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AGHAJANIAN, G. K. AND M. DAVIS. A method of direct chemical brain stimulation in behavioral studies using 
mieroiontophoresis. PHARMAC. BIOCHEM. BEHAV. 3(1) 127-131,  1975. - A method of microiontophoresis for direct 
chemical brain stimulation in chronic, awake animals for behavioral studies is described. Carbachol-induced drinking was 
employed to test the method. Fluid-filled micropipettes (tip diameters: 5 -15  t~) were stereotaxically implanted in the 
region of the nucleus of the diagonal band. Up to 3 weeks after recovery, ions could be ejected directly into the brain of 
awake animals by passing a direct current through the pipette, lontophoretic ejection of carbachol in doses as low as 
0.05 ~g elicited drinking. This effect could be blocked by intraperitoneal injection of 0.5 mg/kg scopolamine. Passage of 
choline ions produced no detectable effect. The microiontophoretic technique allows direct chemical brain stimulation in 
chronic, awake animals without major changes in tonicity or volume that can occur with crystalline or fluid implants 
through cannulae. Additionally, the technique allows precise localization, precise control of dosage, and minimal damage at 
the site of stimulation. 
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C U R R E N T L Y  the re  is cons iderab le  in teres t  in elici t ing 
behav io r  by  direct  chemica l  s t i m u l a t i on  of  the  bra in  [4, 6, 
10, 1 1, 12, 13] .  This  general  a p p r o a c h  u l t ima te ly  may  help 
to es tabl ish  the  re la t ionsh ip  b e t w e e n  chemica l  neuro-  
t r ansmiss ion  and  behavior .  

In o rder  to  s t imula te  the  b ra in  chemical ly ,  a cannu la  is 
typ ica l ly  i m p l a n t e d  in a specific region t h r o u g h  which  
e i the r  c rys ta l l ine  c o m p o u n d s  or c o m p o u n d s  in so lu t ion  are 
s u b s e q u e n t l y  in jected.  While the  cannu la  t e c h n i q u e  has  
been  i m p o r t a n t  in suggesting b o t h  chemica l  and a n a t o m i c a l  
specif ic i ty  for  a var ie ty  o f  behaviors ,  it is no t  w i t h o u t  
l imi ta t ions .  First ,  in re la t ion  to smaller  nuclei  (e.g., in 
r o d e n t  b ra in )  t ip d i ame te r s  o f  c o n v e n t i o n a l  cannu lae  are 
qu i t e  large, thus  p rec lud ing  precise loca l iza t ion  of  chemica l  
depos i t i ons  as well as causing subs tan t i a l  damage  in the  area 
of  in teres t .  Second,  wi th  crys ta l l ine  imp lan t s  it is d i f f icul t  if 
no t  imposs ib le  to  specify the  a m o u n t  o f  the  c o m p o u n d  
released at its site of  ac t ion  or to  con t ro l  the  d u r a t i o n  of  
act ion.  Third ,  wi th  fluid in jec t ions  the  pressure requi red  to 
inject  f luids may  damage  t issue near  the  cannu la  t ip  or 
p roduce  seepage back  up  the  cannu la  t ract .  T he  l a t t e r  can  
be a serious p rob l em  if the  cannu la  passes t h r o u g h  one  of  
the  cerebral  ventr icles .  

A t e c h n i q u e  tha t  has been  used for  direct  chemica l  stim- 
u la t ion  of  single n e u r o n s  in the  bra in  is m ic ro ion topho re s i s  
[3 ] .  Basically a m ic rop ipe t t e  filled wi th  a charged com- 
p o u n d  is placed in a specific area of  the  b ra in  in an acute  
anes the t i zed  or chron ic  i m m o b o l i z e d  p repa ra t i on  [5] .  
When  an electr ical  cur ren t  of  the  same po la r i ty  as tha t  o f  
the  c o m p o u n d  is passed t h r o u g h  the  pipet te ,  the  c o m p o u n d  
is ejected.  

Mic ro ion topho re s i s  has several advantages  over  mechan-  
ical m e t h o d s  of  in jec t ion .  First ,  glass mic rop ipe t t e s  can be 
pulled to ex t r eme ly  fine t ip d iamete r s  (e.g., a few microns)  
a l lowing ex t r eme ly  precise loca l iza t ion  and min imal  damage  
by  the  t ip.  Second,  m i n u t e  and  precise quan t i t i e s  of  
chemica l  can be ejected since e jec t ion  is con t ro l l ed  by  a 
cons t an t  cur rent .  Third ,  e jec t ion  can be s topped  quick ly  by 
reversing polar i ty .  Final ly,  th i s  t e c h n i q u e  involves the  
passage of  selected ions r a the r  t han  fluids or solids and thus  
avoids ma jo r  changes  in vo lume  or  tonic i ty .  Using micro-  
i on topho re s i s  it has been  possible  to  in f luence  the  firing 
rate  of  single n e u r o n s  wi th in  the  bra in  and  the  t e c h n i q u e  
has gained wide accep tance  in the  s tudy  of  chemica l  neuro-  
t ransmiss ion .  In add i t ion ,  a m a c r o i o n t o p h o r e t i c  m e t h o d ,  
using a gel-filled cannu la  chron ica l ly  i m p l a n t e d  in specific 
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bra in  sites [8] has been  successful ly used to elicit t empera-  
ture  changes. 

The  purpose  of  the  present  s tudy  is to  eva!uate w h e t h e r  
mic ro ion topho re s i s  can be used in a chronic ,  awake prepa-  
ra t ion  for the  e l ic i ta t ion  of  behavior .  To our  knowledge ,  
fluid-fil led mic rop ipe t t e s  have not  h i t h e r t o  been  used to 
elicit behav ior  in chron ic  prepara t ions .  To make  this  test ,  
carbachol-e l ic i ted  dr ink ing  was chosen,  since th is  has  
proved to be a r a the r  robus t  and u n a m b i g u o u s  measure  of  
the  effects  of  direct  chemical  s t imu la t ion  of  the  brain.  

METHOD 

Animals 

T w e n t y  male,  a lb ino Sprague-Dawley rats  (Char les  River  
Co.) tha t  weighed be t w een  3 0 0 - 3 5 0  g were used. Fol low- 
ing recovery f rom i m p l a n t a t i o n  all an imals  were al lowed 
free access to food pel lets  and wate r  pr ior  to  testing. 

Preparation o f  Pipettes 

Pyrex glass t ub ing  (O.D. = 2 ram, I.D. = 1 ram),  previ- 
ously  loaded  wi th  a few s t rands  of  fiberglass, was pulled to 
a fine t ip using a Narishige mic rop ipe t t e  puller.  The  t ip was 
b r o k e n  back  to 5 - 1 5  u unde r  mic roscop ic  con t ro l  and the  
p ipe t te  was filled wi th  1.0 molar  ca rbacho l  chloride.  The  
fiberglass al lowed the  tip to b e c o m e  filled rapid ly  by 
capil lary ac t ion  [ 1 4 ] .  This  d i rec t  filling m e t h o d  is con- 
venien t  and  ensures  tha t  the  c o n c e n t r a t i o n  of  ca rbacho l  at 
t he  t ip of  the  p ipe t t e  is the  same as in the  rest of  the  
pipet te .  Impedances  (measured  at 1000 Hz wi th  a F. Haer 
I m p e d e n c e  Check  Module )  were typical ly  2 - 6  M~2. The  
p ipe t te  was t h e n  scored,  bu t  no t  b r oken ,  1 4 - 1 5  m m  above 
the  t ip and placed in a ba th  of 0.9% saline for several hours  
to allow the  so lu t ion  in the  p ipe t t e  to  come  to room 
tempera tu re .  

Implan ta tion 

Animals  were anes the t i zed  wi th  chloral  hyd ra t e  and 
placed in a s te reo tax ic  i n s t r um en t .  The  skull was exposed 
by  a midl ine  incis ion and the  skin and fascia re t rac ted .  Fou r  
1/8 in. stainless steel screws (0-80)  were placed in to  the  
skull to serve as ancho r s  for  la te r  app l ica t ion  of den ta l  
cement .  A 25 m m  leng th  of  20 ga copper  core wire, wh ich  
had been  presoldered  to a 30 ga wire, was pos i t ioned  on  the  
skull by wrapping  the  t h in  wire several t imes  a round  one  of  
the  screws. The  p ipe t te  was t hen  lowered s te reo tax ica l ly  
t h r o u g h  a bur r  hole  over  the  i n t ended  area to the  desired 
d e p t h  and  c e m e n t e d  in place. Care was t aken  to not  get any 
cemen t  above  the  score mark.  In mos t  cases the  coordi-  
nates,  relat ive to bregma,  were lateral  - 0 ,  an te r io r  0 to  
1.5 r a m ,  d e p t h  - 6 . 5  mm.  These  coord ina te s  usually 
resul ted in p l acemen t  in the  nucleus  of  the  diagonal  band  at 
a f ron ta l  p lane of A 7 8 9 0  accord ing  to the  atlas of  Kbnig 
and Klippel  [ 9 ] .  This  site has been  s h o w n  to  be  a posi t ive 
site for  carbachol-e l ic i ted  dr ink ing  [ 15 ].  

Af te r  the  cemen t  had set and  the  p ipe t t e  was rigidly in 
place, it was b r o k e n  of f  at the  previously  scored point .  A 
shor t  length  ( 3 - 4  m m )  of  t e f lon  insula ted  p l a t i n u m  wire, 
whose  tip was ba red  of  insu la t ion  (1 m m )  was inser ted  to 
the  shoulder  of  the  pipet te .  The  o t h e r  end of  th is  wire, 
wh ich  had  previously  been  soldered to a 25 m m  leng th  of  
20 ga wire, was t h e n  c e m e n t e d  in place, t ak ing  care no t  to  
get any cemen t  in to  the  pipet te .  P la t inum wire was used to 

min imize  the  possibi l i ty  of  a reac t ion  wi th  the  fluid in the  
pipet te .  The  top  of the  p ipe t te  was t hen  sealed by apply ing  
a few drops  of  me l t ed  para f f in  wi th  a small  brush.  Next ,  
l iberal  a m o u n t s  of  denta l  cemen t  were appl ied so tha t  b o t h  
20 ga wires and  the  sides of  the  p ipe t te  were enclosed by 
den ta l  cement .  Access to  the  top  of  the  p ipe t t e  and distal  
ends of  the  wires was preserved.  The  process  was a ided by  
fash ioning  a ring of  clay, a b o u t  1 cm high, a round  the  
ent i re  assembly  and t hen  filling th is  ring wi th  cement .  This  
p reven ted  the  c e m e n t  f rom f lowing o n t o  u n w a n t e d  areas 
and  great ly  reduced  the  t ime  necessary for this  par t  of  the  
i m p l a n t a t i o n  procedure .  Af te r  the  cement  had ha rdened  the  
clay ring was r emoved  and the  two 20 ga wires were cl ipped 
to e x t e n d  abou t  7 8 m m  above the  top  of  the  cement .  
Finally,  a t iny  hole  was p u n c h e d  t h r o u g h  the  paraff in,  using 
an 80 , wire, so t ha t  the  p ipe t te  was not  en t i re ly  sealed. 
This  hole proved to be very i m p o r t a n t  since exp lo ra to ry  
work indica ted  tha t  if the  p ipe t te  were comple t e ly  sealed at  
its top ,  impedances  rose sharply  in vitro and it was diff icul t  
or imposs ib le  to pass cur ren t  in vivo. 

Testing 

T w e n t y - f o u r  hr to  3 weeks af ter  imp lan t a t i on ,  the  
animals  were tes ted  to d e t e r m i n e  w h e t h e r  i o n t o p h o r e t i c  
e jec t ion of  ca rbacho l  would  elicit dr inking.  Test ing was 
c o n d u c t e d  in a open  box equ ipped  wi th  a water-fi l led 
g radua ted  cyl inder  a t t ached  to a d r i n k o m e t e r  circuit .  
Bubble-c l ips  were a t t ached  to the  two 20 ga wire leads on  
the  an imal  t h r o u g h  a 2 ft cable leading to a cus tom-bu i l t  
cons t an t  d i rec t -cur ren t  s t imu la to r  having a source voltage 
of  1250 V. Since ca rbacho l  is a posi t ive ion, for  e jec t ion 
purposes ,  posit ive cur ren t  was passed t h r o u g h  the  lead tha t  
went  in to  the  p ipe t te ;  the  circuit  was comple t ed  t h r o u g h  
the  skull lead. The  expe r imen t a l  setup was thus  similar to  
tha t  used for electr ical  s t imula t ion  of  the  bra in  except  tha t  
in this  case the  cur ren t  would be carried by drug ions. 

Calculation o f  Dose from Current 

The fol lowing fo rmula  was used to calcula te  the  a m o u n t  
of  ca rbacho l  ejected [ 3 ] :  

n i t  
M = F Z  

where  M is the  moles  ejected,  n is the  t r anspo r t  number ,  F 
is Fa raday ' s  cons t an t  (9.65 x 104), Z is the  equ iva len ts /  
mole,  I is the  cur ren t  in amps  and T is the  t ime  of  e jec t ion  
in sec. If  n, which  is a measure  of  e jec t ion  eff iciency,  is 
assumed to be 1.0, t h e n  the  ca lcula t ion  yields the  maxi-  
m u m  a m o u n t  of  drug tha t  can be ejected by  a given cur ren t  
for a given t ime.  

His to log), 

For  all an imals  the  local iza t ion  of  the  mic rop ipe t t e  was 
d e t e r m i n e d  by  histological  e x a m i n a t i o n  of  5 0 u  cresyl- 
v iole t -s ta ined serial sections.  The  exact  site of  the  p ipe t te  
t ip can be marked  by making  a small  lesion pr ior  to  per- 
fusion wi th  f ixat ive (5% p h o s p h a t e  buf fe red  Formal in) .  
This  can be accompl i shed  by  passing a h igh anoda l  cur ren t  
(e.g. 20 uA)  for a p ro longed  per iod (e.g. 20 min)  while  the  
an imal  is anes the t i zed  prior to perfus ion.  

RESULTS 

In all of  the  an imals  tes ted,  m i c r o i o n t o p h o r e t i c  e jec t ion  
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of carbachol produced changes in behavior. In some cases, 
particularly with high ejection currents, this was manifested 
by dramatic shifts in activity where the rat would begin to 
actively explore the test cage, often pausing to groom 
vigorously, and then become even more hyperactive, dart- 
ing from one corner to another. This would often end in 
intense drinking or occasionally in seizures. In other 
animals, very low ejection currents resulted in a short 
period of well directed exploration which invariably led to 
sustained drinking. For example, Fig. 1 shows the results of 
experiments with an animal in which the tip of the micro- 
pipette was later histologically determined to be located in 
the nucleus of the diagonal band. Various ejection currents 
were applied for 2 min periods on each of several test days. 
Figure 1 shows that higher ejection currents resulted in 
shorter latencies and longer periods of drinking. At the 
highest current tested the effect was dramatic, with about 
20 ml of water being consumed in a 13 min period begin- 
ning 15 sec after the current was turned off. A phase of 
exploratory activity, which occurred during the period of 
ejection at the higher currents always preceded the onset of 
drinking. At lower currents no behavioral effects were 
typically seen during the ejection period. 
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FIG. 1. Latencies to initiate drinking and the total number of licks 
during the 20-min period following ejection of carbachol at various 

currents (125 licks~l ml of water), 

Using the formula mentioned earlier, the smallest 
amount of current that elicited drinking (0.5 uA for 2 min) 
would represent a maximal dose of  0.11 ug. Assuming an 
ejection efficiency of 48% (i.e., n = 0.48) rather than 100% 
(i.e. n = 1.0), based on previous empirical measures of  
efficiency of ejection from large micropipettes [ 1], the 
dose would be about 0.05 ug. In order to specify the dose 
more exactly, the transport number for a given substance 
and type of pipette must be determined empirically [3]. 

Similar dose-response curves were obtained from several 
other animals (n = 12). In each case, higher ejection 
currents resulted in shorter latencies and longer periods of 
drinking. Latencies ranged from about 27 sec to 15 rain, 
depending on the dose and the electrode placement. While 

the number and distribution of placements were not exten- 
sive enough to specifically localize the most sensitive drink- 
ing area, our data suggested that the more anterior place- 
ments in the diagonal band resulted in longer drinking 
latencies or even no drinking, but only hyperactivity and 
seizures (n = 5). In several rats that had very short latencies, 
drinking was often followed by a peculiar languid posture 
where the animal would slither on its belly, similar to previ- 
ous reports that have used cannulae in similar areas [2]. 

Several control procedures indicated that the behaviors 
elicited by microiontophoretic ejection of  carbachol did 
not simply result from the passage of current. First, the 
elicited behaviors usually outlasted the period of ejection 
and frequently began after the positive ejection current had 
been turned off. Second, passage of negative current and 
the consequent release of chloride ions for extended 
periods of time did not produce any detectable changes in 
behavior. Third, in two animals that were implanted with 
micropipettes filled with 1.0 molar choline, massive ejec- 
tion currents (e.g 600 ~A-min) also failed to produce any 
changes in behavior. This indicates that the passage of 
positive current carried by choline ions, which resemble 
carbachol ions structurally but which are physiologically 
inactive, was not effective in eliciting behavior. Finally, 
Fig. 2 shows that drinking elicited by microiontophoretic 
ejection of carbachol could be blocked or diminished by 
intraperitoneal injection of 0.5 mg/kg scopolamine given 15 
min prior to ejection. 

In most animals it was possible to elicit drinking or alter 
behaviors associated with a particular placement over 
several days or sometimes several weeks. In general, how- 
ever, response latencies tended to increase over days and in 
some cases, eventually it became impossible to pass current, 
perhaps because a gradual gliosis occurred around the tip. It 
is interesting in this regard that one of the best animals 
both in terms of stable latencies over time and in terms of 
absolute latencies (latencies to drink being about 150, 50 
and 30 sec for ejections of 4, 8, and 16 ~A-min, respec- 
tively) had its pipette directly in the anterior horn of the 
third ventricle, where gliosis would not occur. 

Leakage of carbachol during non-stimulation periods did 
not seem to be sufficient to influence baseline levels of 
drinking. Thus, during test periods, virtually no drinking 
occurred in the absence of ejection. In addition, observa- 
tion of daily water intake indicated that none of the rats, 
except one, showed an increase in post-implant drinking. In 
the latter case, there was a great deal of blood in the pipette 
tract, suggesting that the pipette was broken upon entry 
and consequently did leak significant amounts of carbachol. 
However, there may be other situations where leakage 
could become a problem (e.g., in a small, highly sensitive 
nucleus). This could be readily controlled by applying a 
retaining current of the opposite polarity [31. 

Finally, all animals appeared in good condition after 
their implants and none deteriorated over subsequent 
weeks. Moreover, even though the dental cement caps were 
about 1 cm high, none of the animals lost their caps prior 
to sacrifice. Histological examiniation after anodal marking 
currents (20 uA, 20 min) revealed lesions approximately 
0.1 mm in diameter situated at the tips of the electrode 
tracts. 

DISCUSSION 

The present results indicate that microiontophoresis is a 
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FIG. 2. Attenuation of iontophoretically elicited drinking by scopolamine. On each of two days, carbachol was 
ejected at 3 hr intervals (10:00 a.m., 1:00 p.m. and 4:00 p.m.) 15 min after interperitoneal injection of saline (white 

bars) or 0.5 mg/kg scopolamine (black bars). 

feasible t echn ique  for eliciting behavior  in chronic,  awake 
animals. As out l ined earlier its advantages include ex- 
t remely  precise localization and a more  precise contro l  o f  
dosage than can be at tained by o the r  means of  direct  
chemical  s t imula t ion  of  the brain. Localizat ion of  the elec- 
t rode  tip to a sphere 0.1 mm in d iameter  is readily accom- 
plished through passage of  an anodal  current  just  prior  to 
perfusion.  With prolonged eject ions at high currents  there  
may be a considerable  spread of  ion tophore t ica l ly  applied 
drugs beyond  the  vicinity of  the  e lec t rode  tip [7] .  How- 
ever, the ex ten t  of  the spread can be control led  by limiting 
the dura t ion  and intensi ty  of  e ject ion and through the use 
of  retaining current  during non-e jec t ion  periods. 

There are of  course some disadvantages to the  ionto-  
phoret ic  me thod .  One is tha t  the c o m p o u n d  to be tes ted 

must  be stable enough not to be degraded be tween  the t ime 
of  implan ta t ion  and testing. A n o t h e r  is that ,  once a micro- 
p ipet te  is implanted,  only one c o m p o u n d  can be tes ted in 
that  one area. In addi t ion,  with the  passage of  t ime it may 
become  increasingly difficult  to pass current.  Perhaps some 
of  these difficult ies could be overcome by devising a sys tem 
in which an ou te r  guide were implanted  and then  micro- 
p ipe t tes  ra ther  than inner cannulae were inserted just  prior 
to testing [5] .  Fur ther ,  there  is no reason why mult ibarrel  
p ipe t t es  cou ldn ' t  also be implanted,  allowing several 
c o m p o u n d s  to be tes ted in highly localized areas. In con- 
clusion, the  mic ro ion tophore t i c  me thod  can serve as an 
alternative to direct in ject ion me thods  when there is a need 
for control led  eject ions of  drugs into small nuclei. 
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