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Randy D. Blakely 
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Darryl  B. N e i l 1  
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ABSTRACT 

A comparison i s  made of  chronoamperometric d a t a  recorded 
from the s t r i a t u m  and chromatographic d a t a  obtained from 
e x t r a c e l l u l a r  s t r i a t a l  pe r fusa t e .  Three s p e c i f i c  cases  a r e  
considered: the i n i t i a l  sampling per iod i n  which a d e c l i n e  i n  the  
observed ox ida t ion  cu r ren t  occurs;  t h e  e f f e c t  of ha lope r ido l ,  a 
dopamine r ecep to r  blocker;  and t h e  e f f e c t  of amphetamine. The 
p e r f u s a t e  i s  analyzed f o r  a sco rb ic  ac id  (AA), t h e  dopamine 
me tabo l i t e s  dihydroxyphenylacetic ac id  (DOPAC) and homovanill ic 
a c i d  (HVA), and t h e  se ro ton in  metabol i te  5-hydroxyindoleacetic 
a c i d  (5-HIAA). Using t h e  r e l a t i v e  response of t hese  compounds a t  
a carbon epoxy o r  carbon paste e l e c t r o d e ,  and t h e  r e l a t i v e  
concen t r a t ion  of each i n  t h e  e x t r a c e l l u l a r  f l u i d ,  t h e  expected 
changes i n  ox ida t ion  c u r r e n t s  f o r  t he  t h r e e  cases  mentioned above 
a r e  ca l cu la t ed .  It i s  shown t h a t  t h e  d e c l i n e  i n  ox ida t ion  
cu r ren t  during the i n i t i a l  sampling period i s  due p r imar i ly  t o  a 
decrease i n  a sco rb ic  a c i d .  It  i s  a l s o  shown t h a t  d i f f e r e n t  
e l e c t r o a c t i v e  components of t h e  e x t r a c e l l u l a r  f l u i d  are the  cause 
of changing ox ida t ion  c u r r e n t s  under d i f f e r e n t  s t imulus 
condi t ions.  
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1874 JUSTICE ET AL. 

IKTKODUCTION 

Work i n  our  l abora to ry  i s  d i r e c t e d  towards development and 

a p p l i c a t i o n  of methods f o r  i n  vivo chemical a n a l y s i s  of t h e  

c e n t r a l  nervous system. One promising approach f o r  monitoring 

e x t r a c e l l u l a r  neurochemistry i n  f r e e l y  moving animals i s  

voltammetry( 1-8). There has been some confusion,  however, 

concerning which compounds i n  t h e  e x t r a c e l l u l a r  f l u i d  c o n t r i b u t e  

t o  the  observed ox ida t ion  c u r r e n t s  a t  small e l e c t r o d e s  implanted 

i n  the  b ra in (9 ) .  Adams and Marsden have r e c e n t l y  reviewed i n  

vivo electrochemical  methods and have discussed t h e  problems of 

i n t e r p r e t a t i o n  of  i n  vivo voltammetric d a t a  e x t e n s i v e l y ( l 0 ) .  For 

voltammetric recording i n  t h e  s t r i a t u m  t h e  major concerns are the  

degree t o  which a sco rb ic  ac id  (AA) c o n t r i b u t e s  t o  t h e  observed 

inc reases  i n  ox ida t ion  c u r r e n t s  fol lowing va r ious  s t i m u l i  and t o  

what e x t e n t  dopamine and i t s  me tabo l i t e s  dihydroxyphenylacetic 

ac id  (DOPAC) and homovanill ic ac id  (HVA) c o n t r i b u t e  t o  the 

inc reases .  The ex ten t  t h a t  s e ro ton in  and i t s  me tabo l i t e  

5-hydroxyindoleacetic ac id  (5-HIAA) c o n t r i b u t e  t o  the  ox ida t ion  

c u r r e n t  i n  the  s t r i a t u m  has  a l s o  been unclear .  I n  a d d i t i o n ,  i t  

i s  n o t  c l e a r  whether i t  i s  always t h e  same neurochemicals causing 

the increased c u r r e n t s  o r  whether d i f f e r e n t  s t i m u l i  (such as 

amphetamine, n e u r o l e p t i c s ,  e l e c t r i c a l  s t i m u l a t i o n  of t h e  

n i g r o s t r i a t a l  pathway, f eed ing ,  e tc . )  cause d i f f e r e n t  

neurochemical changes which a r e  i n d i s t i n g u i s h a b l e  i n  the 

voltammetric measurements. I n  o rde r  t o  r e s o l v e  some of t h e s e  
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VOLTAMMETRY I N  THE STRIATUM 1875 

ques t ions  we began a series of experiments i n  which t h e  

e x t r a c e l l u l a r  f l u i d  of t h e  b r a i n  i s  sampled by dialyzed pe r fus ion  

and analyzed by high performance l i q u i d  chromatography with 

electrochemical  d e t e c t i o n .  The chromatographic r e s u l t s  are 

discussed r e l a t i v e  t o  voltammetric d a t a  obtained under similar 

condi t ions.  

METHODS 

Monitoring System 

The on-line monitoring system f o r  chromatographic a n a l y s i s  

of dialyzed p e r f u s a t e  c o n s i s t s  of t h e  components i l l u s t r a t e d  i n  

Figure 1. The system has two main p a r t s :  t h e  pe r fus ion  

components and t h e  chromatographic components. These two p a r t s  

connect a t  the  HPLC i n j e c t i o n  valve.  The pe r fus ion  components 

i nc lude  a model 975 Harvard i n f u s i o n  pump which has  been modified 

t o  perform simultaneous push-pull pe r fus ion ,  a t h r e e  channel 

f l u i d  swivel(Alice King Chatham Medical A r t s ,  Los Angeles, CA.) 

l oca t ed  a t  the top  of t he  t es t  chamber, and a d i a l y s i s  cannula 

f o r  pe r fus ion  of l o c a l  b r a i n  regions.  Two 2.5 m l  Hamilton gas  

t i g h t  sy r inges  a r e  used i.n t he  i n f u s i o n  pump. These a r e  f i t t e d  

with t h r e e  way va lves  f o r  f i l l i n g  wi th  s o l u t i o n  and f o r  removing 

a i r  bubbles. A r t i f i c i a l  ce reb rosp ina l  f l u i d  (CSF) flows from 

the  push sy r inge  through t h e  f l u i d  swivel  i n t o  the  d i a l y s i s  

cannula.  Low molecular weight components of t he  e x t r a c e l l u l a r  

f l u i d  from t h e  surrounding r eg ion  c r o s s  the d i a l y s i s  membrane 
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1876 JUSTICE ET AL. 
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SAMPLE LOOP 

EC 
DETECTOR 

VALVE CONTROL MPLlFlER 

RECORDER 
OBSERVATION 

FIGURE 1. Monitoring system f o r  chromatographic a n a l y s i s  of 
dialyzed pe r fusa t e .  The p u l l  s i d e  of t h e  flow passes  through 
t h e  sample loop of t h e  HPLC system. 

and a r e  c a r r i e d  t o  t h e  sample loop as t h e  flow l eaves  t h e  cannula 

and passes  through the  f l u i d  swivel  t o  the  i n j e c t i o n  valve 

(Rheodyne 7010). Model s t u d i e s  c h a r a c t e r i z i n g  t h e  performance of 

t he  d i a l y s i s  cannula have been descr ibed p rev ious ly ( l1 ) .  

D ia lys i s  Cannula Construct ion 

The d i a l y s i s  cannula (Figure 2 )  i s  constructed from 

Spectrapor HF hollow f i b e r  d i a l y s i s  tubing w i t h  a molecular 

weight cu to f f  of 5000 amu and a diameter  of  200 urn. To cons t ruc t  

t he  device,  t h e  d i a l y s i s  tubing i s  c u t  i n t o  24 mm l eng ths  and 
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VOLTAMIETRY IN THE STRIATUM 1877 

DIALYSIS CANNULA 
CON ST RU C T I ON 

A R R O W S  SHOW 
DIRECTION O F  

FLOW 

D I A L Y S I S  TUBE- 

STEEL 
WIRE 

S T A I N L E S S  
STEEL TUBES 

- H E A T  SHRINK 

*. TUBE 

/ EPOXY 

NOT DRAWN 
TO SCALE 

E P O X Y  

FIGURE 2. Details of t h e  d i a l y s i s  cannula. Diameter of t h e  
cannula i s  about 200 micrometers. The l e n g t h  depends upon t h e  
s t r u c t u r e  t o  be perfused. The six p i n  connector which surrounds 
t h e  top of t he  cannula is  no t  shown. 
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1878 JUSTICE ET AL. 

s ea l ed  a t  one end wi th  a cyano-acrylate adhesive.  Glass tubing 

of 2 mm diameter  i s  then pul led over a flame t o  make g l a s s  

c a p i l l a r i e s  of less  than 100 um diameter.  One l eng th  of t h i s  is 

i n s e r t e d  i n t o  t h e  sealed d i a l y s i s  tubing t o  approximately 0.5 mm 

from t h e  sealed end. A second g l a s s  c a p i l l a r y  i s  i n s e r t e d  t o  6 

mm above the  end of t h e  f i r s t .  The two g l a s s  c a p i l l a r i e s  are 

then trimmed t o  extend about 7 mm from the  open end of the 

d i a l y s i s  tube.  To connect t h e  d i a l y s i s  cannula t o  the  f l e x i b l e  

tubing coming from t h e  f l u i d  swivel  a t  t h e  top of t h e  test  

chamber, 23 gauge s t a i n l e s s  s teel  tubing i s  c u t  i n t o  two p ieces  

approximately 15 mm i n  l eng th .  One tube i s  bent  a t  a s l i g h t  

angle  about 4 mm from one end t o  make attachment of t h e  tubing 

from t h e  swivel  e a s i e r .  The two tubes are then he ld  toge the r  

with 24 gauge heat-shr inkable  t e f l o n  tubing,  making s u r e  t h a t  t h e  

bottom ends of t h e  two tubes are f l u s h  with each o the r .  The ends 

of t he  g l a s s  capi l lar ies  are then i n s e r t e d  i n t o  the  f l u s h  ends of 

t he  s t a i n l e s s  s t e e l  tubing.  This j unc t ion  i s  sea l ed  with 

cyano-acrylate adhesive.  I n  o rde r  t o  r e i n f o r c e  the r a t h e r  

f l e x i b l e  d i a l y s i s  cannula ,  a l e n g t h  of f i n e  (0.012 i n c h )  w i r e  26 

mm long i s  a t t ached  a t  the t i p  of t h e  cannula and a t  t h e  junc t ion  

of t he  s t a i n l e s s  s tee l  tubes.  To provide f o r  s ecu re  attachment 

and accu ra t e  placement of t h e  cannula ,  t h e  d i a l y s i s  cannula i s  

mounted i n  t h e  c e n t e r  of s i x  p i n  male connector ( P l a s t i c  

Products,  Roanoke, V A . )  which has been d r i l l e d  ou t  i n  t h e  c e n t e r  

t o  hold t h e  cannula.  This connector mates with a s i x  p i n  female 
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VOLTAMMETRY IN THE STRIATUM 1879 

connector secured t o  the s k u l l .  The female connector con ta ins  a 

c e n t r a l  20  gauge s t a i n l e s s  s tee l  guide cannula 15.3 Inm long which 

extends j u s t  below t h e  dura.  

D ia lys i s  Perfusion Procedure 

Male Sprague Dawley rats (Harlan Laborator ies)  are used i n  

a l l  experiments.  Rats a r e  implanted wi th  a cannula guide 

descr ibed above using s tandard s t e r e o t a x i c  procedures.  The lower 

end of t he  guide i s  placed a t  t he  fol lowing coord ina te s :  AP 8.6, 

Lat 2.5, he igh t  0.5 mm below d u r a ( l 2 ) .  

A f t e r  a l l  i n s t rumen ta t ion  has been turned on and a s t eady  

chromatographic b a s e l i n e  achieved, s t anda rds  of DOPAC, HVA, 

5-HIAA (10 ng/100 u l )  and AA (100 ng/100 u l )  a r e  i n j e c t e d  f o r  

c a l i b r a t i o n .  Peak h e i g h t s  of samples  a r e  compared t o  peak h e i g h t s  

of s t anda rds  f o r  q u a n t i t a t i o n .  Af t e r  chromatography of the 

s t anda rds  the  sy r inges  of t he  pe r fus ion  pump are f i l l e d  with 

a r t i f i c i a l  CSF and t h e  l i n e s  checked f o r  a i r  bubbles.  The 

d i a l y s i s  cannula,  which has been previously checked f o r  l e a k s ,  i s  

a t t ached  t o  the  two l i n e s  of t h e  pe r fus ion  pump. Before t h e  

d i a l y s i s  cannula i s  placed i n  t h e  b ra in ,  t h e  animal i s  l i g h t l y  

anaes the t i zed  with e t h e r  t o  prevent breakage of t h e  cannula 

during i n s e r t i o n .  Af t e r  t he  cannula has  been i n s e r t e d  and locked 

i n  p l ace ,  t h e  pe r fus ion  pump i s  s t a r t e d  a t  4 ullmin. The f i r s t  

pe r fusa t e  i n j e c t i o n  i s  made 40 minutes a f t e r  t h e  s tar t  of 

pe r fus ion ,  by which t i m e  t h e  animal has v i s i b l y  recovered from 
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1880 JUSTICE ET AL. 

anes thes i a .  This  a l s o  a l lows  t i m e  f o r  t he  p e r f u s a t e  t o  t r a v e l  

t o  and f i l l  t h e  sample loop. A f t e r  t h e  f i r s t  i n j e c t i o n ,  

pe r fusa t e  i s  i n j e c t e d  every t h i r t y  minutes.  

The f i r s t  t h r e e  hours of sampling are used t o  o b t a i n  a 

base l ine .  Subsequently,  pharmacological o r  behav io ra l  s t i m u l i  

are introduced.  For t h e  pharmacological experiments ,  animals are 

e i t h e r  given t h e  drug of i n t e r e s t  o r  s a l i n e .  The samples 

cont inue t o  be chromatographed every t h i r t y  minutes f o r  t h e  

du ra t ion  of t he  experiment. A t  t h e  t e rmina t ion  of t h e  

experiment,  t h e  push-pull  l i n e s  are disconnected from t h e  

cannula ,  t h e  d i a l y s i s  cannula i s  g e n t l y  removed and t h e  animal i s  

r e tu rned  t o  i t s  home cage. The d i a l y s i s  cannula is  examined and 

t h e  system i s  cleaned wi th  d i s t i l l e d  water. Histology i s  

subsequently done t o  v e r i f y  cannula placement. 

Chromatography 

A Waters model 6000 so lven t  d e l i v e r y  system i s  used wi th  a 

Rheodyne 7010 i n j e c t i o n  valve.  A 100 u l  sample loop i s  used f o r  

sample i n t r o d u c t i o n .  The d e t e c t o r  is an  LC-3 amperometric 

d e t e c t o r  from B i o a n a l y t i c a l  Systems with a g l a s s y  carbon working 

e l e c t r o d e  set a t  a p o t e n t i a l  of + 0 . 7 5  V v s .  Ag/AgCl. Peak 

he igh t s  are measured on a F i s h e r  Recordal l  5000 s t r i p  c h a r t  

r eco rde r  se t  a 1 V f u l l  s c a l e  f o r  t h e  neu ro t r ansmi t t e r  

me tabo l i t e s  while  t h e  a s c o r b i c  a c i d  peak he igh t  i s  measured on a 

McKee-Pederson r eco rde r  set a t  10 V f u l l  scale. 
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VOLTAMMETRY I N  THE STRIATUM 1881 

The a n a l y t i c a l  column i s  a 4.6 mm by 25 c m  s t a i n l e s s  s tee l  

10 um Zorbax C8 r eve r se  phase column (DuPont, Wilnington, DE). 

The analyses  a r e  done a t  ambient temperature with i s o c r a t i c  

e l u t i o n  using a 0.05 M phosphate bu f fe r  a t  pII 4.0,  con ta in ing  3 

percent  methanol. The mobile phase i s  prepared by d i s s o l v i n g  6.9 

grams sodium phosphate monobasic i n  970 m l  d i s t i l l e d  water .  

Th i r ty  m l  of methanol a r e  then  added and the r e s u l t i n g  s o l u t i o n  

i s  ad jus t ed  t o  pH 4 with 6N HC1.  The e luen t  i s  f i l t e r e d  through 

a 0.45 urn f i l t e r  before  use and i s  degassed vigorously with 

helium f o r  approximately 15 minutes p r i o r  t o  use  and slowly 

during the  chromatography. The e luen t  flow r a t e  i s  1.6 ml/min. 

MATERIALS 

A l l  chemicals were purchased from Aldrich (Milwaukee, W I )  

except f o r  ha lope r ido l  (Haldol,  MacNeil Labora to r i e s )  and 

d-amphetamine s u l f a t e  (Sigma). 

Stock s o l u t i o n s  of DOPAC, HVA and 5-HIAA were prepared i n  

0.01 M H C 1  containing 0.1 percent  sodium m e t a b i s u l f i t e  as an 

an t iox idan t .  Standard s o l u t i o n s  (10 ng/100 u l )  w e r e  made from 

these  s tocks  i n  a r t i f i c i a l  CSF on t h e  day of t h e  a n a l y s i s .  The 

a sco rb ic  a c i d  s tock  w a s  made up f r e s h  each day i n  a r t i f i c i a l  CSF 

a t  a concen t r a t ion  of 100 ng/ 100 u l .  

The a r t i f i c i a l  CSF was made by adding 7.46 g NaC1, 0.190 g 

KC1,  0.140 g C a C l  and 0.189 g M g C l  t o  one l i t e r  d i s t i l l e d  

water, as descr ibed i n  ( 1 3 ) .  

2 ’  2 
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1882 JUSTICE ET AL. 

RESULTS AND DISCUSSION 

The system i l l u s t r a t e d  i n  Figure 1 w a s  b u i l t  t o  provide 

a d d i t i o n a l  i n fo rma t ion  t o  a i d  i n  the  i n t e r p r e t a t i o n  of i n  vivo 

voltammetric d a t a .  Seve ra l  approaches t o  t h e  problem of 

i n t e r p r e t a t i o n  of voltammetric d a t a  obtained i n  b r a i n  t i s s u e  have 

been used, i nc lud ing  d i f f e r e n t i a l  pu l se  voltammetry and 

s e m i d i f f e r e n t i a l  p u l s e  voltammetry(14,15,16). We have taken a 

d i f f e r e n t  approach i n  which t h e  e x t r a c e l l u l a r  f l u i d  of t h e  

s t r i a t u m  i s  sampled f o r  chromatographic a n a l y s i s .  This  a l lows u s  

t o  determine which e l e c t r o a c t i v e  compounds i n  t h e  e x t r a c e l l u l a r  

f l u i d  of t h e  s t r i a t u m  c o n t r i b u t e  t o  t h e  changes i n  o x i d a t i o n  

c u r r e n t s  observed fol lowing t h e  a d m i n i s t r a t i o n  of va r ious  drugs 

and during c e r t a i n  behaviors  such as feeding.  The r e s u l t s  

r epor t ed  h e r e  concern t h e  i n i t i a l  per iod of sampling and t h e  

drugs amphetamine and ha lope r ido l .  

The dialysis /chromatography system i l l u s t r a t e d  i n  Figure 1 

has s e v e r a l  advantages f o r  a n a l y s i s  of e x t r a c e l l u l a r  f l u i d .  The 

chromatography i s  aided because t h e  sample i s  p r e p u r i f i e d  of any 

p r o t e i n  which could degrade column performance. This  a l lows 

e l imina t ion  of p r o t e i n  p r e c i p i t a t i n g  a g e n t s  which obscure e a r l y  

e l u t i n g  compounds such as a s c o r b i c  a c i d .  Removal of p r o t e i n  very 

e a r l y  i n  t h e  sampling p rocess  a l s o  e l i m i n a t e s  enzymatic 

degradat ion of compounds i n  the  p e r f u s a t e .  In  a d d i t i o n ,  t i s s u e  

damage i s  ninimized because t h e  f l u i d  flow and a s s o c i a t e d  

turbulence are contained wi th in  the d i a l y s i s  tube.  Because slow 
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VOLTAMNETRY I N  THE STRIATUM 1883 

flow r a t e s  can be used, and the device has a r e l a t i v e l y  l a r g e  

su r face  a r e a ,  r ecove r i e s  a r e  high. Dialyzed pe r fus ion  has been 

shown t o  be s u i t a b l e  f o r  a n a l y s i s  of amino a c i d s  and f o r  

monitoring dopamine release i n  f r e e l y  moving rats (17,18).  

One of t he  main d i f f i c u l t i e s  i n  t h e  a n a l y s i s ,  a s i d e  from t h e  

d i f f i c u l t y  i n  ob ta in ing  samples ,  w a s  f i nd ing  chromatographic 

cond i t ions  which would r e s o l v e  a l l  t he  compounds of i n t e r e s t .  

While s u i t a b l e  cond i t ions  could be found f o r  the neu ro t r ansmi t t e r  

me tabo l i t e s ,  a s c o r b i c  ac id  w a s  obscured by p r o t e i n  p r e c i p i t a t i n g  

agen t s  such as p e r c h l o r i c  a c i d  which e l u t e d  i n  t h e  so lven t  f r o n t .  

Conditions which were s u i t a b l e  f o r  a s c o r b i c  a c i d  (19) were 

inappropr i a t e  f o r  t h e  o t h e r  compounds. Accordingly,  i n  t h e  

i n i t i a l  s t u d i e s  on the  e f f e c t  of amphetamine, t h e  sampled f l u i d  

was analyzed f o r  a sco rb ic  a c i d  i n  one set  of experiments (20)  and 

f o r  t he  neu ro t r ansmi t t e r s  and me tabo l i t e s  i n  another  s e r i e s ( 2 1 ) .  

Later, with the  on-l ine a n a l y s i s ,  i t  became p o s s i b l e  t o  determine 

t h e  compounds of i n t e r e s t  w i th  one set of chromatographic 

cond i t ions ,  as i l l u s t r a t e d  i n  Figure 3. The on-line system meant 

t h a t  p r o t e i n  p r e c i p i t a n t s  could be el iminated from t h e  sample. 

A c o n s i s t e n t  obse rva t ion  of i n  vivo voltammetry i s  t h e  

d e c l i n e  i n  ox ida t ion  c u r r e n t  from t h e  i n i t i a l  measurement t o  some 

s t eady  state b a s e l i n e  a f t e r  a series of  measurements. F igu re  4 

i l l u s t r a t e s  t h i s  phenomena f o r  fou r  s e p a r a t e  recordings from t h e  

same e l e c t r o d e  every o t h e r  day over an e i g h t  day per iod.  These 

d a t a  were obtained using a one second chronoamperometric pu l se  of  
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1884 JUSTICE ET AL. 

loPAC 

5-HIAA M 
I I I 

0 10 20 30 
TIME (MINI 

FIGURE 3 .  Chromatogram of dialyzed perfusate from anterior 
striatum. Working electrode potential  a t  +0.75 V vs .  Ag/AgCl. 
Mobile phase i s  pH 4 . 0  phosphate buffer with 3 percent methanol 
a t  a flow rate  1 . 6  mlJmin. The stationary phase i s  10 um Zorbax 
C 8  reverse phase i n  a 4 . 6  mm by 25 c m  s t a i n l e s s  s t e e l  column. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



VOLTAMMETRY I N  THE STRIATUM 1885 

FIGUKE 4 .  Chronoamperometric recordings from a n t e r i o r  s t r i a t u m  
of unanesthet ized,  f r e e l y  moving rat .  Oxidation c u r r e n t s  
obtained a t  100 urn carbon epoxy e l e c t r o d e s  us ing  one second 
pu l ses  of +0.6 V vs .  Ag/AgCl a t  t h r e e  minute i n t e r v a l s .  
Recordings obtained every o t h e r  day i n  o rde r  A,B,C,D.  

+0.6 V vs .  Ag/AgCl every t h r e e  minutes with a 100 um diameter  

carbon-epoxy e l e c t r o d e  i n  t h e  a n t e r i o r  s t r i a t u m  of a f r e e l y  

moving unanaesthet ized r a t .  I n  each case t h e  ox ida t ion  c u r r e n t  

became p rogres s ive ly  smaller u n t i l  a s teady s t a t e  w a s  

e s t a b l i s h e d .  A model ha5 been proposed t o  account f o r  t hese  

observat ions(22)  i n  which a small  "pool" of e x t r a c e l l u l a r  f l u i d  

surrounds t h e  e l e c t r o d e  t i p .  A s  t h e  ox ida t ion  a t  t h e  e l e c t r o d e  
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FIGURE 5. T i m e  course of e x t r a c e l l u l a r  a s c o r b i c  a c i d ,  DOPAC, 
HVA, and 5-HIAA from a n t e r i o r  s t r i a t u m  of unanesthet ized,  f r e e l y  
moving rat. Samples obtained by d i a lysed  pe r fus ion  a t  4 ul/min. 
The d a t a  a r e  expressed pe r  100 u l  sample. 

su r f ace  lowers t h e  concen t r a t ion  i n  t h i s  pool ,  t h e  c u r r e n t  

becomes p rogres s ive ly  smaller and a concen t r a t ion  g rad ien t  i s  

e s t a b l i s h e d  wi th  r e s p e c t  t o  the  surrounding t i s s u e .  Eventual ly ,  

a s  m a t e r i a l  f lows i n t o  the pool a s  a r e s u l t  of  t he  g r a d i e n t ,  a 

s t eady  s ta te  i s  reached i n  which consumption a t  t h e  e l e c t r o d e  

su r face  is  equa l l ed  by i n f l u x  from t h e  surrounding t i s s u e .  The 

model has been modified(23) t o  inc lude  d i f f e r e n c e s  i n  mass 

t r a n s f e r  rates f o r  d i f f e r e n t  molecular spec ie s .  This l a t t e r  

model seems more appropr i a t e  a s  t h e  d a t a  of Figure 5 suggest .  
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VOLTAMMETRY I N  THE STRIATUM 1887 

The d a t a  i n  t h i s  f i g u r e  were c o l l e c t e d  during dialyzed pe r fus ion  

of t h e  a n t e r i o r  s t r i a t u m  of t h e  ra t  as descr ibed i n  t h e  methods 

s e c t i o n .  

While dialyzed perfusion does no t  o f f e r  the sampling r a t e  of 

voltammetry, i t  permits  t h e  r e s o l u t i o n  of t h e  va r ious  

e l e c t r o a c t i v e  components of t h e  e x t r a c e l l u l a r  f l u i d .  Thus Figure 

5 i l l u s t r a t e s  t he  t i m e  course of e x t r a c e l l u l a r  l e v e l s  of a s c o r b i c  

a c i d ,  t he  dopamine me tabo l i t e s  DOPAC and HVA, and t h e  se ro ton in  

metabol i te  5-HIAA over  an e i g h t  hour period from t h e  s tar t  of 

pe r fus ion  f o r  an N of seven. The i n t e r e s t i n g  obse rva t ion  here  i s  

t h a t  a s c o r b i c  ac id  i s  behaving d i f f e r e n t l y  from the  

neu ro t r ansmi t t e r  me tabo l i t e s .  While the neu ro t r ansmi t t e r  

me tabo l i t e s  appear t o  be unaffected by the  pe r fus ion ,  t h e r e  i s  a 

considerable  decrease i n  t h e  i n i t i a l  a sco rb ic  ac id  l e v e l  t o  a 

s teady s t a t e  basel ine.  This implies  t h a t  t he  e x t r a c e l l u l a r  l e v e l  

of  a sco rb ic  ac id  i s  more s e r i o u s l y  a f f e c t e d  by the  sampling 

method. I t  may be t h a t  t h e  neu ro t r ansmi t t e r  me tabo l i t e s  a r e  p a r t  

of a process  with a high turnover r a t e  r e l a t i v e  t o  the  rate of 

removal by voltammetry o r  pe r fus ion  and a r e  t h e r e f o r e  unaffected 

by t h e  sampling p rocess ,  while  a s c o r b i c  a c i d  has a much slower 

turnover  r a t e  s o  t h a t  t h e  e x t r a c e l l u l a r  "pool" of a sco rb ic  a c i d  

i n  t h e  v i c i n i t y  of t h e  sampling device i s  appa ren t ly  s e r i o u s l y  

a f f e c t e d  by t h e  sampling process .  This i n t e r p r e t a t i o n  of course 

r e q u i r e s  a d d i t i o n a l  d a t a  before  i t  o r  any o t h e r  i n t e r p r e t a t i o n  

can be s a i d  t o  exp la in  the  d i f f e r e n c e .  
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1888 JUSTICE ET AL. 

Using t h e  r e l a t i v e  concen t r a t ions  of t h e  e l e c t r o a c t i v e  

species p re sen t  i n  the  e x t r a c e l l u l a r  f l u i d  and t h e i r  change over 

t i m e ,  i t  is poss ib l e  t o  p r e d i c t  t h e  change i n  ox ida t ion  c u r r e n t  

of an e l e c t r o d e  i n  response t o  changing e x t r a c e l l u l a r  

concentrat ions.  The a d d i t i o n a l  information needed t o  c a l c u l a t e  

such a curve i s  the  r e l a t i v e  response of t hese  compounds a t  a 

given e l e c t r o d e  type. The gene ra l  form of t he  equat ion f o r  t he  

r e l a t i v e  ox ida t ion  c u r r e n t  a t  t i m e  t i s :  

i ( t )  = ( r e l a t i v e  response x r e l a t i v e  c o n c e n t r a t i o n ( t ) )  

f o r  a l l  compounds e l e c t r o a c t i v e  a t  t h e  app l i ed  p o t e n t i a l .  For a 

carbon-epoxy e l e c t r o d e  and a p o t e n t i a l  of +0.6 V vs.  Ag/AgCl, 

t h i s  equation becomes: 

i ( t )  = 0.40(AA(t)) + l.O(DOPAC(t)) + 0.53(HVA(t)) + 

0.85(5-HIAA(t)) 

where i ( t )  i s  the  r e l a t i v e  c u r r e n t  r a t h e r  than the abso lu te  

c u r r e n t ,  and the abbrev ia t ions  i n  parentheses  r ep resen t  r e l a t i v e  

concen t r a t ions .  The c o e f f i c i e n t s  w e r e  determined by 

chronoamperometry of 1.0 dl s o l u t i o n s  of each component i n  

phys io log ica l  s a l i n e  (pH 7.4). T o  determine t h e  r e l a t i v e  

concen t r a t ions ,  t h e  nanograms of each component from each 100 u l  
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VOLTAMHETRY I N  THE STRIATUM 1889 

sample were converted t o  a percent  of t he  b a s e l i n e  f o r  each 

component. These percentages are then mul t ip l i ed  by t h e  b a s e l i n e  

amount of t he  components t o  account f o r  t he  q u a n t i t i e s  of t he  

components r e l a t i v e  t o  each o t h e r .  Ca lcu la t ion  of a n  a b s o l u t e  

c u r r e n t  would r e q u i r e  abso lu t e  e x t r a c e l l u l a r  concen t r a t ions ,  t h e  

a c t i v e  a r e a  of the e l e c t r o d e  and d i f f u s i o n  c o e f f i c i e n t s  i n  the  

e x t r a c e l l u l a r  matr ix .  

A comparison of c a l c u l a t e d  and observed voltammetric d a t a  f o r  

t he  i n i t i a l  period of decreasing response i s  shown i n  Figure 6. 

The observed voltammetric d a t a  a r e  the fou r  curves of Figure 4 ,  

averaged and grouped i n t o  pe r iods  of f i f t e e n  minutes.  The d a t a  

f o r  both t h e  ca l cu la t ed  and observed cases  are expressed a s  a 

percent  of t h e  b a s e l i n e  obtained from t h e  t h r e e  p o i n t s  a t  t h e  end 

of each curve.  The agreement i s  s u r p r i s i n g l y  good given t h a t  

two d i f f e r e n t  sampling processes a r e  being used. This agreement 

supports  t h e  suggest ion t h a t  a sco rb ic  ac id  i s  t h e  p r i n c i p a l  

source of t h e  i n i t i a l  d e c l i n e  i n  ox ida t ion  c u r r e n t .  

The d i a l y s i s / p e r f u s i o n  process  i s  analogous t o  voltammetry i n  

t h a t  m a t e r i a l  i s  removed, although t h e  r a t e s  of removal and 

geometries a r e  d i f f e r e n t .  An a d d i t i o n a l  d i f f e r e n c e  i s  t h a t  t h e  

d i a l y s i s / p e r f u s i o n  process  removes a l l  compounds wi th  a molecular 

weight less than  the  cu to f f  f o r  t h e  membrane, while  t h e  

e l e c t r o d e  removes only compounds ox id iz ing  a t  t h e  app l i ed  

p o t e n t i a l .  A comparison of  t h e  two sampling processes may be 

made A using t h e  geometry and r a t e  of removal f o r  each process .  
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FIGURE 6. Comparison of c a l c u l a t e d  and observed change i n  
ox ida t ion  c u r r e n t  during i n i t i a l  per iod of voltammetry and 
perfusion.  Data are expressed a s  a percent  of t he  base l ine  f o r  
each curve. 

100 um diameter e l e c t r o d e  has a geometric s u r f a c e  a r e a  of 0.0008 

mm2 while a d i a l y s i s  cannula 4 mm long has an a r e a  of 2.5 mm . 2 

The e l e c t r o d e  of Figure 4 has about a 4 5  nA b a s e l i n e  c u r r e n t  f o r  

one second chronoamperometry every t h r e e  minutes. This 

corresponds t o  about 0.07 pmoles/min f o r  a two e l e c t r o n  

ox ida t ion ,  o r  9 pmoles/min/mm . For t h e  d i a l y s i s  cannula,  about 

2 pmoles/min/rum2 of a sco rb ic  a c i d  a r e  being removed, with 

2 
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VOLTAMMETRY I N  THE STRIATUM 189 1 

correspondingly smaller amounts of the neu ro t r ansmi t t e r  

me tabo l i t e s .  t h e  rate of removal per u n i t  a r e a  i s  h ighe r  

f o r  t h e  e l e c t r o d e  than t h e  d i a l y s i s  cannula.  These approximate 

c a l c u l a t i o n s  may h e l p  t o  exp la in  why the  observed voltammetric 

curve decreases  more r a p i d l y  than t h e  voltammetric curve 

c a l c u l a t e d  from t h e  d i a l y s i s  da t a .  

Thus 

A c a l c u l a t i o n  s i m i l a r  to  t h a t  f o r  t he  i n i t i a l  decrease i n  

c u r r e n t  can a l s o  be done f o r  t he  e f f e c t  of drugs on e x t r a c e l l u l a r  

l e v e l s  of e l e c t r o a c t i v e  compounds. Haloperidol  i s  a dopamine 

r ecep to r  blocker which l e a d s  t o  increased release of dopamine 

t h a t  i n  t u r n  inc reases  t h e  l e v e l  of dopamine metabol i tes .  A 1.0 

mg/kg dose i. p. gene ra t e s  t h e  voltammetric curve shown i n  Figure 

7. The d a t a  were obtained using chronoamperometry a t  +0.5 v vs .  

AglAgC1 a t  a carbon pas t e  e l e c t r o d e  with one second pu l ses  every 

one minute i n  t h e  a n t e r i o r  s t r i a t u m  of anaes the t i zed  rats. 

Previous work i n  t h i s  l a b o r a t o r y  using d i a lyzed  pe r fus ion  of t h e  

a n t e r i o r  s t r i a t u m  of unanaesthet ized r a t s  during a 1.0 mg/kg 

i n j e c t i o n  of h a l o p e r i d o l ( i .  p.)  has  demonstrated t h a t  t h e  

dopamine me tabo l i t e s  DOPAC and HVA inc rease  by 226 pe rcen t  as a 

r e s u l t  while  a sco rb ic  ac id  and t h e  se ro ton in  me tabo l i t e  5-HIAA do 

not  i nc rease (24) .  Dopamine and se ro ton in  w e r e  no t  de t ec t abJe  

under t h e  cond i t ions  used and t h e r e f o r e  probably does not 

c o n t r i b u t e  s i g n i f i c a n t l y  t o  the change i n  ox ida t ion  c u r r e n t  f o r  

t h i s  p a r t i c u l a r  pharmacological t reatment .  The equat ion f o r  t h e  

expected change i n  ox ida t ion  c u r r e n t  i s :  
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A CHRONOAMPEROMETRY 
I I I I 1 I I 

I 2 3 
TIME (HOURS) 

FIGURE 7. Comparison of calculated and observed change in 
oxidation current following administration(i.p.) of 1.0 mgfkg 
haloperidol. Three hour baseline preceded drug administration. 
Chronoamperometry performed with a carbon paste electrode at 
M.5 V vs. AgfAgCl for one second at one minute intervals. 

i(t) = 0.40(AA(t)) + l.O(DOPAC(t)) + 0.24(HVA(t)) + 

Oa72(5-HIAA(t)) 

where the coefficients are based on chronoamperometry of 1.0 mM 

solutions of each compound in physiological saline with a carbon 

paste electrode at +0.5 V vs AgfAgCl. The perfusion data of 

Blakely et a1.(24), when used in the above equation yield the 

results of Figure 7. It can be seen that the calculated increase 

is greater than but similar to the observed increase. The lower 

increase for the observed voltammetric data may be due to the 

effect of the anaesthesia. 
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FIGURE 8. Comparison of c a l c u l a t e d  and observed change i n  
ox ida t ion  c u r r e n t  fol lowing i . p .  admin i s t r a t ion  of 1.0 mglkg 
amphetamine. Ijata expressed as percent  of b a s e l i n e .  
Chronoamperometry done a t  +0.6 V vs.  Ag/AgCl f o r  1 second a t  
t h r e e  minute i n t e r v a l s  w i th  a carbon-epoxy e l e c t r o d e .  
Chronoamperometric d a t a  c o l l e c t e d  f o r  3 hours be fo re  
admin i s t r a t ion  of 1 mg/Kg d-amphetamine s u l f a t e .  A l l  d a t a  
obtained i n  a n t e r i o r  s t r i a tum.  

Amphetamine has been t h e  source of cons ide rab le  confusion 

wi th  respect t o  the  changes i t  causes i n  e x t r a c e l l u l a r  l e v e l s  of 

e l e c t r o a c t i v e  compounds i n  the  b ra in .  The va r ious  voltammetric 

r e s u l t s  have been reviewed by Adams and Marsden(l0).  

Chromatographic d a t a  obtained previously with convent ional  push 

p u l l  cannulae which demonstrated t h a t  amphetamine i n c r e a s e s  

e x t r a c e l l u l a r  a sco rb ic  ac id  i n  t h e  s t r i a tum(20)  and t h a t  i t  

decreases  e x t r a c e l l u l a r  DOPAC and HVA ( 2 1 ) .  A c a l c u l a t i o n  of t h e  

expected change i n  ox ida t ion  c u r r e n t  can be made from these  da t a .  
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The r e s u l t s  of t h i s  c a l c u l a t i o n  a r e  shown i n  Figure 8, where the  

c a l c u l a t e d  change from base l ine  is  superimposed on the  observed 

change i n  ox ida t ion  c u r r e n t .  Because the push p u l l  d a t a  were 

obtained from two sepa ra t e  cannulae (and t h e r e f o r e  a t  poss ib ly  

d i f f e r e n t  exchange r a t e s )  and because 5-HIAA w a s  n o t  measured, i t  

i s ,  as wi th  Samuel Johnson’s dog, remarkable no t  t h a t  t h e  d a t a  

agree reasonably w e l l ,  but  t h a t  they ag ree  a t  a l l .  These d a t a  

support  t he  obse rva t ions  of Dayton e t  a1.(16) and Gonon e t  

a l .  (6 ,9 ) .  

These experiments demonstrate t h a t  d i f f e r e n t  e l e c t r o a c t i v e  

components of t h e  e x t r a c e l l u l a r  f l u i d  are c o n t r i b u t i n g  t o  

a l t e r a t i o n s  i n  the vo l t anmet r i c  s i g n a l s  under d i f f e r e n t  s t imulus 

condi t ions.  They a l s o  i n d i c a t e  t h a t  i n  vivo voltammetry can be 

used t o  monitor t hese  a l t e r a t i o n s  i f  independent experiments t o  

i n t e r p r e t  t h e  changes i n  the ox ida t ion  c u r r e n t s  a r e  conducted. 

ACKNOWLEDGEMENTS 

Funds from t h e  Emory Universi ty  Research Fund t o  J B J  and from 

t h e  Nat ional  Science Foundation t o  J B J  and DBN through Grant 

BNS-8210773 a r e  g r a t e f u l l y  acknowledged. 

1. 

2.  

REFERENCES 

Adams, R. N. ,  I n  Vivo Electrochemical Recording--a New 
Neurophysiological Approach, Trends NeuroSci. 1, 160, 1978. 

Lane, R. F., Hubbard, A .  T. ,  and Blaha, C. D., Brain 
Dopaminergic neurons: I n  Vivo Electrochemical Information 
Concerning Storage,  Metabolism, and Release Processes , 
Bioelectrochem. Bioenerg. 5, 504, 1978. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



VOLTAMMETRY I N  THE STRIATUM 1895 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Lane, R. F. ,  Hubbard, A. T . ,  and Blaha, C.  D. ,  Appl icat ion 
of Semidif f e r e n t i a l  E l e c t r o a n a l y s i s  t o  S t u d i e s  of 
Neurotransmit ters  i n  t h e  Cen t ra l  Nervous System, J. 
E lec t roana l .  Chem., 95, 117, 1979. 

Ewing, A. G . ,  Wightman, R. M. ,  and Dayton, M. A . ,  I n  Vivo 
Voltammetry wi th  E lec t rodes  t h a t  Discr iminate  between 
Dopamine and Ascorbate,  Brain Res., 249, 361, 1982. 

Knott ,  P. J . ,  Hutson, P. H . ,  and Curson, G.,  Behavioral  and 
Voltammetric Evidence f o r  Se ro tone rg ic  I n h i b i t i o n  of Caudate 
Dopamine Release, Fed. Proc., 39, 1810, 1980. 

Gonon, F . ,  Buda, M.,  Cespuglio,  R. ,  Jouvet ,  M., and P u j o l ,  
J. -F., Voltammetry i n  t h e  S t r i a tum of Chronic F ree ly  Moving 
R a t s :  Detect ion of Catechols and Ascorbic Acid, Brain R e s . ,  
223, 69, 1981. 

Lindsay, W. S., Herndon, J. G. ,  Blakely,  R. D., J u s t i c e ,  J. 
B., and N e i l l ,  D. B. ,  Voltammetric Recording from Neostriatum 
of Behaving Rhesus Monkey, Brain R e s . ,  220, 391, 1981. 

Salamone, J. D . ,  Lindsay, W. S . ,  N e i l l ,  D. B. ,  and J u s t i c e ,  
J. B . ,  Behavioral  Observation and I n t r a c e r e b r a l  
Electrochemical  Recording Following Adminis t ra t ion of 
Amphetamine i n  Rats, Pharmacol. Biochem. and Behav., 17, 445, 
1982. 

Gonon, F . ,  Buda, M., Cespuglio,  R . ,  Jouvet ,  M. ,  and Pu jo l ,  
J. -F., I n  Vivo Electrochemical  Detect ion of Catechols i n  t h e  
Neostriatum of Anaesthet ized Rats: Dopamine or  DOPAC? Nature 
286, 902, 1980. 

Adams, R. N . ,  Marsden, C. A . ,  Electrochemical  De tec t ion  
Methods f o r  Monoamine Measurements In  Vi t ro  and I n  Vivo, 
Handbook of Psychopharmacology, 15, 1-74, ed.  by L. L. 
Iverson,  S. D. I ve r son  and S. H. Snyder, Plenum, 1982. 

Johnson, R. D . ,  and J u s t i c e ,  J. B., Model S tud ie s  f o r  Brain 
D i a l y s i s ,  Brain R e s .  Bu l l . ,  10, 1983, i n  p re s s .  

P e l l e g r i n o ,  L. J. and Cushman, A. J. ,  A S t e r e o t a x i c  A t l a s  of 
t h e  R a t  Brain.  New York, Appleton-Century-Crofts, 1967. 

13. Myers, R. D . ,  Methods i n  Psychobiology, v o l  11, ed. by R. D. 
Myers, 169-211, London, Academic Press ,  1972. 

14. Lane, R. F., Hubbard, A. T . ,  Fukanaga, K. ,  and Blanchard, R. 
J., Brain Catecholamines: Detect ion I n  Vivo by Means of 
D i f f e r e n t i a l  Pulse  Voltammetry a t  Surface-Modified Platinum 
E lec t rodes ,  Brain R e s .  1 1 4 ,  346, 1976. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1896 JUSTICE ET AL. 

15. O ’ N e i l l ,  R. D . ,  Grunewald, R. A. ,  F i l l e n z ,  M. ,  and Albery, 
W. J., Linear Sweep Voltammetry wi th  Carbon Pas t e  E lec t rodes  
i n  the  R a t  Str ia tum, Neuroscience, 7 ,  1945, 1982. 

16. Dayton, M. A. ,  Ewing, A. G . ,  and Wightman, R. M., Evaluat ion 
of  Amphetamine Induced i n  Vivo Electrochemical Response, Eur. 
J. Pharmacol., 75, 141, 1981. 

17.  Tossman, U. and Ungerstedt,  U. ,  Neurolept ic  Action of 
Pu ta t ive  Amino Acid Neurotransmit ters  i n  t h e  Brain Studied 
with a New Technique of Brain Dia lys i s .  Neurosci. Le t t .  
Suppl. 7,  S479, 1981. 

18. Zet ters t rom, T.,  Herrera-Marschitz, M., and Ungerstedt,  U.,  
Simultaneous Est imat ion of Dopamine Release and Ro ta t iona l  
Behaviour Induced by alpha-Amphetamine i n  6-OH-DA Denervated 
Rats. Neurosci. L e t t .  Suppl. 7 ,  S27, 1981. 

19. Dozier, J. C. ,  Salamone, J. D., N e i l l ,  D. B., and J u s t i c e ,  
J. B.,  LCEC Determination of E x t r a c e l l u l a r  Ascorbic Acid i n  
Brain,  Curr. Sep., 4, 1, 1982. 

20. Salamone, J. D.,  N e i l l ,  D. B.,  Hamby, L. M. , and J u s t i c e ,  J. 
B.,  Release of Ascorbic Acid i n  Str ia tum Following Systemic 
Amphetamine, i n  prep. 

21. Salamone, J. D. , Saraswat,  L. D. ,  N e i l l ,  D. B., and J u s t i c e ,  
J. B., Decrease i n  Endogenous E x t r a c e l l u l a r  S t r i a t a l  DOPAC 
and HVA Following Systemic Amphetamine, i n  prep. 

22. Cheng, H. -Y., Schenk, J. , Huff, R. ,  and Adams, R. N. , In 
Vivo Electrochemistry:  Behavior of Microelectrodes i n  Brain 
Tissue,  J. E lec t roana l .  Chem. 100, 23, 1979. 

23. Cheng, H. -Y., Compartment Model f o r  Chronoamperometric 
Measurement i n  Vivo, J. Elec t roana l .  Chem., 135, 145, 1982. 

24. Blakely,  R. D., Wages, S. J u s t i c e ,  J. B.,  Neill,  D. B. ,  and 
Herndon, J., E f f e c t s  of Haloperidol on R a t  S t r i a t a l  Levels of 
Ascorbic Acid and Biogenic Amines: HPLC Analysis of Dialyzed 
Pe r fusa t e s ,  submit ted,  Brain Res. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


