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IWAMOTO, E T , E. C WILLIAMSON, C WASH AND R. HANCOCK An tmproved drug tnfits:on pumpfi)r tnjectmg 
nanohter volume,s subcorttcally m awake tats. PHARMACOL BIOCHEM BEHAV 20(6) 959-963, 1984.--A new drug 
infusion pump capable of mjectmg nanohter volumes of drug soluuon into the brains of awake rats has been constructed 
which incorporates a new "turntable" commutator and a compact tubing compressor mechamsm reqmrmg no gears. 
Injector cannulas inserted into guide cannulas permanently mounted m the rat's skull are connected to the drug pump by 
spring-protected, PE 10 tubing Drug soluUons are dehvered when the pump rollers compress the drug-filled PE 10 tubing. 
An additional ammal-actlvated sw~tch and motorized mechanism rotates the drug pump m response to the ammal's 
movements so that the PE 10 drug reservoir 1s not twisted. Testing the drug pump's performance m v:vo w~th rejections of 
t4C-mcotme into the caudate nucleus shows that drug dehvery is both rehable and reproducible 

Nanohter drug rejections Mlcromfusion pump 
Central self-administration in rats 

Subcortlcal drug administration ~4C-mcotme d:ffuslon 

OLDS et al [5] introduced the technique of injecting very 
small volumes of drug solutions (3 m/xl, or 3 nl) directly into 
the lateral hypothalamus of rats moving freely in an operant 
cage. Injector cannulas made of  PE 10 tubing were fitted into 
guide cannulas mounted in the rat's skull and connected to a 
compression apparatus with PE 20 tubing. Drug solution was 
delivered when the PE 20 tubing was compressed between 
two steel rollers of the pump apparatus which was suspended 
above the rat. However,  because of circling movements of 
the animal, the tubing could twist and unpredictably eject the 
drug solution from the PE 20 tubing. 

Stein and Rodd [7] utilized Olds' model to design a geared 
drug pump with a brush commutator/shp ring assembly 
which allowed for rotation of the drug pump around the ver- 
tical axis, and which was counterbalanced to follow the 
animal's vertical movements.  By using PE 10 tubing as the 
drug reservoir and 33 gauge injectors, microlnjections as 
small as 10 nl were reproducibly made into rat brain. How- 
ever,  we estimate that the Hurst pump motor, transmission 
gears, and housing weighed about 750 g, so that the rat would 
have to apply a substantial amount of torque to overcome the 
inertia of the system. 

This report represents the design of a new "turntable"  
commutator,  and a drug pump with a compact compression 
mechanism. The pump is capable of  injecting nanoliter 

quantities of drug solution into subcortical sites of  rats freely 
movmg in an operant cage An additional animal-activated 
switch and motorized mechanism has been added to rotate 
the whole pump apparatus in response to the slightest change 
in direction of  the tethered animal. Thus, the rat is not the 
force rotating the pump housing, and there is virtually no 
twisting of the drug reservoir PE 10 tubing. The performance 
of  the drug pump was ascertained by measuring the repro- 
ducibility of the injections of 14C-nicotine administered into 
rat brain by the pump. 

MATERIALS AND DESIGN 

The electronic schematic diagram for the drug pump as- 
sembly is shown in Fig. 1. As the rat circles, the animal- 
activated switch (A) closes a circuit that activates motor B 
(Hurst Mfg., Princeton, IN, model PC-DA, 20 r.p.m.) which 
rotates the pump either clockwise or counterclockwise in the 
direction of the animal. After following the animal's move- 
ments, circuit A is opened and motor B is disengaged. Ac- 
tivation of a 12 volt d.c. regulated power supply C by operant 
instrumentation (Coulbourn Instruments, Lehigh Valley, 
PA) activates the pump motor D (Hurst PC-DA, 1 r.p.m.) 
which rotates the stainless steel compression roller. Both 
motors B and D run continuously; start and stop are con- 
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trolled by a clutch (mcluded with the motor) which engages 
or disengages in less than 25 msec. 

Figure 2 IS a photograph depicting the drug mfusion 
pump. “A” is the rotating contact switch with swivel tube 
“T.” The PE 10 tubing containmg drug solution is inserted 
through T and up past the two stainless-steel rollers Set 
screw “S” forces the mobile arm with roller “R,” against 
roller R,, thus compressing the drug reservon. Thus, fluid is 
forced out of the injector cannula when the PE 10 tubmg is 
compressed and rolled between R, and R, during acttvation 
of motor D. 

The 4 mm o.d. Tygon tubing of the injector-steel sprmg 
assembly (see Fig. 4) attaches to T. Rotation of the rat turns 
T causing the switch lever to contact one of two posts; thts 
closes circuits 3-3’ or 5-5’ (see Fig. 1) resulting in activatton 
of motor B which turns the drug pump apparatus either 
clockwrse or counterclockwtse. 

The commutator (TC) is a turntable design consisting of 5 
circular contact strips milled from the copper conductor of a 
prmted circuit board (Cu). Pins 1’ through 5’ (see Fig. 1) are 
m contact with the circular strips 1 through 5 of the com- 
mutator (Ftg. 2. panel III). Thus, this commutator is a hort- 
zontal rather than a verttcal slip-ring design, and, m our 
expenence, 1s less apt to come apart after prolonged usage. 

METHOD 

Sprague-Dawley rats weighing approximately 300 g are 
permanently implanted unilaterally into the caudate nucleus 
wtth a 25 gauge thin-walled stainless-steel (Small Parts, 
Miami, FL) guide cannula depicted m Fig. 3 using the surgi- 
cal methods outlined by Cooley and Vanderwolf [4]. The 25 
gauge thin-walled stainless steel tubing is inserted and hghtly 
soldered to a one-half inch length of stainless steel type 316 
tubing (Small Parts) that has been threaded on one end to 
accept the cannula cap and on the other end to form a grip 
with the dental acrylic used to permanently mount the can- 
nula. After adjusting the stereotaxic nosebar so that the skull 
landmarks lambda and bregma were in the same horizontal 
plane, the site of implantation was 8 2 mm anterior to 
lambda; 2.7 mm lateral to midline, and 4 mm from the top of 
the skull. Stylet wires 3 mm m diameter (Small Parts) and 1 
mm longer than the guide cannulas keep the guides patent 
while the animal recovers m its home cage. The plastic cap 
protects the guide and stylet between experiments. 

Injectors made of 31 gauge stamless steel tubing are cut 
electrolytically to a predetermined length 1 mm longer than 
the guide cannulas (Fig. 4). Mild heatmg and stretching of the 
PE 10 tubing (Clay-Adams) assures a tight junction with the 
31 gauge injector. After threadmg the PE 10 tubing through 
the steel spring (Plastic Products, Roanoke, VA) with the aid 
of an appropriate length of 31 gauge wire, the tubing is 
washed with 95% ethanol and distilled water before filling 
with the desired drug solution The PE 10 drug reservoir, 
plugged by a short length of 3 mm diam. wu-e, 1s compressed 
and rolled between the stainless-steel rollers of the drug 
pump. The injectors are then inserted into the guide can- 
nulas, and secured by the Injector-steel spring assembly de- 
picted in Fig. 4. 

The suppliers and catalog numbers of the cannula-injector 
matenals are as follows. Plastic Products Company, P.O. 
Box 12004, Roanoke, VA 24022, (703) 989-4511. Self-tapping 
stainless steel mounting Screws 0-80x ‘132”. !hd Parts Inc., 

6901 N.E Third Avenue, P.O. Box 381736, Miami, FL 
33138, (305) 751-0856. Stainless steel tubing, 31 gauge (No. 

12 
d. 

Attachment to the annv.l wa 

aprmg stseVPEl0 tubmg 

FIG 1 Schematic diagram of the circuitry for the drug infusion 
pump Cu-clmg movements of the rat closes switch A actlvatmg 
motor B which rotates the drug pump m the dIrectIon of the animal 
Actlvatlon of power supply C activates motor D resulting m com- 
pression of the drug dehvery tubing 

HTX-31) and 25 gauge thin-walled (No. HTX-25 TW): stam- 
less steel type 316 tubmg (No. CTX-6220): 0.011” stylet wire 
(No. SWX-01 l), 1-72~ l/s” machme screws (No MX-172- 
2FL). Bioanalytical Systems, 2701 Kent Avenue, West 
Lafayette. IN 47906, (317) 463-4527: i/s” o.d.xO 032” 1.d. 
plastic tubing (No. MF 1036). 

Different volumes of injected drug solutton are obtained 
by varying the time of activation of power supply C, and 
hence, the pump motor D. A solid-state umversal timer 
(Coulbourn Instruments, Lehigh Valley, PA) is used to vary 
the on-time of the drug pump. The drug pump is calibrated 
with a solution of radtolabelled compound, m this case. 
“‘C-nicotine (pyrrolidine-2-“C-nicotine, New England Nu- 
clear, 60 mCi/mmol) dissolved m an artificial cerebrospmal 
fluid. The pump is activated for 0.2, 0.4, 0.8, or 1.6 set and 
the Y-nicotine collected in liquid scintdlation vials contain- 
mg 100 ~1 of water, to which is added 10 ml of a water- 
miscible scintillation cocktail (Aquassure, New England 
Nuclear) and counted to 2% sigma error. or 10 min. The time 
required to deliver 25 nl of drug solution IS calculated by the 
following formula: 

(dpm ‘aC-nicotme m 1 ~1 of mJectlon solution) 1 
t (set) = 

(dpm Y-mcotme delivered by the pump m 1 set) Y 45 

In order to demonstrate the reproductbility of the drug 
pump delivery system irz rfro, rats implanted with guide can- 
nulas for at least one week were briefly anesthetized with 
halothane-O,, injected with varying amounts of 14C-nicotme 
solution using the drug pump, and sacrificed at varying 
intervals after injection. Brains were qmckly removed (care 
was taken when lifting the guide cannula from the brain), 
blocked m the coronal plane. frozen on an object disc on the 
freezing stage of a cryostat-microtome, and cut in the co- 
ronal plane. Slices 100 p thick were collected at least 3 mm 
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FIG 2 Photograph of the drug mfusaon pump Panel I. A, rotating contact swatch, B, 20 r.p m motor, Cu, copper circmt board wath 5 
concentric contact straps, D, 1 r.p m motor, R1 and R2, stainless steel compressaon rollers; S, setscrew, T, swivel tube; and TC, "turntable" 
commutator Motor D rotates R2 Motor B and the Cu are stationary. Panel II. Close-up of A with swatch lever L and electrical contact posts P. 
T as dnrectly coupled to A whach as set m ball-beanng " b "  Panel III. Close-up of one of the contact straps of the Cu and a copper contact pin of 
the turntable commutator 

GUIDE CANNULA 

25  ga. thin-walled S.S. ;516 tubing, 
S.S. tubing 1-72 thread 

450 bevel 1 sobered l 

~,. Length depends~l.,____. I / 2 "  - I  
on brain site - -  I 

0.01 I "  diam. wire, I mm longe¢ than guide cannuia 
STYLET \ <> 

1 - 7 2  I / 8 "  machine screw 
/ 

CAP . -72  tap '~ii: ii: iiii ]![!!Il![[l! ~ 

I/8" O,D. x 0.032" I . D . /  
Plastic tubing ~ 

FIG. 3 Schematnc of the 25 gauge thin-wall stainless steel (S S) 
grade cannula, the stylet and plastac cap 

31 la s~s t t ~¢  ~ i o  

,NJECTO. 1 7""~' \ 
PE ,o P . . . . . . .  ~ "  ~ - I  \ 
JUNCTION ~ tubmo ~y h=ztmg 

the ~ CHn#a 

~, ~ / 

p~tect~ r~ llkl ~ by ~ul 

FIG 4 Schematic of the 31 gauge S.S. injector cannula, PE 1O 
tubing drug reservoir, and the injector-steel spring assembly 
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DIFFUSION OF 2 5  NANOLITERS OF t iC  - N ICOTINE 

J MICROINJECTED IN RAT BRAIN 
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MILLIMETERS FROM CENTER OF INJECTION 

FIG 5 The diffusion of 25 nanohters of ~4C-mcotme at 1, 5, 10 and 20 
minutes after mlcromject~on into the rat caudate nucleus Bars de- 
note ±S E.M. N=6-8  for each group 
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DIFFUSION OF 14C-NICOTINE ONE MINUTE 
AFTER MICROINJECTION IN RAT BRAIN 

VOLUUE OF INJECTION 

• = 80 nl 
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t = 12.5 nl 
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MILLIMETERS FROM CENTER OF INJECTION 

FIG 6 The diffusion of ]4C-n]cotme one mmute after mlcroln.leCtlOn 
of 12 5 nl, 25 nl, and 50 nl into the rat caudate nucleus Bars denote 
_+S E M N=6-8  for each group The 25 nl group is the same as that 
depicted m Fig 4 

T A B L E  l 

R E C O V E R Y  O F  ~4C-RADIOLABEL A F T E R  M I C R O I N J E C T I O N  O F  14C-NICOTINE I N T O  T H E  

C A U D A T E  N U C L E U S  O F  R A T  B R A I N  

Injection Surwval DPM DPM Percent 
Volume Time Recovered Injectedt Recovery N 

50 nl 1 mm 10956 ± 2835 
25 nl 1 mm 3844 ± 535 
25 nl 5 mm 2029 + 276 
25 nl 10 mm 231 + 74 
25 nl 20 mm 32 + 9 
12.5 nl 1 mm 1426 +_ 702 

32290 ± 3865 339% 8 
15195 ± 929 25 3% 7 
15195 ± 929 13 4% 6 
15195 ± 929 1 5% 6 
15195 + 929 021% 7 
6722 ± 792 21 2% 6 

*DPM expressed as Mean ± S E M. 
+Averaged from 5 ahquots taken both before and after the mlcromfuslon into the rat 

caudate nucleus 

an te r io r  and  3 m m  pos te r io r  to the  t rac t  left by the  cannula ,  
the p r e s u m e d  site of  in jec t ion  The  t i ssue  sl ices were  mois-  
t ened  wi th  100/xl  of  water ,  d i sso lved  in 500 ~1 of  a t issue 
solubi l izer  ove rn igh t  (Soluene-350,  Packard) ,  10 ml of  scintil- 
la t ion cockta i l  added  ( Pe r m ab l end  I IL Packard)  and  coun ted  
to 2% s igma error ,  or  20 min  (low coun t  cut-off ,  30 dpm).  The  
coun t e r  eff ic iency us ing  mte rna l  s t anda rd iza t ion  for  14C was  
95 pe rcen t  (Packard  I n s t r u m e n t s ,  model  460) 

In a n o t h e r  expe r i m en t ,  rats  were  not  ane s t he t i z ed  but  
c o n n e c t e d  to the  drug p u m p  us ing  the  no rma l  in jec tor  as- 
sembly  depic ted  in Fig 4 O v e r  a per iod  of  20 mln,  22 injec- 
t ions  of  14C-nicotine each  1 sec in dura t ion  (22x25  nl) were  
de l ivered  at  regular  in te rva ls  The  an imals  were  sacr i f iced 5 
min  af ter  the  last  in ject ion,  and the  rad ioac t iv i ty  con t en t s  of  
the  b ra in  slices su r round ing  the  cannu l a  t rac t  d e t e r m i n e d  in 
the  m a n n e r  j u s t  desc r ibed .  

R E S U L T S  

An example  of  the  reproducib i l i ty  of  a p u m p  ca l ib r anon  Is 

g iven  by the  fol lowing typical  expe r imen t .  The  amoun t  of  
14C-nicotine solut ion (105,840 dpm//xl) de l ivered  in 200, 400, 
800 and  1600 msec  was 552_+100, 1023_+99, 2091_+151 and 
4204_+206 dpm (mean_+S.E .M. ,  N = 5  for  e ach  mean) .  It can  
be in te rpo la ted  tha t  2640 dpm was de l ivered  by the  p u m p  in 1 
sec.  There fo re ,  1 sec of  pump  ac t iva t ion  de l ivers  25 nl of  
drug solut ion.  

The  in vzvo capabi l i ty  of  the drug p u m p  is exempl i f ied  by 
the  fol lowing expe r imen t s .  The  d l s t r i b u n o n  of  25 n a n o h t e r s  
of  14C-mcotlne injected by  the drug p u m p  into the  rat  cauda te  
nuc leus  at 1, 5, 10 and 20 min af te r  mic romfus lon  is shown  in 
Fig 5 O v e r  95% of  the  rad ioac t iv i ty  at any  of  the  four  txme 
points  was r ecove red  wi th in  0.5 m m  of  the  c e n t e r  of  the 
in jec t ion site. Wi th in  1 min af ter  inject ion,  o v e r  75% of  the 
14C-nicotine was lost  f rom the site o f  inject ion,  p r e s u m a b l y  
by up take  into the  blood.  Ten  m m  af ter  in ject ion,  less than  
2% of  the  original  rad ioac t iv i ty  r ema ined  at the  in jec t ion s]te 
(Table  1) 

The  ex t en t  of  diffusion of  14C-nicotine one  mln af ter  refus- 
ing th ree  di f ferent  in jec t ion vo lumes  us ing the drug  p u m p  Is 
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shown in Fig. 6. The recoveries of 14C-nicotine 1 min after 
injection ranged from 21.2 to 33.9% of the originally injected 
radioactivity (Table 1). After injecting 12.5, 25 and 50 nl of 
labelled nicotine, over 99% of the radioactivity spread to 
hypothetical spheres approximately 0.8, 1.0 and 1.2 mm in 
diameter. The theoretical dimensions of 12.5 nl is a sphere 
0.30 mm in diameter, 25 nl is a sphere 0.37 mm in diameter 
and 50 nl is a theoretical sphere 0.46 mm in diameter. Thus, 
after injection by the drug pump into brain tissue, the diffu- 
sion of ~4C-nlcotine is rapid and extends to spheres larger than 
theoretical. The variability of the DPMs of 14C-nicotine re- 
covered from brain tissue was the greatest after the 12.5 nl 
Injection volume. 

In one experiment, 25 nl of ~4C-nicotine was injected into 
the caudate nucleus of dead rats, and the radioactive con- 
tents of the brain slices determined as before. One minute 
after completion of the injection, 93%-+6 S.E.M. (N=4) of 
the ~4C-nicotine was recovered. 

In another experiment, six unanesthetlzed rats were con- 
nected to the drug pump and 22 injections of 14C-nicotine 
(10,177 dpm-+342 S.E.M. per each 25 nl injection) were de- 
livered over a period of 20 mln. The total amount of 14C- 
nicotine delivered in 20 mln was approximately 224,000 dpm. 
Five mln after the last injection, the total radioactivity con- 
tents of slices taken from the brain region 3 mm anterior and 
3 mm posterior to the guide cannulas were determined to be 
13,507 dpm-+ 1817 S.E.M. (N=6). The individual dimensions 
of the anterior-posterior spread of 98% of the recovered 
radioactivity were 2.8, 2.4, 3 4, 2.2, 3 8, and 2 4 mm. These 
data are indicative of the reproducibility that is possible 
using the drug pump injection technique 

DISCUSSION 

Accurate and reproducible administration of the '4C- 
nicotine in both anesthetized and unanesthetized rats was 
made possible by the drug delivery pump just described. 
After practice, one can remove the cap and stylet of a guide- 
implanted rat, insert and secure the rejector cannula, place 
the animal in an appropriate cage, and attach the PE l0 
tubing/spring-steel drug reservoir to the drug pump, all in 
less than one minute. With this pump system, we have 
studied the effects of agents administered into the ventricles 
or brain tissue either acutely or intermittently over a period 
of a week with the drug delivery activated either operantly or 
manually without the complications of tangling the PE 10 

tubing drug reservoir by the rat. Although it is theoretically 
possible that a rat will tangle the PE 10 tubing if it is ambulat- 
ing faster than the 20 r.p.m, motor, it is unlikely since animal 
movement within the Skinner box is somewhat restricted. 
After habituation to the attachment of the injector/spring 
protector to the guide cannula, rats are usually observed to 
go to sleep in the Skinner box within 1 to 2 hours. Thus, it is 
possible to microtnject drugs into the brains of animals with- 
out disturbing their ongoing behavior. 

Another technique of central drug admmlstration into the 
ventricles or brain tissue in the awake animal includes the 
use of microliter syringes to infuse the drug solution [1, 2, 6]. 
However, as pointed out by Stein and Rodd [7], the fluid slip 
rings usually used in the delivery apparatus are prone to 
leakage and therefore the precision of drug delivery is les- 
sened. Another method utilizes the gas pressure of hydrogen 
generated by the electrolysis of water to force drug solution 
from an air-tight reservoir through injector cannulas [3]. This 
method promises to be a viable alternative to conventional 
modes of remote drug delivery. 

The results indicate the mlcrolnfusion of 14C-nicotine into 
the rat caudate nucleus is characterized by rapid disappear- 
ance from the site of injection. After microlnjectlon 0.11 
nmol of 14C-nicotine in 25 nl (Table 1) over 75% is cleared 
from the Injection site within the first mln and disappearance 
is essentially complete by 20 rain after the injection. In un- 
anesthetized rats, over 94% of the 14C-nicotine injected over 
a 20 min period had dissipated from the site of injection 
within 5 min after the last injection. The nicotine is cleared 
from the brain tissue presumably by uptake into the blood. 

In conclusion, we have presented the design of a reliable 
and reproducible drug pump, commutator and rotation 
mechanism which allows the subcortlcal administration of 
nanoliter amounts of drug solution into the ventricles or 
brain tissues of awake rats without disturbing the animal's 
ongoing behavior. 
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