
Pharmacology Biochemistry & Behavior, Vol. 7, pp. 147--151. Copyright © 1977 by ANKHO International Inc. 
All rights of reproduction in any form reserved. Printed in the  U.S.A. 

Enhancement of Sexual Behavior in the Female 
Rat by Nicotine 

K. F U X E ,  B. J. E V E R I T T * '  AND T. H O K F E L T  

Department o f  Histology, Karolinska Institutet, Stockholm, Sweden and 
*Department o f  Anataomy, University o f  Cambridge, Cambridge, England 

(Rece ived  10 D e c e m b e r  1976)  

FUXE, K., B. J. EVERITT AND T. HOKFELT. Enhancement of sexual behaviour in the female rat by nicotine. 
PHARMAC. BIOCHEM. BEHAV. 7(2) 147-151,  1977. The effects of nicotine alone or in combination with 
mecamylamine, and the effects of both in combination with DA agonists and antagonists and d-LSD (5-HT agonist) have 
been studied on the sexual behaviour of castrate, estrogen-treated female rats. The results show that nicotine (as low as 
50 ~g/kg) significantly increases sexual receptivity. The pharmacological analysis suggests this effect to be mediated by a 
central, nicotine-like cholinergic receptor whose relationship to DA and 5-HT pathways known to exert inhibitory 
influences on receptivity in the female rat is also discussed. 
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IT IS well es tab l i shed  t ha t  sexual  recept iv i ty  in the  female  
rat  is d e p e n d e n t  on the  ovarian h o r m o n e s  es t rogen and 
p roges t e rone  [ 3 ] .  During the  last ten  years,  a b o d y  of  
evidence has a ccum ul a t ed  [7 ,19]  which  d e m o n s t r a t e s  t ha t  
the  biogenic  m o n o a m i n e s  m ay  med ia t e  the  effects  of  
h o r m o n e s  on  sexual  behav iou r  since drugs which  m o d u l a t e  
aminergic  t ransmiss ion  m ay  replace or m o d i f y  the  ac t ions  
of the  h o r m o n e s  (par t icu la r ly  p roges te rone) .  

More recen t ly ,  it has  been  r epo r t ed  t ha t  the chol inegic  
(muscar in ic )  c o m p o u n d s  p i locarp ine ,  o x o t r e m o r i n e  and 
arecol ine  can inh ib i t  w i th  shor t  l a tency  lordosis  b e h a v i o u r  
i nduced  in female  rats by  es t rogen and p roges t e rone  [ 1 8 ] .  
The  effects  of  these c o m p o u n d s  appear  to  be cent ra l ly  
m e d i a t e d  since they  were i n h i b i t e d  by a t rop ine  [18]  
(which  p e n e t r a t e s  in to  the  b ra in )  bu t  n o t  m e t h y l  a t rop ine  
(which  does so less readily) .  On closer  e x a m i n a t i o n  it was 
d e m o n s t r a t e d  t ha t  the i n h i b i t o r y  ef fec t  of  p i locarp ine  was 
b locked  by the  s e ro ton in  (5-HT) synthes is  i n h i b i t o r  p- 
c h l o r o p h e n y l a l a n i n e ,  bu t  no t  by  the  c a t e c h o l a m i n e  syn- 
thesis i nh ib i t o r  d -methy l -p - ty ros ine  [ 15,16 ].  This  suggests 
t ha t  chol inegic  (musca r in ic )  s t imu la t i on  inh ib i t s  lordosis  via 
a se ro ton inerg ic  m e c h a n i s m ,  it be ing  well k n o w n  tha t  5-HT 
itself  exer ts  m a r k e d  i n h i b i t o r y  inf luences  on  es t rous  beha-  
v iour  [6 ] .  

In a paper  descr ib ing the n e u r o c h e m i c a l  e f fec ts  of  
n ico t ine  [121,  we discuss the  poss ib i l i ty  t ha t  e n h a n c e m e n t  
of sexual  recep t iv i ty  in the female  rat  caused by  this  drug 
migh t  be m e d i a t e d  by  5 -HT and pe rhaps  d o p a m i n e  (DA) 
neurons ,  and  conc lude  this  to  be unl ikely .  In this  c o m m u n i -  
ca t ion  we p resen t  a pha rmaco log ica l  analysis  of  the  effects  
of  n ico t ine  on sexual  b e h a v i o u r  which  was designed to give 
add i t iona l  i n f o r m a t i o n  on  the  types  of  cen t ra l  r ecep to r s  

i Reprint orders to be sent to Dr. Everitt at the Cambridge address. 

t ha t  may  be involved in med ia t ing  its act ions .  Thus ,  
c o m p o u n d s  k n o w n  to enhance  sexual  act ivi ty  by  ac t ions  on  
e i the r  5-HT n e u r o n s  (d-LSD, see [ 9 ] )  or DA n e u r o n s  
( a p o m o r p h i n e ,  see [8] ) have been  given in associa t ion  wi th  
n ico t ine  and  chol inergic  (n ico t in ic )  b lock ing  agents.  In this  
way it was h o p e d  to assess w h e t h e r  the ac t ions  of n ico t ine  on  
sexual  recept iv i ty  cou ld  be mod i f i ed  ( e n h a n c e d  or r educed)  
by a l ter ing 5-HT and DA recep to r  act ivi ty  and  the  degree to 
which this  ind ica ted  the m e c h a n i s m s  of  ac t ion  of  n ico t ine  
itself. 

METHOD 

Animals and Behavioural Observations 

Female  Sprague-Dawley rats  were used. Ovar i ec tomy  
was pe r fo rmed  at least  one m o n t h  before  test ing.  The  rats  
were housed ,  5 per  cage, in a room m a i n t a i n e d  at a 
t e m p e r a t u r e  of  +24°C u n d e r  reversed l ight ing (16 h r  dark) .  
The females  were t r ea ted  daily at  08 .00  hr  wi th  1.0 ug/kg  
es t radiol  m o n o b e n z o a t e  SC (which  induces  a low level of  
recept iv i ty  [ 6 ] )  for  at least  5 days before  behav ioura l  
obse rva t ions  began and for  the du ra t i on  of  the expe r imen t .  

Behavioura l  obse rva t ions  were made  4 hr  in to  the  dark  
phase of  the  reversed l ight ing schedule  by placing each 
female ra t  wi th  a cage-adapted ,  sexually exper ienced  male  
unt i l  she had  been m o u n t e d  10 t imes.  The p r o p o r t i o n  of  
m o u n t s  by the  male ,  which  el ici ted a lordosis  response 
(L/M),  the female ' s  accep tance  rat ios  (AR)  ( n u m b e r  of  
m o u n t s  divided by n u m b e r  of  m o u n t s  plus refused m o u n -  
t ing a t t e m p t s )  and solici t ing behav iour  ( p r o p o r t i o n  of rats  
displaying hopp ing  and dar t ing  m o v e m e n t s )  were measured .  
(Fo r  f u r t he r  details,  see ref. [6] ). 
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Pharmacological Experiments 

The fo l lowing  drug t r e a t m e n t s  were supe r imposed  on  
the  daily oes t rad io l  in jec t ions ;  animals  ( excep t  con t ro l s )  
received on ly  1 of  the  t r e a t m e n t  regimes.  

Nicotine. Nico t ine  was given as the  t a r t ra te  or sal icylate  
salt IP in saline 5 rain before  behav ioura l  observa t ions .  All 
doses are expressed  as base. Con t ro l s  were in jec ted  wi th  
saline 5 ra in  before  observa t ions .  

Mecamylamine nicotine. M e c a m y l a m i n e  (1 mg/kg) ,  a 
gangl ion r ecep to r  b lock ing  agent ,  was given IP 1 h r  be fore  
n ico t ine  (100  ug /kg  base).  

Mecamylamine apomorphine. Mecamylamine 
d-LSD. In view of  its b lock ing  abi l i ty ,  m e c a m y l a m i n e  was 
also t es ted  against  a p o m o r p h i n e -  and  d -LSD- induced  in- 
creases in recept iv i ty  [6, 9, 11] .  M e c a m y l a m i n e  (1 mg/kg)  
was given IP 1 h r  before  a p o m o r p h i n e  (1 mg /kg  IP, a dose 
k n o w n  to increase lordosis  behaviour ) .  In the  same way,  
m e c a m y l a m i n e  was given before  d-LSD (10  ug /kg  IP, a dose 
which  causes a m a r k e d  increase  in lordosis  behav iour ) .  

Sulpiride nicotine. The an t i p sycho t i c  drug sulpir ide 
[14]  can p reven t  the  a p o m o r p h i n e - i n d u c e d  increase  in 
recept iv i ty  [ 8 ] ,  p r o b a b l y  by  b lockade  of  p resynap t i c  DA 
receptors  [ 2 5 ] ,  It was the re fo re  tes ted  w h e t h e r  sulpir ide 
(10  mg /kg  IP) given 15 rain  before  n i co t ine  (100  ~g/kg IP) 
cou ld  an tagonise  the ac t ion  of  the la t te r  to  f u r t h e r  test  its 
specif ic i ty .  

Apomorphine - nicotine. D-LSD nicotine. In order  to 
f u r t h e r  analyse the  m e c h a n i s m  for  the  increase in sexual 
behav iou r  by n ico t ine  c o m b i n e d  t r e a t m e n t  wi th  DA and  
5-HT recep to r  agonis ts  and n i co t i ne  was p e r f o r m e d .  Ab- 
sence of an add i t iona l  increase of  sexual  behav iou r  by  
c o m b i n e d  t r e a t m e n t  cou ld  suggest  t h a t  the  ac t ion  of  
n i co t ine  was in some way l inked  to the act iv i ty  in the DA 
and  5-HT pa thways ,  respect ively.  The  drugs were given 
s imu l t aneous ly  to the ra ts  and  tes t ing was p e r f o r m e d  5 rain 
later.  The doses were 1 mg /kg  of a p o m o r p h i n e ,  10 ug /kg  of  

d-LSD and  100 ug/kg  of n ico t ine  (see Table  1 and  Fig. 1 ). 
Pimozide nicotine. The possible i nvo lvemen t  of DA 

n e u r o n s  in the ac t ion  of  n ico t ine  has  been  fu r t he r  s tudied  
by b lock ing  the  DA recep tors  pos t synap t i ca l ly  using p imo-  
zide, a DA recep to r  b lock ing  agent  (1 mg/kg ,  IP) 2 hr  
before  n ico t ine  (100  ug/kg)  was given. P imozide  is k n o w n  
to increase sexual  behav iou r  by itself  by removal  of  the 
i nh ib i t o ry  in f luence  of some DA p a t h w a y s  [ 5 ] .  Absence  of 
an add i t iona l  ef fec t  of  n ico t ine  would  suggest tha t  the 
n i co t ine  ac t ion  in some way is l inked to the  DA pa thways  
(see Table l and  Fig. 1). 

RESULTS 

Nico tin e 

In the  dose range 0.05 0.25 mg/kg ,  n ico t ine  caused a 
s igni f icant  increase in sexual  recept iv i ty  (Table  2). The  0 .10 
mg /kg  dose was m o s t  effect ive and resul ted  in h igh  L/M and 
AR scores as well as solicit ing.  The  0.25 mg /kg  dose, while 
increas ing lo rdot ic  responding ,  was associated wi th  de- 
pressed m o t o r  act ivi ty and,  hence ,  passive accep tance  of the 
male.  The  0.01 mg/kg  dose was w i t h o u t  ef fec t  on sexual 
behav iou r  (Table  2). 

Mecamylamine Nicotine 

As seen in Fig. 2 the increase in sexual  behav iou r  caused 
by n i co t ine  was effect ively b locked  by p r e t r e a t m e n t  wi th  
m e c a m y l a m i n e .  The d i f ference  in L/M rat io be tween  the 
two groups  was highly s ignif icant  ( p < 0 . 0 0 1 ;  Mann- 
Whi tney  U test) .  AR was no t  reduced ,  however ,  p robab ly  
because the m o t o r  i nh ib i t i on  caused by m e c a m y l a m i n e  
induces  passive accep tance  of the male.  This  s ide-effect  of 
m e c a m y l a m i n e  also expla ins  the  increase in AR found  wi th  
m e c a m y l a m i n e  alone.  

Mecamylamine Apomorphine. Mecamylamine d-LSD 

As seen in Fig. 1, the increase in sexual behav iou r  caused 

T A B L E  1 

EFFECTS OF PIMOZIDE, APOMORPHINE AND d-LSD ON THE NICOTINE-INDUCED 
INCREASE IN SEXUAL BEHAVIOR IN THE OVARIECTOMIZED ESTROGEN- 

TREATED FEMALE RAT 

Dose 
Treatment mg/kg N L/M AR 

Saline 50 0.20 +- 0.16 0.74 + 0.10 

Nicotine 0.1 20 0.85 ÷ 0. l0 X~ 0.96 + 0.13 Xx 

Pimozide + 
nicotine 1 + 0.1 15 0.75 -+ 0.15 ~ 0.95 -+ 0.05 ~ 

Apomorphine + 
nicotine 1 + 0.1 15 0.70 -+ 0.29 X 0.90 ÷ 0.03 ~x 

d-LSD + 
nicotine 0.01 + 0.1 15 0.95 -+ 0.15 XX 0.95 -- 0.06 XX 

Pimozide 1 l0 0.70 ÷ 0.05 XX 0.90 -+ 0.14 ~ 

Pimozide (lmg/kg, IP) was given 2 hr before nicotine (100 ~zg/kg) and apomorphine 
(1 mg/kg) was given at the same time as nicotine (100/xg/kg). Testing was performed 5 
min after nicotine treatment. For further details see Table 2, text and [8]. Median and 
semiquartile deviations are shown. N = number of rats. 

N o  significant differences are found when the experimental groups are compared 
with the nicotine alone group with the exception of the d-LSD + nicotine group. All 
groups are, however, significantly different from their respective saline control 
groups (which have been combined for this table). 

x: p<0.05; xx: p<0.01; Mann-Whitney U test after a non-parametric one-way 
analysis of variance. 
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FIG. 1. The effects of mecamylamine and sulpiride on the apomorphine- and d-LSD induced increases in sexual behaviour in the 
ovariectomized, estrogen-primed female rat. For details on ovariectomy and estrogen treatment, see text to Table 2. Mecamylamine (MECA, 
1 mg/kg, IP) (was injected 1 hr IP before apomorphine (APO, 2 mg/kg, IP) and d-LSD (10 ug/kg, IP), which were injected 5 min before 
testing. Sulpiride (SULP, 10 mg/kg) was injected IP 15 min before apomorphine (l  mg/kg, IP). Values shown are median lordosis:mount and 
acceptance ratios. Sample sizes are shown in the bars. Mann-Whitney U test. All comparisons have been made with the control group, x: 

p<0.05;  xx: p<0 .0 l  ; xxx: p<0.001.  A non-parametric one-way analysis of variance was used. 

T A B L E  2 

T H E  E F F E C T S  OF N I C O T I N E  ON T H E  S E X U A L  B E H A V I O R  OF O V A R I E C T O M I Z E D ,  
ESTROGEN-TREATED RATS 

Dose 
Treatment mg/kg N L/M AR Soliciting 

Nicotine 0.25 10 0.80 _+ 0.10"* 1.00 _+ 0.05** 20% "~ 

Saline - -  10 0.30 _+ 0.15 0.57 -+ 0.10 ×X 20% 

Nicotine 0.10 10 1.00 ± 0.03** 1.00 _+ 0.08** 70% ×X 

Saline - -  10 0.20 ± 0.12 0.88 _+ 0.13 10% 

Nicotine 0.05 10 0.80 _+ 0.21 X× 0.85 ± 0.15 x 10% "~ 

Saline - -  10 0.30 ± 0.09 0.60 _+ 0.09 30% 

Nicotine 0.01 10 0.20 _+ 0.21 "~ 0.66 ± 0.13 "~ 0% "~ 

Saline - -  10 0.30 _+ 0.15 0.53 _+ 0.08 0% 

All rats had been ovariectomized at least one month and received daily injections of 1.0/~g/kg 
estradiolbenzoate SC. Full details of  the testing procedure are given in [8]. Drugs or saline were 
injected in a volume of 1.0 cc IP. N = number  of rats. L/M = No. lordosis responses per No. 
mounts  by male. AR = No. mounts  by male per No. mounts + refused mounting attempts, i.e. 
acceptance ratio, a measure of the female's receptivity. Soliciting = the proportion of females 
displaying hopping and darting or earwiggling, i.e. behavior characteristic of estrus. Mann- 
Whitney U-tests (2-tailed). xx: p<0.01; x: p<0.05,  n~ = not significant. Values are Median + 
semiquartile deviations. 

by  a p o m o r p h i n e  and  d-LSD was  n o t  in any  way  b loc ke d  by  
m e c a m y l a m i n e .  Sulpi r ide ,  on  the  o t h e r  h a n d ,  e f fec t ive ly  
b l o c k e d  the  e f fec t  o f  a p o m o r p h i n e  (Fig.  1 ). 

S u l p i r i d e  - N i c o t i n e  

As seen in Fig. 2, su lp i r ide  ( 10 m g / k g )  did n o t  b lock  the  

increase  in sexual  b e h a v i o u r  caused  by  n ico t ine .  Sulpi r ide  
(10  m g / k g )  a lone  has  n o  effec t .  

A p o m o r p h i n e  - N i c o t i n e .  d - L S D  N i c o t i n e  

As seen in Table  1, a p o m o r p h i n e  did n o t  f u r t h e r  increase  
the ac t ion  of  n i co t ine  on  sexual  b e h a v i o u r .  H o w e v e r ,  d -LSD 
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FIG. 2. Effects of mecamylamine and sulpiride on the increase in sexual behaviour caused by nicotine in the ovariectomized, estrogen-primed 
female rat. For details on ovariectomy and estrogen treatment see text to Table 2. Nicotine (NICO) was used in a dose of 100 ug/kg, injected 
IP 5 min before testing. Mecamylamine (MECA, 1 mg/kg) was injected IP 1 hr before nicotine. Sulpiride (SULP) was given 1P in a dose of 10 
mg/kg 15 min before nicotine. Values shown are median lordosis:mount and acceptance ratios. Sample sizes are shown in the bars. 
Mann-Whitney U test t after a non-parametric one-way analysis of variance. All comparisons have been made with the control group, x: 

p<0.05; xx: p<0.01 ; xxx: p<0.00l .  
sl ightly increases  i t  ( p < 0 . 0 1 ,  Mann-Whi tney  U test).  [ 2 1 , 2 2 ] •  Recen t  s tudies  using label led c~-bungarotoxin 

[4 ,20]  and muscar in ic  b locking  agents  [22 ,26]  give direct  
P i m o z i d e  - N i c o t i n e  evidence for  this  view. 

The m e c h a n i s m  of ac t ion  of  n ico t ine  on sexual  recep- As seen in Table  i ,  p imoz ide  does no t  increase the  
ac t ion  of  n i co t ine  on  sexual  behav iour .  P imozide  a lone t ivi ty is, at p resen t ,  open  to ques t ion .  It is unl ikely  tha t  it 

acts ind i rec t ly  via the  p i tu i t a ry-adrena l  axis and release of  caused the  same increase in sexual  b e h a v i o u r  as n ico t ine .  
p roges te rone  since the  t ime course of  ac t ion  of  the drug 

DISCUSSION would  appear  too  shor t  (5 min) .  This  is in con t ras t  to the 
late exc i t a to ry  effects  of p i locarp ine  and o x o t r e m o r i n e  on 

The e x p e r i m e n t s  r epo r t ed  here in  d e m o n s t r a t e  t h a t  ni- lordosis  in  e s t rogen- t rea ted  females  which  are clearly 
co t ine ,  in doses as low as 50 ug/kg,  s ignif icant ly  increases re la ted to adrenal  p roges te rone  release, bu t  which take 
all c o m p o n e n t s  of  sexual  recept iv i ty  in ova r i ec tomized ,  3 hrs  to develop [ 1 7 ] .  
e s t rogen- t r ea ted  female  rats. This  m a y  be i n t e r p r e t e d  e i the r  The  loca t ion  of  this n icot ine- l ike  r ecep to r  is also 
as a r ep l acemen t  of p roges t e rone  or an increase in the  u n k n o w n  at present ,  bu t  it may  be l inked to the 5-HT and 
sensi t ivi ty  to  es t rogen by n ico t ine ,  since add i t iona l  t reat-  DA p a t h w a y s  which  are well k n o w n  to exer t  i nh ib i t o ry  
m e n t  of rats receiving low doses of  es t rad io l  wi th  e i the r  inf luences  on sexual  behav iou r  in the female [7 ] ,  Thus,  
p roges te rone  or more  es t radiol  will cause similar  changes  in n ico t ine  in high repea ted  doses has been  f o u n d  to reduce 
behav iou r  [ 3 ] .  The  pharmaco log ica l  analysis  ind ica tes  t ha t  DA tu rnove r  in the nuc leus  cauda tus  and 5-HT tu rnove r  in 
this  d rama t i c  behav ioura l  ef fec t  of  n ico t ine  is due to whole  brain  as evaluated  dur ing a 2 and 3 hr  interval ,  
ac t iva t ion  of  a cen t ra l  n icot ine- l ike  chol inergic  recep tor ,  respect ively [ 1 0 , 1 2 ] .  A l though  the  absence  of  add i t iona l  
since it was b locked  by m e c a m y l a m i n e .  This b lockade  has exc i t a to ry  effects  of  p imoz ide  and a p o m o r p h i n e  are consis- 
some degree of  specif ic i ty  since the  increases  in recept iv i ty  t en t  wi th  this  view, the  small  bu t  s ignif icant  e n h a n c e m e n t  
i nduced  by low doses of  a p o m o r p h i n e  and d-LSD (which  of the  effects  of n ico t ine  by d-LSD is not .  A l though  it is 
inh ib i t  act ivi ty  in DA and 5-HT neurons ,  respect ively  di f f icul t  to assess the  i m p o r t a n c e  of this  result ,  f u r t he r  
[ 1 , 1 3 ] ) ,  were n o t  i nh ib i t ed  by  m e c a m y l a m i n e .  Nico t ine  is inves t iga t ion  is war ran ted .  A more  i m p o r t a n t  a rgumen t  
also seen to cause s ignif icant  increases in c o m p o n e n t s  of against  the  suggest ion t ha t  the  ac t ions  of n ico t ine  on sexual 
sexual  b e h a v i o u r  of male  ra ts  [2, 23, 24] . recept iv i ty  are l inked to 5-HT and DA neurons  is tha t  

Thus  it appears  t ha t  b o t h  muscar in ic  and n ico t in ic  drugs a l t hough  the behavioura l  effects  of  n ico t ine  are b locked  by  
are able to  in f luence  sexual  ac t iv i ty  in appropr i a t e ly  m e c a m y l a m i n e ,  the  n e u r o c h e m i c a l  effects  on  5-HT and DA 
h o r m o n e - t r e a t e d  female rats. The  fact  t ha t  muscar in ic  tu rnover  (see above)  are no t  [ 12] .  Similarly the  fac i l i ta tory  
s t imu la t i on  is associated wi th  an i nh ib i t i on  of lordosis  effects  of  a p o m o r p h i n e  and d-ESD on recept iv i ty  are no t  
behav iou r  emphas izes  tha t  the  fac i l i t a tory  ef fec ts  of  nico-  b locked  by m e c a m y l a m i n e .  Thus it seems unl ikely  tha t  the 
t ine are m e d i a t e d  by a n icot ine- l ike  ace ty lcho l ine  r ecep to r  behavioura l  ef fects  of  n ico t ine  are exp la inab le  by  ind i rec t  
in the  brain.  The presen t  results,  t oge the r  wi th  o t h e r  types  ac t ions  on  the  5-HT and DA mechan i sms  k n o w n  to 
of  behavioura l  evidence suppor t ,  the re fore ,  the  suggest ion subserve sexual  behaviour .  
t ha t  two types  of chol inergic  recep tors  exist  in the  CNS It remains  to be d e t e r m i n e d  w h e t h e r  n ico t in ic  and 
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muscarinic cholinergic mechan i sms  interact  to con t ro l  the 
onset  and offset ,  respect ively,  o f  the recept ivi ty  induced  by 
es t rogen and proges te rone ,  i.e., are they a pr imary site o f  
act ion of  these h o r m o n e s  (part icularly of  proges terone) .  A 
perpetual  problem of  in te rp re ta t ion  in studies of  drugs and 
h o r m o n e - d e p e n d e n t  behaviours  is whe the r  the mechanism 
of  act ion of  the fo rmer  is related to the normal  mechan ism 

of  act ion of  a h o r m o n e  or i n d e p e n d e n t  of  it, and this 
problem awaits solut ion in the co n t ex t  of  the expe r imen t s  
repor ted  here.  
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