buf-
fer for 15 min with nicotine at +37°C, after which *H-5-HT (2 x 10-#
M) was added. Incubation was continued for 15 min, and, after rapid
rinsing, the slices were taken for liquid scintillation counting [20].
The values are corrected for uptake at 0°C. Number of experiments
in parenthesis. Means = SEM are given. Student’s r-test: *p<0.05;
Tp<0.01; §p<0.001. All comparisons are made with the respective
buffer alone uptake value.

5-HT turnover involved the activation of nicotine-like
cholinergic receptors. For details, see text to Fig. 1.
In vitro.

3H-5-HT uptake. *H-5-HT (10 Ci/mmol, Amersham, Eng-
land) uptake was studied in slices of the dorsal part of the
neocortex. It is well-known that the radioactivity present in
the slices after incubation is mainly due to the presence of
unaltered *H-5-HT [22]. A Krebs-Ringer bicarbonate buffer
was used. For further details, see Table 3.

Spontaneous release of *H-5-HT. Slices from the dorsal
part of the neocortex were made and the amount of radioac-
tivity remaining after incubation with cotinine or a Krebs-
Ringer bicarbonate buffer alone was determined. For further
details, see Table 4.

Spontaneous overflow of *H-5-HT. Slices from the most
ventral hypothalamus were made excluding the DA rich
median eminence area. The slices were superfused with
Krebs-Ringer bicarbonate buffer alone or for 100 min with
the buffer containing nicotine (10 M). Fractions were col-
lected every 5 min and taken for liquid scintillation counting
(see Fig. 2).

(5-3H)HT and (D-3H)LSD binding. The radioligands (5-°H)
HT and (D-3H)LSD are known to label mainly postsynaptic
5-HT receptors, 5-HT binding to the agonist state while
d-LSD binds to both the agonist and the antagonist state [5].
The homogenization and binding procedures were performed
according to Bennett and Snyder [S] using the dorsal neocor-
tex. Specific binding was defined as the difference between
the total counts in the absence of unlabelled ligand and the
counts obtained in the presence of 1uM unlabelled d-L.SD or
10 uM unlabelled 5-HT. Saturation of (5-*H)HT and (D-
3H)LSD binding revealed that the dissociation constants and
the maximal number of binding sites for (5-*H)HT (K,,=16
nM; B,.,=18 pmole/g tissue) and (D-*H)LSD (K,,=6 nM;
Buax=39 pmole/g tissue) were similar to those previously
reported [5]. Five to seven concentrations of nicotine and

trations of cotinine. The slices were then taken for liquid scintillation
counting. Number of experiments in parenthesis. Means = SEM are
given in per cent of untreated group means. Student’s 7-test:
*p<0.05. All comparisons are made with the respective buffer alone
value.

BRAIN SHT LEVELS
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v T v — r T mg/kg
N MEC.1 H22/54 NIC+.2(X3) MEC.1 MEC.1

H22/54 NIC.2(x3) H22/54
H22/54
FIG. 1 The effect of mecamylamine on the reduction of the H 22 /54
induced 5-HT depletion in whole brain produced by nicotine treat-
ment. Nicotine (2 mg/kg, IP) was administered 5 min before and 1 hr
and 2 hr after a-propyldopacetamide (H 22/54; 500 mg/kg, IP, 3 hr
before killing). Mecamylamine (1 mg/kg, IP) was administered 15
min before H 22/54. When administered alone it was given 3 hr and
15 min before killing. Means = SEM. Number of animals within
parenthesis. The untreated grovp mean value was 496 +20 ng/g.
Students’s r-test after a one-way analysis of variance. All statistical
comparisons have been made with the untreated or the H 22/54 alone
group.

cotinine were used to compete with the binding of both
radioactive ligands. Each experiment was repeated once and
at each concentration five replicates were made. The con-
centration used of (5°H)-HT (16-17 C/mM) was 5 nM and
that of (D-*H)LSD (11.4 Ci/mol) was 2-3 nM. (5-3H)HT was
purchased from Amersham-Searle, England and (D-*H)LSD
from New England Nuclear, U.S.A.

Functional Experiments

Hindlimb extensor reflex activiry.
In the acutely spinalized rat this reflex has been shown to
be highly dependent on 5-HT receptor activity [2,25]. The
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TABLE 5

THE EFFECTS OF NICOTINE ON THE NORFENFLURAMINE AND S-METHOXY-DIMETHYLTRYPTAMINE-INDUCED
INCREASE IN THE EXTENSOR HINDLIMB REFLEX ACTIVITY OF ACUTELY SPINALIZED UNTREATED RATS

FUXE, EVERITT AND HOKFELT

Magnitude of Increase in Extensor Reflex

Treatment Dose of

nicotine Time after 5-MeO-DMT

mg/kg 5 min 10 min 15 min
5-MeO-DMT 1.5(3) 2(1) 2.5(1) 2(3) 2.5(2) 2(2) 2.5(3)
Nicotine + 1 0(1) 0.5(4)* 0.5(2) 13)* 0.5(1) 1(4y*
5-MeO-DMT
5-MeO-DMT 1(1) 1.5(3) 2.5(1) 1.5(2) 2(1) 2.5(1) 1.5(2) 2(1) 2.5(1)

3(1) I
Nicotine + 0.5 1(1) 1.5(4) 1.5(1) 2(1) 2.5(3) 1.5(1) 2(1) 2.5(3)
5-MeO-DMT
Nicotine + 1.5(2) 2(2) 2.5(1) 2.5(3) 3(1) 2(1) 2.5(3) 3(1)
5-MeO-DMT 0.1
Time after NF
15 min 30 min 60 min
NF 0.5(1) 1(2) 1.5(2) 1.5(1) 2(1) 2.5(3) 1.5(1) 2(1) 2.5(3)
Nicotine + NF 1 0(2) 0.5(3) 0(1) 0.5(1) 1(3)* 0(0) 0.5(2) 1(2)*
NF 1.5(1) 2(4) 1.5(1) 2(3) 2.5(1) 1.5(D) 2(2) 2.5(1)
3D
Nicotine + NF 0.5 0.5(3) 1(2)* 1(2) 1.5(2) 1) 1(2) 1.5(1) 2(1)
2.5(D

Nicotine + NF 0.1 2(4) 2.5(1) 2.5(3) 3(2) 2.5(2) 3(3)

The rats were acutely spinalized at the midthoracic level 2 hr before drug treatment. Nicotine was given IP in a dose of 1
mg/kg 5 min before the injection of norfenfluramine (NF; 5 mg/kg, IP) and 5-methoxy-dimethyltryptamine (5-MeO-DMT: |
mg/kg, IP). In the case of the NF treated animals nicotine treatment was continued with a total of 3 injections given at 30
min time intervals. The strength of the extensor hindlimb reflex, evoked by pressing the base of the tail, was evaluated
semiquantitatively on coded animals. 3=strong; 2=moderate; 1=weak; 1/2=very weak. Number of animals within par-
enthesis. Statistical significance according to Tukey's quick test. All statistical comparisons are made with the correspond-
ing control group treated with NF or 5-MeO-DMT alone. In the table the increase produced by the drug treatment is shown.
Before NF or 5-MeO-DMT treatment the reflex activity was zero or very weak. This basal activity has been subtracted

from the values obtained after NF or 5-MeO-DMT treatment.

rats were transected at midthoracic level 2-3 hr before injec-
tion of nicotine or cotinine. In the pharmacological analysis
norfenfluramine (NF), a granular 5-HT releasing agent (17),
was used and also 5-methoxy-dimethyltryptamine (5-MeO-
DMT), a 5-HT receptor stimulating agent (16). A ganglion
blocking agent, mecamylamine, was used to block the effects
of nicotine. For further details, see Tables 5 and 6.

RESULTS

Biochemical Experiments

In vivo.

5-HT turnover. As seen in Table 1, nicotine in repeated
doses of 2 mg/kg caused a reduction of the H 22/54-induced
5-HT depletion, particularly when all the injections had been

made before the H 22/54. In lower doses, down to (.05
mg/kg, when nicotine was also given after the H 22/54
injection, no significant changes in the 5-HT depletion were
obtained. The nicotine-induced reduction of 5-HT turnover
was not counteracted by pretreatment with mecamylamine
(1 mgkg; Fig. 1) which, when given alone (1 mg/kg), simi-
larly had no effects on 5-HT levels or H 22/54-induced 5-HT
depletion. Cotinine in the same doses and treatment
schedule as nicotine (3x2 mg/kg) also significantly reduced
5-HT turnover (Table 2).

In vitro.

*H-5-HT uptake. Nicotine (107-107* M) did not block the
uptake and retention of *H-5-HT by cortex slices (Table 3).
Cotinine caused a slight but significant inhibition of *H-5-HT
uptake and retention in the lower concentrations studied
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TABLE 5 (Con’t)
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Magnitude of Increase in Extensor Reflex

Treatment Dose of
nicotine Time after 5-MeO-DMT
mg/kg 20 min 25 min
5-MeO-DMT 1.5(2) 2(2) 2.5(1) 0.5(4) 1(1)
Nicotine + 1 0.5(1) 1(4)* 0(5)*
5-MeO-DMT
5-MeO-DMT 0.5(2) 1(1) 2(2) 0(2) 0.5(2) 1(1)
Nicotine + 0.5 0.5(1) 1.5(2) 2(2) 0(4) 0.5(1)
5-MeO-DMT
Nicotine + 1(1) 1.5(1) 2(2) 0(1) 0.5(3) 1(1)
5-MeQ-DMT 0.1 2.5(1)
Time after NF
90 min 120 min
NF 1.5(2) 2(1) 2.5(2) 12) 1.5(3)
Nicotine + NF 1 0(2) 0.5(2) 12)* 0(3)* 0.5(2)
NF 2(3) 2.5(2) 2(4) 2.5(1)
Nicotine + NF 0.5 1(2) 1.5(1) 2(1) 0.5(1) 1(1) 1.5(2)
2.5(1) 2.5(1)
Nicotine + NF 0.1 2.5(2) 3(3) 2.5(4) 3(11)
3
TABLE 6 H-5-HT Hypothalamus
EFFECTS OF COTININE, NICOTINE AND MECAMYLAMINE PLUS 01
NICOTINE ON THE 5-METHOXY-DIMETHYLTRYPTAMINE 1=
INDUCED INCREASE IN THE EXTENSOR HINDLIMB REFLEX =]
ACTIVITY OF ACUTELY SPINALIZED RATS x
£ s
Treatment Dose Peak increase in extensor reflex 8- Nicotine 10-°M
mg/kg after S-MeO-DMT - ‘ o-----0 Control
t A Y
2 b‘*q
5-MeO-DMT 1 2 % b 5ﬂ
]
Nicotine 1 ;g
+ 5-MeO-DMT 1 0 4 ®
Mecamylamine 5 °
+ picotine 1 3
+ 5-MeO-DMT 1 1.5(2)23) 2
£~3
Cotinine 2 g
+ 5-MeO-DMT 1 1.5(1) 2 (4) Oupl NN
40 60 920 120
Nicotine (1 mg/kg, IP) and cotinine (2 mg/kg, IP) were adminis- Mins \

tered 5 min before 5-MeO-DMT. Mecamylamine (5 mg/kg, IP) was
administered 30 min before 5-MeO-DMT. For further explanations
and details see text to Table 5. Mecamylamine significantly coun-
teracted the effects of nicotine (§: p<0.001; Tukey’s quick test).
Before 5-MeO-DMT treatment the extensor reflex activity was zero
or very weak.

FIG. 2. The effect of nicotine (107> M) on the tritium overflow from

slices of hypothalamus, preincubated for 30 min with *H-5-HT (10~7

M), is shown. The overflow is measured every fifth minute. Values

shown are means of 3 experiments. The variability (SEM) was in the

order of 10-15% of the mean value. The shaded area represents the
time period of nicotine infusion.
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(107107 M). However, in the highest concentration (107>
M) cotinine had no effect.

Spontaneous release of *H-5-HT. In the lowest concen-
tration (107 M) used, cotinine caused a significant increase
in the release of *H-5-HT. This did not, however, occur in
the higher concentrations (Table 4).

Spontaneous overflow of 3H-5-HT. Nicotine in a concen-
tration of 10~® M was not found to cause any clearcut in-
crease in spontaneous tritinm overflow from hypothalamic
slices (Fig. 2).

(5-3H)HT and (D-*H)LSD binding. Nicotine and cotinine
in concentrations up to 10,000 nM did not displace specific
5-HT and d-LSD binding in the cortex cerebri.

Functional Experiments

Extensor hindlimb reflex activity.

Nicotine and cotinine had no effects on extensor reflex
activity. However, nicotine but not cotinine (1 mg/kg) sig-
nificantly reduced both the norfenfluramine-and 5-MeO-
DMT-induced increases in this reflex (Tables 5 and 6). In a
lower dose (0.1 mg/kg) nicotine had no significant effects (see
Table 5). As seen in Table 6, mecamylamine (5 mg/kg) sig-
nificantly blocked the inhibitory effects on nicotine (1
mg/kg), aithough, by itself, mecamylamine did not increase
extensor reflex activity.

DISCUSSION

Both nicotine and cotinine in repeated doses of 2 mgkg,
but not in lower doses, were found to reduce brain 5-HT
turnover. This is consistent with the data of Rosecrans [28]
which showed that repeated doses of nicotine reduced the
rate of accumulation of 5-HT after monoamine oxidase in-
hibition. However, the nicotine-induced reduction of 5-HT
turnover was not blocked by the ganglion blocking agent
mecamylamine in a dose that completely blocked the effects
of nicotine on both sexual behaviour [21] and arousal [10].
Thus, it appears that the effects of nicotine on 5-HT turnover
are probably mediated by its main metabolite cotinine
and not directly by activating a nicotine-like cholinergic re-
ceptor, at least not in this high dose range. The mechanism
by which cotinine reduces 5-HT turnover is unclear at pres-
ent, but the weak inhibition of 5-HT uptake and retention
and the increase in spontaneous S-HT release produced by
cotinine in low concentrations in vitro could be contributary
factors. None-the-less, it is difficult to explain why cotinine
in a high concentration (10~3 M) was without effect on these

FUXE, EVERITT AND HOKFELT

two mechanisms at the 5-HT synapse. Clearly, any direct
effects of cotinine and nicotine on 5-HT receptors are un-
likely, since both compounds had no effects on 5-HT and
D-LSD binding in the cortex.

Thus, at least after treatment with high doses of nicotine,
the behavioural pharmacology of this drug is complica-
ted by the fact that its main metabolite cotinine has effects
of its own on central 5-HT neurons. However, these effects
on the S-HT systems are probably not important in mediating
the nicotine-induced increases in sexual behaviour [21] or de-
creases in prolactin secretion [7], since cotinine given alone
changes neither paramenter. It is much more likely that these
effects of nicotine are a result of direct stimulation of central
cholinergic receptors with nicotinic properties, since they
are reduced after pretreatment with mecamylamine ({21},
unpublished data). Such a mechanism existing distal to the
spinal cord S-HT receptors could also explain why nicotine
(1 mg/kg) was able to counteract the actions not only of a
5-HT releasing agent but also of a S-HT receptor stimulating
agent in the extensor reflex experiments. A direct receptor
blocking action of nicotine at central 5-HT receptors is un-
likely to explain these findings for a number of reasons: first
a reduction and not an increase of 5-HT turnover was ob-
served, secondly nicotine has no affinity for d-LSD binding
sites, and thirdly the action of nicotine in the spinal cord was
antagonized by mecamylamine. The nicotinic cholinergic re-
ceptor involved is possibly located on the Renshaw nerve
cells which inhibit activity in the «-motoneurons and are
innervated by recurrent cholinergic collaterals from the
a-motoneurons. Thus, any 5-HT receptor mediated activa-
tion of the a-motoneurons will be counteracted by nicotine
activity directly on the Renshaw cell.

In conclusion, the present study suggests that nicotine in
high doses reduces 5-HT turnover and that these effects are
mediated, at least partly by its main metabolite cotinine,
which can directly although weakly influence 5-HT uptake
and release in low concentrations. In the spinal cord nicotine
reduces the increase in «a-motoneuron activity induced by
both direct or indirect stimulation of 5-HT receptors prob-
ably by an action at nicotine-like cholinergic spinal cord re-
ceptors. The possible location of these receptors is also dis-
cussed.

ACKNOWLEDGEMENTS

This work has been suported by a grant from Svenska Tobaks
AB.

REFERENCES

1. Andén, N. -E. and T. Magnusson. An improved method for the
fluorimetric determination of 5-hydroxytryptamine in tissues.
Abta physiol. scand. 69: 87-94, 1967.

2. Andén, N. -E., H. Corrodi, K. Fuxe and T. Hokfelt. Evidence
for a central 5-hydroxytryptamine receptor stimulation by
lysergic acid diethylamide. Br. J. Pharmac. 34: 1-7, 1968.

3. Andén, N. -E., H. Corrodi and K. Fuxe. Turnover studies using
synthesis inhibition. In: Metabolism of Amines in the Brain,
edited by G. Hooper. London: MacMillan, 1969, pp. 38-47.

4. Batta, S., R. P. Fiorindo, G. Justo, M. Motta, I. Simonovic, M.
Zanisi and L. Martini. Role of cholinergic mechanisms and pros-
taglandins in the control of LH and FSH secretion. In: Neuro-
endocrine Regulation of Fertility, edited by T. C. Anand
Kumar. Basel: Karger, 1976, pp. 155-168.

5. Bennett, J. P. and S. H. Snyder. Serotonin and Lysergic acid
diethylamine binding in rate brain membranes: Relationship to
postsynaptic serotonin receptors. Molec. Pharmac. 12: 373-
389, 1976.



NICOTINE AND COTININE ON 5-HT

6.

7.

10.

11.

Bertler, A. Effect of reserpine on the storage of catecholamines
in brain and other tissues. Acta physiol. scand. 51: 75-83, 1961.
Blake, C. A. and C. H. Sawyer. Nicotine blocks the suckling-
induced rise in circulating prolactin in lactating rats. Science
177: 619-621, 1972,

. Blake, C. A., R. L. Norman, R. J. Scaramuzzi and C. H.

Sawyer. Inhibition of the proestrous surge of prolactin in the rat
by nicotine. Endocrinology 92: 1334-1338, 1973.

. Blake, C. A., R. L. Norman and C. H. Sawyer. Localization of

the inhibitory actions of estrogen and nicotine on release of
luteinizing hormone in rats. Neuroendocrinology 16: 22-35,
1974.

Domino, E. F., K. Yamamoto and A. T. Dren. Role of cholin-
ergic mechanisms in states of wakefulness and sleep. Prog.
Brain Res. 28: 113-133, 1968.

Eneroth, P., K. Fuxe, J. -A. Gustafsson, T. Hokfelt, A.
Lofstrom, P. Skett and L. Agnati. The effect of nicotine on
central catecholamine neurons and gonadotropin secretion. II.
Inhibitory influence of nicotine on LH, FSH and prolactin se-
cretion in the ovariectomized female rat and its relation to re-
gional changes in dopamine and noradrenaline levels and turn-
over. Med. Biol. 55: 158-166, 1977.

. Eneroth, P., K. Fuxe, J. -A. Gustafsson, T. Hokfelt, A. Lof-

strom, P. Skett and L. Agnati. The effect of nicotine on central
catecholamine neurons and gonadotropin secretion. III. Studies
on prepubertal female rats treated with pregnant mare serum
gonadotropin. Med. Biol. 55: 167-176, 1977.

. Everitt, B. J., K. Fuxe and T. Hokfelt. Inhibitory role of

dopamine and 5-hydroxytryptamine in the sexual behaviour of
female rats. Eur. J. Pharmac. 29: 187-191, 1974.

. Everitt, B. J., K. Fuxe, T. Hokfelt and G. Jonsson. Role of

monoamines in the control by hormones of sexual receptivity in
the female rat. J. comp. physiol. Psychol. 89: 556-572, 1975.

. Everitt, B. J., K. Fuxe and T. Hokfelt. Serotonin, catechol-

amines and sexual receptivity of female rats. Pharmacological
findings. J. Pharmac. 6: 269-276, 1975.

. Fuxe, K., B. Holmstedt and G. Jonsson. Effects of 5-methoxy-

N,N-dimethyltryptamine on central monoamine neurons. Eur.
J. Pharmac. 19: 25-34, 1972.

. Fuxe, K., L. -O. Farnebo, B. Hamberger and S. -O. Ogren. On

the in vivo and in vitro actions of fenfluramine and its deriva-
tives on central monoamine neurons, especially 5-hydroxy-
tryptamine neurons, and their relation to the anorectic activity
of fenfluramine. Postgrad. Med. J. 51: 3545, 1975.

. Fuxe, K., T. Hokfelt, A. Lofstrom, O. Johansson, L. Agnati, B.

Everitt, M. Goldstein, S. Jeffcoate, N. White, P. Eneroth, J. -A
Gustafsson and P. Skett. On the role of neurotransmitters and
hypothalamic hormones and their interactions in hypothalamic
and extrahypothalamic control of pituitary function and sexual
behavior. In: Subcellular Mechanisms in Reproductive Neuro-
endocrinology, edited by F. Naftolin, K. J. Ryan and J. Davies.
Amsterdam: Elsevier, 1976, pp. 193-246.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

677

Fuxe, K, A. Lofstrom, P. Eneroth, J. -A. Gustafsson, T. Hok-
felt, P. Skett, W. Wuttke, H. Fraser and S. Jeffcoate. Interac-
tions between hypothalamic catecholamine nerve terminals and
LRF containing neurons. Further evidence for an inhibitory
dopaminergic and a facilitatory noradrenergic influence. In:
Basic Applications and Clinical Uses of Hypothalamic Hor-
mones, edited by A. L. Salgado, R. F. Durango and J. G. Lopez
del Campo. Amsterdam: Excerpta Medica, 1976, pp 165-177.
Fuxe, K., L. Agnati, P. Eneroth, J. -A. Gustafsson, T. Hokfelt,
A. Lofstrom, B. Skett and P. Skett. The effect of nicotine on
central catecholamine neurons and gonadotropin secretion. I.
Studies in the male rat. Med. Biol. 55: 148-157, 1977.

Fuxe, K., B. J. Everitt and T. Hékfelt. Enhancement of sexual
behaviour in the female rat by nicotine. Pharmac. Biochem.
Behav. 7: 147-151, 1977.

Hamberger, B. and J. R. Tuck. Effect of tricyclic antidepres-
sants on the uptake of noradrenaline and 5-hydroxytryptamine
by rat brain slices incubated in buffer or human plasma. Eur. J.
clin. Pharmac. §5: 229-235, 1973.

Héry, F., S. Bourgoin, M. Hamon, J. P. Ternaux and J.
Glowinski. Control of the release of newly synthetized *H-5-
hydroxytryptamine by nicotinic and muscarinic receptors in rat
hypothalamic slices. Naunyn-Schmiedeberg’s Arch. exp. Path.
Pharmak. 296: 91-97, 1977.

Kordon, C., C. A. Blake, J. Terkel and C. H. Sawyer. Partici-
pation of serotonin-containing neurons in the suckling-induced
rise in plasma prolactin levels in lactating rats. Neuroendo-
crinology 13: 213-223, 1973.

Meek, J., K. Fuxe and N. -E. Andén. Effects of anti-depressant
drugs of the imipramine type on central 5-hydroxytryptamine
neurotransmission. Eur. J. Pharmac. 9: 325-332, 1970.
Meyerson, B. J. Central nervous monoamines and hormone in-
duced estrous behaviour in the spayed rat. Acta physiol. scand.
63: Suppl. 241: 1-32, 1964.

Polz-Tejera, G., J. Schmidt and H. J. Karten. Autoradiographic
localization of a-bungarotoxin-binding sites in the central ner-
vous system. Nature 258: 349-351, 1975.

Rosecrans, J. A. Effects of nicotine on brain area 5-hydroxy-
tryptamine function in male and female rats separated for differ-
ences of activity. Eur. J. Pharmac. 16: 123-127, 1971.
Schleiffer, L. S. and M. E. Eldefrawi. Identification of the
nicotine acetylcholine receptor in subcellular fraction of mouse
brain. Neuropharmacology. 13: 53-63, 1974.



