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Experiments were conducted to examine sex differences in striatal dopamine function using in vivo microdialysis in freely moving rats. We report 
here a sex difference in basal extracellular striatal dopamine determined by quantitative microdialysis (the no net flux method) when castrated 
and ovariectomized rats were compared. There was no sex difference in dopamine uptake into synaptosomes. This indicates that the sex 
difference in extracellular dopamine is most likely due to sex differences in dopamine release, synthesis, and/or metabolism. Within 30 min after 
a single injection (s.c.) of either estradiol benzoate (2.0 ~tg/100 g) or 17/3-estradiol (1.5 ~g/100 g) the amphetamine-stimulated release of 
dopamine was enhanced in the striatum of ovariectomized rats, but there was no effect in castrated male rats. The enhanced amphetamine-in- 
duced striatal dopamine release in ovariectomized rats was associated with an enhanced frequency of stereotyped head and limb movements and 
an increased peak in extra 1/4 turns. There were also sex differences in stereotyped behavior and extra 1/4 turns whether or not animals 
received estrogen treatment. Thus, there are sex differences in striatal extraceUular dopamine and in the effect of estrogen on the striatal 
dopamine neurochemical and behavioral responses to amphetamine. 

INTRODUCTION 

It  has been  known for some t ime tha t  the re  a re  sex 

d i f fe rences  in behav iors  m e d i a t e d  by the  mesos t r i a t a l  

d o p a m i n e  ( D A )  system. F e m a l e  ra ts  in es t rus  exhibi t  

g r ea t e r  a m p h e t a m i n e  ( A M P H ) - i n d u c e d  ro ta t iona l  be-  

havior  than  do  in tac t  male  ra ts  8. F e m a l e s  also exhibi t  

more  in tense  s t e r e o t y p e d  behaviors  in r e sponse  to 

A M P H  than  males  m~. Fo l lowing  ovar i ec tomy ( O V X )  

of  f emale  rats  t he re  is an  a t t e n u a t i o n  of  A M P H - i n -  

duced  ro ta t iona l  behavior ,  e lec t r ica l  s t imula t ion- in-  

d u c e d  ro ta t iona l  behavior ,  and  A M P H - i n d u c e d  s te reo-  

typed  behaviors  12'~8'2~. D u r i n g  the  es t rous  cycle of  the  

rat ,  females  in es t rus  exhibi t  a g r e a t e r  f requency  of  

A M P H - i n d u c e d  s t e r eo typyed  behaviors  than  those  in 

d ies t rus  6. Similarly,  the re  is e n h a n c e d  A M P H - s t i m u -  

l a t ed  D A  re lease  in s t i a tum on estrus,  c o m p a r e d  to 

o t h e r  days  o f  the  cycle d e t e r m i n e d  e i the r  in vi t ro a'7 or  

in vivo using microdia lys is  6. By contras t ,  cas t ra t ion  

( C A S T )  of  ma le  ra ts  has  no effect  on the  behav iors  

d iscussed above  or  on s t r ia ta l  D A  re lease  7'12'1s'21. These  

f indings  suggest  that  ovar ian  hormones ,  but  not  tes t icu-  

lar  hormones ,  m o d u l a t e  mesos t r i a t a l  D A  funct ion in 

the  rat.  

Fo l lowing  OVX,  A M P H - s t i m u l a t e d  D A  re lease  f rom 

s t r ia ta l  t issue in vi t ro is a t t e n u a t e d  2'7. By contras t ,  

fol lowing CAST,  A M P H - s t i m u l a t e d  D A  re lease  f rom 

s t r ia ta l  t issue in vi t ro does  not  d iminish  7. T r e a t m e n t  of  

O V X  rats  with es t rogen  a lone  or  a combina t ion  of  

e s t rogen  and  p r o g e s t e r o n e  res to res  the  A M P H - s t i m u -  

l a t ed  s t r ia ta l  D A  re lease  in vi tro 4'5'7. In  vivo, using 

microdia lys is  in f reely moving rats,  a single physiologi-  

cal dose  of  es t rogen  a dmin i s t e r e d  systemical ly  to O V X  

rats  has been  found  to e nha nc e  A M P H - s t i m u l a t e d  

s t r ia ta l  D A  re lease  3. S t r ia ta l  D A  tu rnover  is also en-  

hanced  by es t rogen  t r e a t m e n t  13. A n  effect  of  es t rogen  

on s t r ia ta l  D A  funct ion in O V X  rats  is re f lec ted  in 

e n h a n c e d  A M P H - i n d u c e d  ro ta t iona l  behav io r  follow- 

ing es t rogen  t r e a t m e n t  3'4. Final ly ,  in t ras t r ia ta l  admin-  

s is t ra t ion  of  17/3-estradiol, but  not  choles te ro l  or  17a- 
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estradiol, significantly enhances the accuracy of foot 
placement in OVX female rats traversing a suspended 
narrow beam 9. 

The present studies were designed to determine 
whether there are sex differences in the effect of a 
single acute injection of estrogen on AMPH-stimulated 
striatal DA release determined by in vivo microdialysis 
and the associated AMPH-induced behaviors. In addi- 
tion, possible sex differences in basal extracellular stri- 
atal DA concentrations were evaluated using tradi- 
tional in vivo microdialysis and quantitative in vivo 
microdialysis. Additional experiments were conducted 
in an effort to elucidate the possible source of the 
observed sex-related difference in basal extracellular 
striatal DA concentrations in dialysate obtained in the 
initial experiments. We report here for the first time 
that there are hormone-independent sex differences in 
the basal extracellular concentration of DA in stria- 
turn, and that estrogen enhances AMPH-stimulated 
striatal DA release and AMPH-induced behaviors in 
OVX but not CAST rats. 

MATERIALS AND METHODS 

Subjects 
Adult  male and female Sprague-Dawley rats (Holtzman Co., 

Madison, WI) were maintained on a 14:10 h LD cycle with food and 
water available ad libitum. 

General experimental procedures 
Surgery'. Animals  were castrated (CAST) or ovariectomized (OVX) 
under ether  anesthesia using s ter i le /asept ic  conditions. The vaginal 
epithelium of the OVX females was examined daily for at least ten 
consecutive days and any animal that continued to have cornified 
cells in its vaginal epithelium was eliminated from the study. 
Microdialysis procedures. At least one month post-gonadectomy, sub- 
jects that passed criteria had an 8 mm guide cannula implanted 
through the skull on one side of the brain ( lef t / r ight  randomized) 
under  sodium pentobarbitol anesthesia (30 m g / k g )  supplemented 
with methoxyflurane. Coordinates from bregma (skull flat): anterior 
0.5 mm, lateral 2.5 ram, ventral 1 mm. The guide cannula was 
cemented into place with dental  acrylic and a stylet was inserted to 
keep the cannula patent. 

One week post-surgery, subjects were anesthetized with ether 
and anesthesia was maintained with methoxyflurane. The stylet was 
removed and a microdialysis probe was lowered through the guide 
cannula to a depth of 6.5 mm ventral to skull surface. The  dialysis 
fiber was a semipermeable regenerated cellulose membrane  with an 
outer  diameter of  250 ~ m  and a molecular weight cutoff of 6000 
(Spectrum Medical Corp., VW R  Scientific, Chicago, IL). The probe 
design used has been described in detail by Robinson and Whishaw 20. 
Twelve to 16 h after probe insertion, animals underwent  in vivo 
microdialysis. 

During dialysis a Ringer 's  solution 3 was pumped at a constant 
rate of 1.5 /x l /min  through the probe, unless otherwise noted. 
Concentrat ions of DA in dialysate were determined by high perfor- 
mance liquid chromatography with coulometric detection 3. The ex- 
tent of diffusion for DA and its metabolites, dihydroxyphenyl-acetic 
acid (DOPAC) and homovanilic acid (HVA), into each probe at 37°C 
was determined prior to use (i.e. % recovery). Probes were not used 
if the percent recovery for any of the compounds was outside of the 
acceptable range (20-25%). For the traditional microdialysis experi- 
ments, the extracellular concentrations of DA were corrected for the 

percent recovery determined in vitro. No corrections for recovery in 
vitro were made to values obtained by the no net flux method,  since 
this method takes into account the rate of DA diffusion into and out 
of the microdialysis probe (see below). 
Histology. Following dialysis, animals were killed with an overdose of 
sodium pentobarbital and perfused transcardially with 0.9% saline 
followed by 10% formalin. In order to determine probe placement, 
brains were sectioned at 40 jzm on a freezing microtome and stained 
with Cresyl violet. Animals  with probe placement outside of the 
striatum were eliminated from the study. 
Statistical analysis. Concentrat ions of DA in dialysate were corrected 
for recovery unless otherwise noted and converted to fmol/ /xl .  
AMPH-st imulated DA release was also expressed as the increase 
from basal concentration by subtracting the mean basal DA ( fmo l /~ l )  
from the stimulated value. Neurochemical and behavioral data were 
analyzed by analysis of variance (ANOVA) or Student 's  t-tests as 
indicated. All statistical analyses were performed using Statview 
512+ on a Macintosh Plus. 

Effect of  estrogen on AMPH-stimulated striatal DA release and 
AMPH-induced behaviors in CAST and OVX rats 
Microdialysis. On the day of dialysis, 6 -8  baseline samples were 
collected at 15 min intervals. After  baseline samples were collected, 
animals received injections (s.c.) of estrogen or vehicle as follows: 
Group 1: estradiol benzoate (EB; 2.0 ~ g / 1 0 0  g body wt.) or an 
equivalent volume of vehicle (peanut oil); or Group 2: 17/3-Estradiol 
(1.5 p,g/100 g) or an equivalent volume of vehicle (peanut oil). EB 
was given to animals in Group 1 in order to replicate previous 
findings from this laboratory 3. Since EB must  be metabolized to 
17/3-estradiol prior to acting in vivo, we also examined the effect of 
17/3-estradiol on animals in Group 2 in order to demonstra te  that the 
same results could be obtained with the native compound.  The  doses 
were chosen to produce the same physiological concentrations of 
estradiol in blood during the experiment ll,ls. Following hormone 
treatment,  two additional samples were collected. Thirty minutes  
after t reatment,  animals in Group 1 received 2 m g / k g  D-ampheta- 
mine sulfate (AMPH, i.p.); animals in Group 2 received 1.25 m g / k g  
AMPH (i.p.). A lower dose of A M P H  (1.25 m g / k g )  was given to 
animals in Group 2 in order to examine any dose- response  relations 
between the effect of estrogen and dose of AMPH. Following 
AMPH,  eight additional 15 min samples were collected (2 hours). 
Behavioral measures. Animals  in Group 1 were videotaped for the 
entire two hour period following AMPH.  Head / fo re l imb  movements  
and sniffing were given a rating from 0 - 4  based on thirty second 
samples of  behavior taken from the tapes at the start of each 5 min 
interval post-AMPH. A score of zero indicated that the animal was 
asleep or inactive, while a score of 4 corresponded to intense 
stereotyped behavior. In addition, a subset of the tapes were scored 
quantitatively (a few of the intitial recordings were inadvertantly 
taped over, so these were unavailable). For these tapes, the number  
of head and forelimb movements  were counted. Sixty second samples 
of these behaviors were taken twice during each 15 min interval 
post-AMPH. For animals in Group 2, rotational behavior and gen- 
eral activity (extra quarter  turns) were recorded automatically by an 
automated computer  controlled system 3. 

Sex differences in [3H]DA uptake into synaptosomes from striatal 
tissue 
Tissue. Synaptosomal preparation and procedures for [3H]DA up- 
take were modified from those described by Bonnet  et alJ °. CAST 
and OVX rats were decapitated and the str iatum dissected on ice. 
Striatal tissue was homogenized in 10 vols. (w/v)  of ice cold 0.32 M 
sucrose. Homogenization was performed by 10 up and down strokes 
at a pestle revolution of 800 rpm. Following homogenization, the 
pestle and glass vessel were rinsed with an additional 10 vols. of 0.32 
M sucrose which was added to the homogenate.  The homogenate  
was centrifuged at 1000 x g for 10 min at 4°C. The supernatant  was 
decanted to yield the crude synaptosomal preparation. 
Incubation. Aliquots of the crude synaptosomal preparation (50/zl)  
were added to test tubes containing 450 #1 of Krebs -Ringer  phos- 
phate buffer. The Krebs -Ringer  phosphate  buffer contained 50 /xl 



129 

of each of the following compounds: 109 mM NaCI, 3.55 mM KCI, 
2.4 mM CaCI 2, 0.61 mM MgSO 4, 1.1 mM NaH2PO 4, 25 mM 
KHCO3, 5.4 mM glucose and 20 ~M nialimide. Prior to use, the 
media was bubbled with a gas mixture of 95% O z-5% CO 2 for 30 
min at a pH of 7.4. After the synaptosomal preparation was added to 
the tubes containing media, the tubes were incubated for 5 min in a 
shaking water bath maintained at 37°C. Ten ~1 of [3H]DA (2× 10 -8 
M) was added to each of the tubes (triplicates were run for each 
incubation time). The tubes were then incubated in a shaking water 
bath at 37°C for 1, 2, 3, 5, 10, 15, or 30 min. The reaction was 
stopped by the addition of 2 ml of ice-cold Ringer's to each tube. All 
synaptosomal preparations were centrifuged at 7000 × g for 10 min 
at 4°C and washed with ice-cold Ringer's. This step was performed 
twice. The remaining pellets were solubilized at 50°C for 2-3 h. An 
aliquot of the above solution was analyzed for [3H]DA uptake using 
liquid scintillation counting. Protein concentrations in the synaptoso- 
mal preparations were determined using the Pierce BCA Protein 
Assay. 

Sex differences in extracellular DA determined by quantitative micro- 
dialysis 

The technique of quantitative microdialysis was modified from 
methods described in detail by Parsons and Justice 17. In these 
experiments, the Ringer's solution also contained 0, 1, 4 or 8 nM DA 
and was pumped at a constant rate of 1 /zl/min. The probe design 
was also modified for these experiments so that the inlet tubing was 
fused silica instead of PE20 tubing, in order to minimize the volume 
within the system. On the day of dialysis, 6-8 baseline samples were 
collected while a Ringer's solution containing 0 nM DA flowed 
through the probe. After basal DA levels were established, the 
DA-containing solutions (1, 4 or 8 nM) were perfused through the 
probe in random order. Eight 20 min samples were collected at each 
concentration. The last four samples at each concentration were 
analyzed. 

The mean of the four dialysis samples run for each DA concen- 
tration was calculated. For each animal, the gain or loss of DA from 
the brain at each concentration was plotted and a linear regression 
line drawn through the points. The point at which there was no net 
gain or loss of DA from the brain was equal to the extracellular DA 
concentration for that animal (i.e. the 'point of no net flux'). 

RESULTS  

Effect  o f  estrogen on AMPH-st imulated  striatal DA  re- 

lease and AMPH-induced  behaviors in C A S T  and O V X  

rats 

Microdialysis. T h e r e  w a s  a sex  d i f f e r e n c e  in t h e  basa l  

c o n c e n t r a t i o n  o f  D A  in d i a ly sa t e  f r o m  O V X  a n d  C A S T  

ra ts .  D a t a  f r o m  t h e  b a s e l i n e  p e r i o d  f r o m  G r o u p s  1 a n d  
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Fig. 1. The mean basal striatal DA concentration in dialysate 
(5: SEM) for CAST and OVX rats are shown above. * The CAST 
rats had significantly higher basal striatal DA concentrations than 

did the OVX rats (t62 = 2.32, P = 0.024). 
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Fig. 2. Group 1: Neurochemistry: A: the time course of AMPH- 
stimulated (2.0 mg/kg) striatal DA release for the oil-treated OVX 
rats (n = 8; open circles) and the EB-treated OVX rats (n = 8; closed 
circles). DA concentrations in dialysate are expressed in fmol/~zl 
and samples were collected at 15 min intervals. * The EB-treated 
females showed a significantly greater peak DA increase from base- 
line when compared to the oil-treated controls (FI.15 = 4.598, P = 
0.05). B: there was no significant difference in the timecourse of 
AMPH-stimulated striatal DA release between the oil-treated CAST 
rats (n = 9; open squares) and the EB-treated CAST group (n = 8; 
closed squares) (P=0.210). C: the average (5:S.E.M.) peak in 
AMPH-stimulated striatal DA release is expressed as increase from 
basal in fmol /~l  for CAST and OVX animals in Group 1. * The 
EB-treated OVX rats (solid bar) showed a significantly greater peak 
DA increase from basal than did the oil-treated OVX controls 
(hatched bar) (FI,15 = 5.507, P = 0.034). There was no difference in 
the peak DA increase from basal for the CAST groups. All values 

are the mean _+ S.E.M. 

2 p lus  basa l  d a t a  f r o m  a n i m a l s  u s e d  in p i lo t  expe r i -  

m e n t s  w e r e  c o m b i n e d  fo r  th is  analys is .  C A S T  ra t s  h a d  

s ign i f i can t ly  h i g h e r  basa l  s t r i a ta l  D A  c o n c e n t r a t i o n s  

t h a n  O V X  ra t s  (t62 = 2.32, P =  0.024; Fig.  1). T h e  

m a g n i t u d e  o f  t h e  o b s e r v e d  sex  d i f f e r e n c e  was  a p p r o x i -  

m a t e l y  27%.  
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There was no effect of estrogen on extracellular DA 
concentrations in the striatum of CAST and OVX rats 

in either Group 1 or Group 2 during the thirty min 
collection interval prior to AMPH. In contrast, for 
both groups there was an effect of estrogen on the 
AMPH-st imulated increase in striatal DA in dialysate 
from OVX, but not from CAST rats. As shown in Fig. 
2A, in OVX rats the increase in DA after AMPH was 
significantly greater for the EB-treated group than the 

oil-treated controls during the second 15 min collection 
interval after AMPH (2.0 mg/kg ;  P = 0.034). In con- 

trast, in the CAST groups, EB and oil-treated rats did 
not differ significantly at any time point after AMPH 

(P  = 0.210; Fig. 2B), including the second interval after 

AMPH (Fig. 2C). 
In Group 2, the 17/~-estradiol-treated OVX rats also 

showed a significantly greater  peak DA increase from 
baseline 15-30 min after A M P H  than the oil-treated 
controls (P  = 0.028; Fig. 3A). As shown in Fig. 3B, the 
17/3-estradiol-treated CAST rats did not differ signifi- 
cantly from the oil-treated controls at any time point 
pos t -AMPH (P=0 .871) .  There was, however, a sex 
difference. DA release was significantly greater after 

1.25 m g / k g  AMPH in striatum of OVX rats than in 
CAST rats, regardless of hormone t reatment  (Fig. 3C). 

The concentrations of the DA metabolites, DOPAC 
and HVA, in dialysate did not differ significantly among 
the four groups for any collection interval, before or 
after AMPH for either Group 1 or Group 2 (data not 
shown). 
Behavioral  measures.  For Group 1, there were signifi- 

cant differences between groups in the frequency of 
head and forelimb movements.  To obtain the individ- 
ual points seen in Fig. 4A, the average of two sixty 
second samples of behavior taken during a 15 rain 
interval pos t -AMPH was calculated. As shown in Figs. 
4A and B, the EB-treated OVX group made signifi- 
cantly more head and forelimb movements per sixty 
second sample after AMPH than the oil-treated con- 

trols ( F I ,  7 = 18.933; P =  0.003). In contrast, the fre- 
quency of head and forelimb movements  per sixty 
second sample for the the EB-treated CAST rats did 
not differ significantly from the oil-treated CAST group 
at any time point after AMPH ( F l , 1 4  = 1.723; P -- 0.210; 
Fig. 4A and B). There was also a sex difference, 
regardless of hormone treatment,  in the total number 
of head and forelimb movements made during the 
entire two hour period after A M P H  (Main effect of 
sex-FL23 = 13.007; P = 0.002; sex × Time interact ion- 
F7,16  z = 3.174, P = 0.004). During this period, the CAST 
groups made significantly more stereotyped head and 
forelimb movements  than the OVX groups (Fig. 4B). 
After 2 m g / k g  AMPH,  there were no significant dif- 

ferences among the four groups in intensity of stereo- 
typy as assessed by a traditional stereotypy rating scale. 

For Group 2 there was no significant difference 
among the four t reatment  groups in the number  of 
rotations or the total number  of 1 / 4  turns made post- 
AMPH,  ( P  = 0.851; data not shown). In contrast, there 
was a sex-related difference in the number  of total 
extra 1 /4  turns made after AMPH. Extra 1 / 4  turns 
are those 1 / 4  turns that do not contribute to full turns 
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Fig. 3. Group 2: Neurochemist~. A: the time course of AMPH- 
stimulated (1.25 mg/kg)  striatal DA release for the 17/3-estradiol 
treated OVX rats (closed circles) and the oil-treated OVX controls 
(open circles) is shown. DA concentrations in dialysate are expressed 
in fmol/p.l  and samples were collected at 15 min intervals. * The 
17/3-estradiol treated females showed a greater peak DA increase 
from baseline than the oil-treated females (F1,11 = 5.72, P = 0.038). 
B: there was no significant difference in AMPH-stimulated striatal 
DA release across time between the 17/3-estradiol-treated CAST rats 
(n = 5; closed squares) and the oil-treated CAST controls (n = 4; 
open squares; P = 0.851). C: * The 17/3-estradiol-treated females 
(solid bar) showed a significantly greater peak DA increase (P = 
0.028) from baseline than did the oil-treated females (hatched bar). 
In addition, as illustrated by the double asterisks, AMPH-stimulated 
DA release was significantly higher in the striatum of OVX rats than 
in striatum of CAST rats regardless of hormone treatment (FlA 7 = 

5.538, P = 0.031). All values are the mean ± S.E.M. 
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Fig. 4. Group 1: Behavior. A:  the average number  o f  bead and 
forelimb movements  made  per sixty second sample of behavior 
across t ime after A M P H  (2.0 m g / k g )  for OVX females and CAST 
males in Group 1. The  EB-treated females (closed circles) made  a 
significantly greater  number  of  head and forelimb movements  than 
the oil-treated females (open circles) pos t -AMPH (F1,7=18.933, 
P = 0.003). There  was no significant difference in the number  of  
head and forelimb movements  made by CAST males after A M P H  
(EB treated males = closed squares; oil-treated males = open 
squares; Fl.14 = 1.723, P = 0.210). B: m e a n + S . E . M ,  of total head 
and limb movements  during the two hour period post-AMPH. * The  
EB-treated females (solid bar) made  a significantly greater  number  
of  head and limb movements  (P  = 0.003) during the two hour  period 
pos t -AMPH than the oil-treated females (hatched bar). **  The  
CAST rats made  significantly more stereotyped head and forelimb 
movements  than the OVX females during the 2 h following A M P H  
(main effect of  sex - F1,23 = 13.007; P = 0.002; S e x × T i m e  interac- 

tion - F7,161 = 3.174, P = 0.004). 

(360 °) and are used as an index of general activity 14 As 

shown in Fig. 5B, the O V X  rats made significantly 
more extra 1 / 4  turns than the CAST rats after AMPH,  
whether  or not they received hormone t reatment  (Fl,t9 
= 5.599; P = 0.029). When O V X  animals t reated with 
17/3-estradiol were compared with controls, there was a 
significant Time × Hormone  t reatment  interaction 

(F9,90 = 2.009; P = 0.0471; Fig. 5A), but there was no 
main effect of hormone t reatment  (Fl,10 = 0.712, P = 
0.419). The significant interaction indicates that the 
peak in extra 1 / 4  turns is greater  in the 17/3-estradiol 
treated O V X  rats than for the OIL  treated controls. 

Sex differences in [3H]DA uptake into synaptosomes 
from striatal tissue 

T h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  i n  s t r i a t a l  D A  

u p t a k e  a t  a n y  t i m e  p o i n t .  A s  s h o w n  i n  F i g .  6,  t h e  t i m e  

B. 

C A S T  O V X  

Fig. 5. Group 2: Behavior. A: the mean  number  of extra 1 / 4  
t u rns /15  min after A M P H  (1.25 m g / k g )  made by CAST males and 
OVX females in Group 2. * There  was a significant Time × Hormone  
t reatment  interaction when the 17fl-estradiol-treated females (closed 
circles) were compared to vehicle-treated controls (open circles; 
F9,90 = 2.009, P = 0.0471). There  was no significant difference be- 
tween the CAST males (squares) after AMPH.  B: mean  + S.E.M. of 
extra 1 / 4  turns per 15 rain during the two hour period post-AMPH. 
• The OVX females made more extra 1 / 4  turns than the CAST 
males during the 2 hour  period following A M P H  (Fl,19 = 5.599, 

P = 0.029). 

course of [3H]DA uptake did not differ significantly in 

synaptosomes from OVX and CAST striatal tissue. 

Sex differences in extracellular DA determined by quanti- 
tative microdialysis 

There  was a sex difference, independent of concur- 
rent gonadal hormones, in extracellular striatal D A  
concentrations assessed by quantitative in vivo micro- 

7500. 
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~) sooo 

i 2500. 

0 
0 

TIME (minutes)  

Fig. 6. The t imecourse of [3H]dopamine uptake by striatal synapto- 
somes from CAST male rats (n = 6; squares) and OVX female rats 
(n = 6; circles) is shown above. Values are expressed in disintegra- 
tions per m i n u t e / m g  protein. Striatal D A  uptake did not differ 

significantly between the two groups. 
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DA ADDED TO PERFUSATE 
Fig. 7. For each animal the average gain or loss of DA from the brain 
at each concentration was plotted and a simple regression line drawn 
through the points, as illustrated above. The point at which there was 
no net gain or loss of DA from the probe was equal to the extracellu- 
lar striatal DA concentration for that animal (i.e. the 'point of no net 
flux'). The slope of the regression line was equal to the in vivo 
recovery for that probe. There was no significant difference in the 
average regression lines for the CAST male rats and the OVX 
female rats. In contrast, the CAST males had significantly higher 
extracellular striatal DA concentrations than the OVX female rats 

(t = - 2.672; df = 18; P < 0.016). 

dialysis. As can be seen in Fig. 7, CAST rats had 

significantly higher extracellular striatal DA concentra- 
tions than OVX rats (P  < 0.016). The observed sex 

difference was approximately 20 percent. There was no 

difference in the slope of the curve obtained by varying 

the concentration of DA in the perfusate, indicating 

that the rate of DA diffusion down its concentration 

gradient (into the brain or into the probe) was the 

same for OVX and CAST rats. 

DISCUSSION 

The present findings are the first demonstration of a 
sex difference in basal extracellular striatal DA con- 

centrations determined by quantitative microdialysis 

that is independent of concurrent gonadal hormones. 

In addition, 30 rain after a single acute injection of 

either EB or 17/3-estradiol, AMPH-stimulated striatal 
DA release was potentiated in OVX rats. The en- 

hanced striatal DA release coincided with an enhanced 
frequency of stereotyped head and forelimb move- 
ments and increased peak in extra 1 /4  turns following 
AMPH treatment in OVX rats. Neither form of estro- 

gen affected AMPH-stimulated striatal DA release or 
the behavioral response to AMPH of CAST male rats. 

Taken together these results indicate that estrogen 
rapidly potentiates AMPH-stimulated striatal DA re- 
lease and DA-mediated behaviors in the OVX rat. 

The observed sex difference in basal striatal DA 

concentrations might reflect sex differences in one or 
more neural processes. The sex difference might be 

due to an actual difference in DA release in striatum 

of CAST male and OVX female rats. However, this is 

not the only possibility. A second possibility is that 

there might be a sex difference in striatal DA uptake. 

The findings presented in this report, however, indi- 

cate that a sex difference in striatal DA uptake is not 

the source of the sex difference in basal extracellular 

striatal DA concentrations. Third, the sex difference 

could be attributable to differences in DA metabolism 

a n d / o r  DA synthesis in the striatum of male and 

female rats. We found that extracellular concentrations 

of the DA metabolites DOPAC and HVA were not 

different in the CAST and OVX groups, so metabolic 

or synthetic differences are probably not the only fac- 

tor underlying sex differences in extracellular concen- 

trations of DA in striatum. More direct measurements 

of DA synthesis and metabolism are needed, however, 

to be confident on this point. Finally, there could be a 

sex difference in the tortuosity of striatal tissue. In 

other words, diffusion of DA through the striatum 

toward the dialysis probe may be less impeded in male 
rat striatum than in female rat striatum. According to 

Parsons and Justice ~7 the slope of the regression line 

obtained from quantitative dialysis experiments reflects 
the capability of DA to diffuse across the dialysis 

membrane in the rat striatum and is related to the 

tortuosity of the extracellular space. The absence of a 

sex difference in the slope of the regression lines 

obtained from the quantitative microdialysis experi- 

ments, however, suggests that diffusion factors are not 

the primary cause of the sex difference reported. Thus, 

the sex difference in extracellular DA most likely re- 

flects a sex difference in striatal DA release, DA 
synthesis, a n d / o r  metabolism. 

The finding that AMPH-stimulated striatal DA re- 
lease is enhanced in OVX rats, 30 min after a single 

injection of either 17/3-estradiol or EB, supports previ- 

ous results from this laboratory 3. This is the first 

demonstration, however, that estrogen treatment does 
not affect AMPH-stimulated DA release in the stria- 
turn of CAST rats in vivo. The effects of estrogen on 
striatal DA release may be mediated by a direct effect 
of estrogen on the striatum of the female rat. Adminis- 

tration of estradiol to striatal tissue in vitro enhances 
DA release induced by either AMPH or KCl-induced 
depolarization when tissue is obtained from OVX rats 2. 

Since DA release induced by either AMPH or KCI are 
both enhanced by estrogen, it has been suggested that 
estrogen results in hyperpolarization of DA terminals 
(see 2 for discussion). In addition, the effect of estrogen 
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on striatal DA release is not a non-specific action of 
the hormone, since estrogen applied directly to striatal 
tissue in vitro has no effect on striatal DA release from 
tissue of male rats 2 and systemic estrogen treatment in 
the study reported here has no effect on striatal DA 
release in CAST rats in vivo. Taken together, these 
results suggest that estrogen is acting at specific bind- 
ing sites in the striatum to induce its effects on striatal 
DA terminals. 

The behavioral results obtained support the hypoth- 
esis that estrogen modulates AMPH-induced behaviors 
in OVX rats, but not CAST rats. A single injection of 
EB rapidly enhanced the frequency of the stereotyped 
response to AMPH in OVX, but not in CAST rats. 
These findings support the results obtained in previous 
studies from this laboratory lz'19. However, this is the 
first report  of a sex difference in the frequency of 
AMPH-induced stereotyped head and forelimb move- 
ments where CAST rats exhibited a greater frequency 
of stereotyped head and limb movements than did 
OVX rats. In most reports, females tend to exhibit 
either a greater or more intense behavioral response to 
AMPH than males TM. It is possible that the OVX 
females were engaging in other, possibly more 'intense',  
stereotyped behaviors after AMPH than the CAST 
rats. However, if this was the case, it was not apparent 
from our behavioral observations. Further  studies, uti- 
lizing more extensive quantitative analytical methods 
will need to be conducted in order to verify this sex-re- 
lated difference. For animals in Group 2, the finding 
that the OVX groups made significantly more extra 
1 / 4  turns after 1.25 m g / k g  AMPH than the CAST 
groups supports results from previous studies which 
reported that handled female rats exhibit greater loco- 
motor behavior or general activity after AMPH than do 
male rats 23. The observation that estrogen enhanced 
AMPH-induced general activity in OVX rats, but not 
CAST rats, also lends support to the hypothesis that 
estrogen modulates mesostriatal DA activity and DA- 
mediated behaviors in female rats. 

General  activity and locomotor activity are usually 
associated with administration of low doses of AMPH, 
while stereotypy is produced by higher doses. In fact, 
stereotyped behavior is by definition coincident with an 
absence of locomotor activity. Therefore,  the finding 
that OVX rats show greater general activity and less 
stereotypy after AMPH than CAST males, suggests 
that OVX rats are less responsive to AMPH than 
CAST rats. This theoretical framework relating activity 
and stereotypy seems inconsistant, however, with our 
finding that estrogen treatment in OVX rats enhanced 
both AMPH-induced striatal DA release as well as the 
behavioral response to AMPH. One might have pre- 

dicted that enhanced DA release after estrogen would 
decrease general activity and result in enhanced 
stereotypy, but this was not what was found. Instead, 
estrogen enhanced both behaviors which suggests that 
the intensity of activity and stereotypy are independent 
behaviors, not part of dose-response continuum as 
generally thought. 

In summary, the results of these experiments indi- 
cate that the mesostriatal DA system is sexually dimor- 
phic. Extracellular concentrations of DA in the stria- 
turn are different in CAST and OVX rats, and there 
are sex differences in the effects of AMPH and estro- 
gen on striatal DA release and DA-mediated behav- 
iors. Previous research has demonstrated that estrogen 
can act directly on the striatum to enhance AMPH-in- 
duced DA release and sensorimotor function 2'9. Thus, 
the effects reported here are likely to be due to sex 
differences in and differential effects of estrogen on 
the striatum. The mechanism mediating this effect has 
not yet been elucidated, but recent research has 
demonstrated that progesterone metabolites act in the 
brain at GABA-A binding sites 16'22. Thus extracellular 

membrane receptors for steroid hormones have been 
clearly established. A membrane-associated receptor 
for estrogen may be a potential mechanism mediating 
the effects reported here. It seems evident that we are 
only beginning to fully appreciate the range of effects 
that steroids can have on brain function and behavior. 
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