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It has been hypothesized that striatal dopamine (DA) terminals undergo compensatory changes in response to partial damage of the 
mesostriatal DA system, which results in higher concentrations; of DA in the extracellular space than would be predicted by DA con- 
centrations in post-mortem tissue. But, this hypothesis has never been tested directly in vivo, and therefore, the present study was de- 
signed to do so. Microdialysis was used in freely moving rats to estimate the concentrations of DA, dihydroxyphenylacetic acid 
(DOPAC), homovanillic acid (HVA) and 5-hydroxyindoleacetic acid (5-HIAA) in striatal extracellular fluid; simultaneously from the 
hemisphere with a unilateral 6-hydroxydopamine (6-OHDA) lesion of the substantia nigra and from the intact hemisphere. It was 
found that following recovery from a 6-OHDA lesion, and during the resting state, the extracellular concentrations of DA were nor- 
mal on the lesion side, even after that side was depleted of up to 99.0% of the DA measured in post-mortem tissue. Furthermore, the 
extracellular concentrations of DA were elevated in the intact hemisphere of animals with a >95% DA depletion. In rats with a <95% 
DA depletion amphetamine (1.5 mg/kg) caused a large increase in the extracellular concentration of DA in both the lesion and intact 
hemispheres (intact > lesion), but in rats with a >95% tissue DA depletion amphetamine only enhanced extraceilular DA on the 
intact side; on the lesion side amphetamine produced a progressive decrease in extracellular DA to nondetectable levels. Animals ro- 
tated towards the lesion side. Unlike DA,the extracellular concentrations of DOPAC and HVA were greatly reduced on the lesion 
side, and the extent of the depletion was highly correlated with lesion size. It is concluded that following partial unilateral damage to 
mesostriatal DA projections there are massive changes in the remaining DA terminals that are sufficient to normalize the extracellular 
(and presumably synaptic) concentratiung of DA. The normalization of extraceilular DA concentrations seen after extensive (but in- 
complete) damage to the mesostriata| system must play a major role in the sparing and recovery of behavioral function that is so char- 
acteristic of this system. After extensive damage the capacity of the remaining DA neurons to respond to increased demand is limited, 
however, and this may explain why behavioral deficits can be reinstated by stimuli that challenge the system. 

INTRODUCTION 

Bilateral damage to the mesostriatal  dopamine  

(DA)  system in rats produces  a syndrome that  is very 

similar to Parkinson 's  disease in humans  38'55, and 

symptoms include,  bradykinesia ,  sensor imotor  ne- 

glect, aphagia,  adipsia,  short-step locomot ion ,  aka- 

thisia, excessive bracing and clinging react ions and 
cognitive dysfunction 37"53"54"63'66'72'73"76'80. Uni la teral  

damage results in p ronounced  behavioral  asym- 

metries,  including the hemispat ial  neglect and turn- 

ing (rotat ional)  behavior  characteristic of  hemiPar-  

kinsonism 9.35.41"5°'67. An interest ing feature of ' D A  

deplet ion syndromes '  is the degree to which function 

is spared foilow';ag partial damage.  Pronounced  be- 

havioral deficits typically are not  manifest  until stria- 

tal D A  is depleted by 8 0 - 9 0 % ,  and even after more  

than 90% of striatal D A  is lost there  is considerable 

recovery of function 7ai (for reviews see refs. 62, 77). 

Recovery is not  complete ,  however ,  because deficits 

can be re insta ted if the system is "challenged';  for ex- 

ample,  by t rea tment  with low doses of ant idopami-  
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nergic drugs or exposure to  stress 14"22"35"57'~0. 

There are a number of compensatory changes in 
DA activity that are known to occur after partial 
damage, and these are thought to contribute to spar- 
ing and recovery of function (for reviews see refs. 36, 
64, 77). Presynaptic changes, including an increase in 
the synthesis, metabolism, and fractional release of 
DA in the remaining terminals, occur after even 
moderate damage and probably contribute to sparing 
of function 2"7"29"31-58'61"78. If the depletion of striatal 

DA exceeds 80-90% there is also an increase in post- 
synaptic DA receptors (receptor supersensitivity), 
and in combination with presynaptic changes proba- 
bly accounts in part for recovery of func- 
tionlT.21.42.43.65. 

It has been hypothesized that following partial 
damage to the mesostriatal DA system there is an in- 
crease in DA release from the remaining terminals, 
and in conjunction with the loss of DA reuptake sites, 
this results in much higher extracellular (synaptic) 
concentrations of DA than would be predicted from 
the tissue concentrations of DA (e.g. refs. 29, 77, 
78). Two kinds of evidence support this hypothesis. 
First, in the DA-depleted striatum of both human 
and nonhuman animals dihydroxyphenylacetic acid 
(DOPAC) and homovanillic acid (HVA) are de- 

pleted less than DA, resulting in a large increase in 
the ratio of DA metabolites to DA (ref. 77 and above 
for references). Second, studies of electrical stimula- 
tion-evoked DA release in vitro have shown that the 
fractional release of DA (release as a percent of the 
remaining DA) is elevated in striatal tissue from rats 
with a 6-hydroxydopamine (6-OHDA) lesion 61. But 
these studies do not constitute a strong test of the hy- 
pothesis and are inconclusive for three reasons. (1) 
Measures of DA metabolism or metabolite/transmit- 
ter ratios in post-mortem tissue are not reliable indi- 
cators of DA utilization, because most metabolism 
takes place intraneuronally independent of DA re- 
lease 13'7°'74. (2) It is difficult to generalize from in vit- 

ro studies to the in vivo state. For example, in vitro 
methods are not appropriate for studying the basal 
(steady state) rate of DA release, because basal DA 
efflux in vitro is not influenced by temperature and 
does not require calcium (e.g. ref. 6). Therefore, 
spontaneous DA efflux in vitro probably does not 
represent a normal physiological process akin to the 
basal rate of DA release associated with spontaneous 

unit activity in vivo. (3) It is difficult to understand 
how an increase in the fractional release of DA could 
in itself restore normal function, given that the abso- 
lute amount of released DA remains greatly de- 
pressed in animals with a 6-OHDA lesion 33'6l. The 

normalization of striatal unit activity following recov- 
ery from a 6-OHDA lesion 45's6 suggests the remain- 
ing DA terminals are not only more active, relative 
to control terminals, but are sufficiently more active 
to produce a normal supply of extracellular DA (at 
least in the absence of postsynaptic changes or other 
compensatory responses). 

To test the abo,~e hypothesis and resolve some of 
these issues intracerebral microdialysis 68 was used in 
freely moving rats to directly measure the concentra- 
tions of DA and DA metabolites in extracellular fluid 
(ECF). The ECF concentrations of DA were mea- 
sured simultaneously from the striatum located ipsi- 
lateral and contralateral to a unilateral 6-OHDA le- 
sion of the substantia nigra, which allowed a within- 
subject comparison of the denervated and innervated 
sides in vivo. Measures were made both during the 
resting state and after a challenge injection of am- 
phetamine. This latter procedure was designed to 
test the ability of the denervated side to respond to an 
increased demand for DA release. At the completion 

of the experiment the striatum on each side was as- 
sayed to determine the tissue concentrations of DA 
and its metabolites. This allowed a determination of 
lesion size and a direct comparison of post-mortem 
tissue and in vivo ECF concentrations of the com- 
pounds of interest. The concentrations of 5-hy- 
droxyindoleacetic acid (5-HIAA) in striatal tissue 
and dialysate were also measured to provide an index 
of lesion specificity. 

MATERIALS AND METHODS 

Subjects 
The subjects were adult female Holtzman (Mad- 

ison, WI) rats housed on a 14:10 h light-dark cycle 
(lights on 08.00 h), and with free access to food and 
water. All testing took place during the day. 

Surf :Tal procedures 
, .~ animals received a unilateral injection of 6- 

OHDA HBr into the rostral zona compacta of the 
substantia nigra, using standard stereotaxic proce- 



dures. Briefly, the animals were food deprived the 
night before surgery, and were pretreated with 25 
mg/kg of desipramine 30 min prior to the 6-OHDA 
infusion l°. They were anesthetized with sodium pen- 
tobarbital, and between 3 and 8 pg of 6-OHDA (dis- 
solved in 4/~l of a saline-ascorbate solution - -  0.1 
mg/mi ascorbate) infused through a 30-gauge stain- 
less-steel cannula, at a rate of 0.8 pl/min. The cannu- 
la was left in place for 2 min following the injection to 
permit diffusion and to minimize seepage up the can- 
nula track. Different 6-OHDA concentrations were 
used to insure variation in lesion size. The animals 
were allowed to recover for a least 1 month before 
the testing began, which is sufficient time for restora- 
tion of the blood-brain barrier 15 and behavioral re- 
covery of function. The animals were also screened 
for amphetamine-induced rotational behavior before 
and after the lesion, and only animals showing consis- 
tent ipsiversive rotational behavior were used in 
these experiments. 

On the day prior to testing the animals were again 
anesthetized with sodium pentobarbital and a dialysis 
probe stereotaxically placed into the corpus of the 
striatum on both the left and right sides. The dialysis 
probes (see below) were connected to 1.0 ml gas- 
tight Hamilton 1000 series syringes mounted on a sy- 
ringe pump (Carnegie-Medicin Model 100), and a 
modified Ringer solution (147 mmol Na +, 2.3 mmol 
Ca + , 4 mmol K + and 155.6 mmol Cl-, pH 6.0) 
pumped through the probes at a rate of 1-2/~l/min 
during the entire surgical procedure. (All solutions 
were filtered with 0.2-pm syringe filters.) The entire 
assembly was held in place by enclosing it in dental 
cement, and it was fixed to the skull with stainless- 
steel screws. The animals were then fitted with a light 
harness about their torso, and placed into the test 
arena (a 30-cm diameter circular plexiglass cham- 
ber). The animals were left in the test chamber over- 
night, and the Ringer solution was continuously 
pumped through the probes at 0.1-0.2 pl/min during 
this time. Testing began the next day, at least 18 h af- 
ter probe implantation (see below). 

Construction of the dialysis probes 
A dialysis probe i~ schematically illustrated in Fig. 

1. The inlet tubing, which was connected to one chan- 
nel of a 3 to 4-channel liquid swivel (Harvard Biosci- 
ence), consisted of an approximately 60-cm length of 
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Fig.  I .  S c h e m a t i c  i l l u s t r a t i o n  o f  a d i a l y s i s  p r o b e  ( s e e  t e x t  f o r  d e -  
ta i l s ) .  

Microline tubing (Cole-Palmer) with an inside diam- 
eter (i.d.) of 510 pm and an outside diameter (o.d.) of 
1.52 mm. The other end of the Microline tubing was 
connected to a section of 25-gauge stainless steel tub- 
ing, which previously had been prepared as follows 
(see Fig. 1). An approximately 10 mm long piece of 
regenerated cellulose hollow fiber dialysis tubing was 
cemented into the distal end of the stainless steel tub- 
ing with 2-Ton clear epoxy (Devcon). After the junc- 
tion was dry to the touch (a few hours) the dialysis fi- 
ber was trimmed to the desired length (4 mm in this 
case), the tip sealed with epoxy, and then left to dry 
overnight. The dialysis fiber (Specra/Por; Spectrum 
Medical) had a nominal molecular weight cut-off of 
6000, an i.d. of 215,um, and a wall thickness of 18/~m 
(o.d. = 251 pro). The outlet tubing (see below) was 
incorporated into the probe by slipping it through the 
25-gauge stainless-steel cannula and into the dialysis 
chamber via a small hole pierced through the inlet 
tubing with a 26-gauge needle. The entire upper por- 
tion of the assembly, including the junction between 
the inlet tubing and stainless steel cannula, and the 
area where the outlet tubing pierced the inlet tubing, 
was sealed with a coating of 2-Ton epoxy (Fig. 1). Af- 
ter the epoxy had cured probes were stored with their 
tip in a 1.5% formalin solution until needed. 
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The outlet tubing consisted of a 30-cm length of 
flexible fused silica capillary tubing with an o.d. of 
150/zm and i.d. of 75/~m (Polymicro Technologies). 
This tubing is extremely flexible and resistent to 
breakage because it is coated on the outside with 
polyimide. The small internal volume of the fused sil- 
ica tubing minimizes dead volume and greatly re- 
duces the time it takes dialysate to reach the collec- 
tion vial from the probe tip. For example, a 30-cm 
length of fused silica tubing with an i.d. of 75/~m has a 
volume of only 1.325 pl. Fused silica tubing is easily 
cut to length by maintaining tension on a section 
while scoring it with a diamond pencil. 

These probes are inexpensive and easy to con- 
struct, and the small o.d. minimizes the considerable 
tissue damage produced by dialysis "loops ''68. The 
concentric design makes it simple to implant the 
probe into different subcortical structures, and to 
sample more than one structure simultaneously. 

Measuren~,nt of probe recovery in vitro 
At least 2 days prior to implantation all probes 

were flushed thoroughly. The flushing procedure 
consisted of pumping filtered high-performance 
liquid chromatography (HPLC) grade water through 
the probes, initially at 1-2/~l/min. For the first 20 min 
the dialysis tips were placed in a beaker containing 
70% ethyl alcohol (to remove the isopropyl myristate 
that the fibers are originally filled with). Next, the 
tips were placed in HPLC water and the probes left to 
flush overnight at approximately 0.5/~l/min. It was 
found that thoroughly flushing the probes prior to use 
increased recovery rates and reduced variability. 
Either the day before implantation, or the same day 
as surgery, the water was removed from the probes 
by gentle suction with the attached syringe and they 
were filled with freshly prepared filtered Ringer solu- 
tion. The Ringer solution was pumped through the 
probes at 1.5/zl/min, with the dialysis tips in a beaker 
containing Ringer solution. After at least 30 rain the 
beaker of Ringer was replaced with a beaker contain- 
ing Ringer plus 200 pg//zl of DA, DOPAC, HVA and 
5-HIAA (plus 1 mg ascorbate/100 ml). After waiting 
10 rain two 10- to 15-min dialysis samples were col- 
lected and the dialysate assayed by HPLC with elec- 
trochemical detection (HPLC-EC).  Recovery was 
calculated for each probe as described previously 68, 
and the average of two samples used. For the present 

experiment recovery was determined at room tem- 
perature, but probe recovery is now routinely tested 
at 37 °C, which provides a more accurate assessment 
of recovery in vivo 69. In separate experiments probe 
recovery was tested as a function of perfusion rate. 

In vivo microdialysis and behavioral test procedures 
To prevent the head assembly from absorbing the 

torque created when the animal moved each animal's 
harness was attached to a liquid swivel by a length of 
piano wire (or a coiled steel tether). The inlet and 
outlet tubing was attached to the tether and dialysate 
was collected in minivials that were also attached to 
the tether, about 30 cm above the animal. Thus, col- 
lection vials could be quickly exchanged without 
touching the animal or impeding its movement in any 
way. 

On the morning of a test day the pump speed was 
set at 1.5 Id/min, and after at least 30 min, dialysate 
samples were collected in tubes containing 10/zl of a 
0.05 N perchloric acid solution, which also contained 
2.5/d of 1 M sodium bisulfite and 250 ~1 of 0.2 M 
EDTA (per 25 ml of HCIO4). At least 3 baseline sam- 
ples were collected over 20 to 30-min intervals, and 
for this experiment 4-6 baseline samples were fre- 
quently taken. Samples were stored on ice for short 
periods, but all were assayed by the end of the test 
day. After at least 3 baseline samples were collected 
and assayed the animals received a subcutaneous in- 
jection of 1.5 mg/kg of D-amphetamine sulfate 
(weight of the salt) into the flank. After this, 4 more 
samples were collected over 30-min intervals. 

Behavior was videotaped and subsequently ana- 
lyzed by viewing the videotapes at 2-8 times normal 
speed. Every 360 ° turn to the left or right was re- 
corded over 15-min intervals. Net rotations were cal- 
culated by subtracting the total number of turns in 
the non-preferred direction from those in the pre- 
ferred direction. 

Assay of striatal tissue 
At the end of the experiment the tubing leading to 

the dialysis probe was severed at the level of the den- 
tal cement 'cap', the open ends were sealed with epo- 
xy, and the animal was returned to it's home cage for 
at least 4 days. Each animal was then killed by deca- 
pitation, its brain rapidly removed and placed in ice- 
cold saline. After the brain cooled (30-45 s) it was 



placed in a chilled cutting block and brain slices ob- 
tained as described by Heffner et al. 27. The slices 

were immediately examined and the approximate lo- 
cation of the 'track' formed by the dialysis probe was 
noted. The left and right striatum were then dissected 
out with a 3.0-mm diameter micropunch, weighed, 
and placed in individual tubes containing 0.05 N per- 
chloric acid and dihydroxybenzylamine (internal 
standard). The samples were homogenized and cen- 
trifuged at 5000 g for 45 min at 2-4  °C. The superna- 
tant was filtered through 0.45-pm syringe filters 
(Geiman Sciences; Arco LC3A) and stored frozen at 
-20 °C for no more than two weeks before being as- 
sayed by H P L C - E C ,  using procedures similar to 
those described previously s2. 

Assay of dialysate 
Dialysis samples were also assayed by H P L C - E C ,  

but under different conditions than for tissue, and on 
a system used exclusively for dialysate. No more than 
50gl of dialysate was injected directly on the column, 
with no pretreatment, via a Rheodyne injection 
valve with a 100-gl sample loop. The column was 
either a 10-cm-long Bioanalytical Systems Phase-2 
ODS-reverse phase column (RP-18; 3-pm particles), 
or a Brownlee 10-cm-long OD-Microbore reverse 
phase column (RP-18; 5-/zm particles; 2.1 mm i.d.). 
The mobile phase contained 0.05 M Na PO4, 0.03 M 
citric acid, 0.1 mM EDTA,  0.01% Na azide, 6-9% 
CHaCN and 2.6-3.3 mM sodium octyl sulfate, at an 
apparent pH of 3.35. The mobile phase was filtered 
and degassed with vacuum, and then pumped 
through an Erma degasser (Model ERC 3511) before 
reaching the column. Under these conditions DA 
eluted relatively late, following DOPAC,  5-HiAA 
and HVA, and was usually separated from HVA by 
2-3 min. The total run time was 8-10 min. Some sen- 
sitivity was lost because DA eluted so late, but be- 
cause DA metabolite concentrations in dialysate are 
typically about 100 times greater than DA,  it was 

found that the advantages of keeping DA well away 
from the metabolites outweighed the disadvantages. 

A single glassy carbon working electrode and a 
Ag/AgCI reference electrode fitted directly into the 

thin-layer region formed by a BAS 'green' gasket 
(50.8 gm) were used with a LC-4A Bioanalytical Sys- 

tems amperometric controller. The sensitivity was set 
at 1-2 nA/V, with an electrode potential of +0.76 V. 
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Fig. 2. Top: percent of DA and DOPAC in the external solu- 
tion recovered in dialysate in vitro (relative recovery), as a 
function of perfusion rate (4-mm-long probes). The symbols 
represent the mean _+ S.E.M. for 6 probes, and if S.E.M. ba~ 
zre not shown it is because they are smaller than the symbol. 
Percent recovery varied linearly over this range of pump 
speeds, with r = -0.99 for both DA and DOPAC. Similar 
values were obtained for 5-HIAA and HVA (not shown). Bot- 
tom: the concentration of a DA standard solution recovered in 
dialysate in vitro per unit time (absolute recovery) as a function 
of perfusion rate, and expressed as a percent of the value ob- 
tained at 0.5 id/min. Note that absolute recovery peaked at 1.5 
~l/min. 

Signals were recorded with a Hewlett Packard 

3390A recording integrator, and the amount of each 
compound determined by comparison with the peak 
height of standards run with each assay (200 pg//~i of 
DOPAC, HVA and 5-HIAA; 20 pg//~! of DA). 

Data analysis 
Dialysate values are reported as pg of the com- 

pound per pl of dialysate, after correcting for probe 
recovery. Baseline values represent the average of at 
least 3 samples obtained over 2-3 h prior to amphet- 
amine administration. At 1.5 pl/min and room tem- 
perature the average (+ S.E.M.) relative recovery 
rates for the probes used in this experiment were: 
D A -  18.01 + 0.95%; D O P A C -  16.64 + 0.90% 
HVA ~ 14.74 _+ 0.79%; and 5-HIAA m 15.88 + 
1.03% (n = 20). Recovery varies with perfusion rate 

and for the probes described here (4 mm long) rel- 

ative recovery ranged from 32% at 0.5 ~l/min to 12% 
at 2.0 pl/min (see Fig. 2). The absolute recovery rate 
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was maximal at 1.5/A/rain (Fig. 2), which is why that 
pump speed was used in the present experiments. 
The values reported here represent, therefore, an es- 
timate of the concentrations of the compounds of in- 
terest in striatal ECF (see ref. 69 for a discussion of 
problems in estimating the actual ECF concentra- 
tions of neurochemicals with microdialysis). 

Analyses of variance, t-tests, and correlation coef- 
ficients were performed using a Macintosh Plus Com- 
puter with Statview 512 + software (BrainPower). 

RESULTS 

Post-mortem tissue measures and probe placement 
Of the 10 rats in this study, 8 had a >66% striatal 

tissue DA depletion (lesion side relative to the intact 
side), one had a 38% depletion, and in one there was 
only a 1% depletion. Table I shows the average stria- 
tal tissue concentrations of DA, DOPAC,  HVA and 
5-HIAA on the lesion and intact sides in the 8 ani- 
mals with a substantial tissue DA depletion (arbitrar- 
ily defined as >66%).  The striatal tissue concentra- 
tions of DA, DOPAC, and HVA were greatly re- 
duced on the lesion side, relative to the intact side, 
but the lesion hat4 no effect on 5-HIAA (Table I). 
One animal had an abnormally high 5-HIAA value 
on the lesion side, which accounts for the high mean 
and S.E.M. values shown in Table I. DA was de- 
pleted to a greater extent than were DA metabolites, 
and this is indicated by significantly higher 
DOPAC/DA and HVA/DA ratios on the lesion side 
than on the intact side (Fig. 3). 

The dialysis probes were all located within the cor- 
pus of neostriatum centered around the coronal 
~ I ~  I~. . .~4.^.~I  ~IL o v,a~,e ~,~.atcu u.o mm anterior to bregma in the Paxi- 
nos and Watson atlas 47. Individual probes varied by 

_+0.5 mm along the anterior-posterior axis. The dia- 
lysis tips ranged from 2 to 3 mm lateral to the midline 
in the medial-lateral plane, and extended through the 
entire dorsal-ventral extent of the striatum (i.e. for 
about 4 mm ventral to the corpus callosum). Fig. 4 il- 
lustrates the approximate location of a dialysis probe 
drawn to scale on a coronal section through the stria- 
tum. 

Basal (resting) extracellular fluid (ECF) concentra- 
tions of DA, DOPAC, HVA and 5-HIAA 

All animals were habituated to the test chamber 

overnight and were tested during the next lights-on 
period, and therefore they were relatively inactive 
during baseline sample collection, sometimes falling 
asleep. They occasionally engaged in short bouts of 
exploratory activity or grooming, but for most of 
each sample period they sat still except for periodic 

head movements. They did not show spontaneous ro- 
tational behavior. 

The 6-OHDA lesion did not have the same effect 
on ECF concentrations of DA (estimated from the 

concentrations in dialysate) as on tissue concentra- 
tions of DA (Table I). There was a 91.6% depletion 
in the tissue concentrations of DA on tb.e lesion side 
but only a 34.8% reduction in the ECF concentra- 
tions of DA (ECF DA),  which is significantly less 
than the percent depletion in tissue (t = 5.8, P < 
0.001). In contrast to DA,  the ECF concentrations of 
DOPAC and HVA were severely reduced on the le- 
sion side, and the reduction was comparable to that 
in tissue (Table I). The lesion had no effect on the 
ECF concentrations of 5-HIAA (Table I). 

Table I suggests that the ECF concentrations of 

DA are not highly predictive of tissue DA concentra- 
tions, even when tissue concentrations vary greatly 
because of damage to one side. This interpretation is 
supported by the correlation matrix shown in Table 
II. It can be seen from Table II that ECF DA was not 

significantly correlated with any other measure. On 

.2 
m re 

081 
0.6 

0.4 

0.2 

Dopac/DA Hva/DA 

Fig. 3. The mean (+ S.E.M.) ratio of DOPAC/DA and HVA/ 
DA for striatal tissue obtained from the intact and 6-OHDA le- 
sion side of the 8 animals sustaining a >66% DA depletion 
(Table I). The DA metabolite/transmitter ratios were signifi- 
cantly elevated on the lesion side, relative to the intact side, be- 
cause DA was depleted to a greater extent than were DA meta- 
bolites. *P = 0.012; **P = 0.005 (paired t-tests). 



TABLE I 

Mean (+ S. E. M. ) dopamine and monoamine metabolite concentrations in striatal tissue and dialysate (extracellular fluid) 

%, percent depletion (lesion relative to intact). 
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Compound Side Tissue Dialysate 

ng/mg % pgll~! % 

DA intact 12.97 + 0.55 10.59 + 2.46 
lesion 1.11 + 0.56** 91.6 6.90 + 1.94" 34.8*** 

DOPAC intact 2.20 + 0.17 1060 + 238 
lesion 0.28 + 0.15"* 87.3 188 + 880"* 82.3 

HVA intact 1.36 + 0.09 1007 + 207 
lesion 0.22 _+ 0.07** 83.8 192 + 720** 80.9 

5-HIAA intact 1.12 + 0.22 429 + 751 
lesion 2.09 + 1.02 -87 478 + 102 -11 

* Differs from intact, P < 0.02; ** P < 0.005 (paired t-tests); *** Differs from % depletion in tissue, P < 0.001 (unpaired t-test). 

TABLE II 

Correlation matrix for DA and DA metabolites in striatal tissue and dialysate 

T, tissue; D, dialysate; DPC, dopac. 

DA- T D PC- T HVA-T DA-D D PC-D 

DPC-T 0.949* . . . .  
I-IVA-T 0.958* 0.925* - - - 
DA-D 0.315 0.295 0.362 - - 
DPC-D 0.737* 0.642* 0.699* 0.401 - 
HVA-D 0.738* 0.680* 0.652* 0.341 0.889* 

* d f  = 15,  P < 0 . 0 1 .  

the o ther  hand,  the E C F  concentra t ions  of  D O P A C  

and H V A  were highly predictive of each o ther ,  and 

of the tissue concentra t ions  of D A ,  D O P A C  and 

H V A .  

Analysis  o f  individual animals and <95% and > 9 5 %  

DA-deple ted subgroups  

Fur ther  analyses were conducted to de te rmine  if 

the high ECF concentra t ions  of  D A  seen in Table  I 

were primarily due to animals with a modera te  le- 

sion, and whether  the effect of  a large lesion ( > 9 5 %  

D A  deplet ion)  was masked  by averaging values from 

animals that  varied so much in lesion size. 

Fig. 5 shows the tissue and E C F  concentra t ions  of 

D A ,  D O P A C ,  H V A  and 5 - H I A A  in each of  the 10 

rats studied,  with the concent ra t ion  on the lesion side 

expressed as a percent  of  the intact side. Note  that  a 

log10 scale was used to resolve differences be tween 

animals  with large lesions. There  are 3 points  to be 

made  from examinat ion of Fig. 5. (1) The E C F  con- 

centra t ions  of D A  on the lesion side were very high, 

relative to tissue D A  concentrat ions,  regardless of le- 

sion size (Fig. 5A).  (2) The ECF  concentra t ions  of  

D O P A C  and H V A  on the lesion side dzcreased pro- 

port ional ly  with decreases in tissue concentrat ions ,  

and as a funct ion of  increasing lesion size (Fig. 5B, 

C). (3) Nei ther  the ECF  nor  tissue concentra t ions  of  

5 -HIAA were reduced on the lesion side (Fig. 5D). 

in addi t ion to inspection of individual  animals sta- 

tistical comparisons were made  between animals 

with a < 9 5 %  tissue D A  deplet ion (n = 4, mean  de- 

pletion = 84.5%; range = 66 -94 .7%)  and those with 

a > 9 5 %  tissue D A  deplet ion (n = 4; mean  = 99.0%; 

range = 98 .7-99 .3%) .  These groups will be referred 

to as the < 9 5 %  D A  deplet ion and > 9 5 %  D A  deple- 

t ion o, roups,  respectively. Rat  number  1 and number  

5 (Fig. 5) were excluded from this analysis, except 

where noted,  because they did not  have a substantial  

lesion, and to reduce variabili ty in the < 9 5 %  de- 

pleted group. 

Fig. 6 shows the mean (+  S .E .M.)  tissue and ECF 

concentra t ions  of DA,  D O P A C ,  and H V A  on the 
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intact and lesion sides of the <95% D A  depletion 

and >95% D A  depletion groups. The 1+ log10 trans- 

formed data were subjected to 2-way analyses of var- 

iance, with the two factors being side (intact vs le- 

sion) and size of lesion (<95% vs >95%).  For the tis- 

sue concentrations of DA, D O P A C  and H V A  (Fig. 

6A,C,E) and for the ECF concentrations of D O P A C  

and HVA (Fig. 5D,F) the results were identical. 

There was a statistically significant effect of side (i.e. 

concentrations were lower on the lesion side) and a 

significant interaction, indicating that the lesion side 

(but not the intact side) was depleted more in the 

>95% group than in the <95% group. 

In contrast, the analysis of variance did not result 

in a significant effect of lesion side or size on the ECF 

concentrations of DA (Fig. 6B; Fside = 1.8, P = 0.20; 

Fsize = 2.9, P = 0.112; Fside × size = 0.75, P = 0.40). 
What is especially notable in Fig. 6B, however, is 

that ECF D A  on the intact side of >95% depleted an- 

imals is greater than on the lesion side (paired t-test, t 

= 5.48, P = 0.012). Furthermore,  if rat numbers 1 

and 5 are included (to increase the n for the intact 
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side comparisons only) E C F  D A  on the intact side of  

> 9 5 %  depleted animals was significantly higher  than  

on the intact side of < 9 5 %  depleted animals (t = 

2.46, P = 0.039). 

Baseline measures in rats with no lesion 

The  concentra t ion  of  D A  in striatal dialysate was 

also measured  in a series of  10 neurological ly intact  

(i.e. no lesion) Hol tzman rats that  were in a different  

exper iment ,  but otherwise tested under  exactly the 

same condit ions as descr ibed here.  The average ( +  

S .E .M.)  ECF  concentra t ions  of  striatai D A  during 

baseline in these animals was 6.64 _+ 0.54 pg//zl (see 

Fig. 6B). This is significantly lower than on the intact  

217 

side of rats with a > 9 5 %  deplet ion (mean  = 14.63 + 

3.3 pg//~l; t = 3.73, P = 0.003), but  no different than 

on the lesion side of  > 9 5 %  deple ted rats (or  e i ther  

side of  < 9 5 %  depleted rats). These observat ions 

suggest that  the apparen t  reduct ion in the E C F  con- 

centrat ions of  D A  on the lesion side, when  concen- 

trations on the lesion side were expressed as a per- 

cent of the intact  side (Table I and Fig. 5), was not  

due to a reduct ion on the lesion side but  actually to an 

increase on the intact  side! 

Fractional DA efflux in dialysate 

To estimate what  propor t ion  of  the available D A  is 

represented by the ECF  concentra t ions  of  D A  shown 

A. DOPAMINE 
10 2 

10' 

~ 10 o 

. J  

1 5 10 70 67 11 82 9 7 2 3  

B. DOPAC 
102 

10' .Tissue 
/ j Dialysate 

1 5 10 70 67 11 82 9 72 3 

102 

u al 

c: 10' 

m 
c o 100 
w 

D. 5-HIAA 
C. HVA 10 ~ 

10 2 

10' 

100 

I_ 5_ 1 0 7 0 6 7 1 1 8 2 9 7 . _ 2 2 3  

Rat Number 

~L  

! 5 10 70 67 1"I 82 72 3 
Rat Number 

Fig. 5. The concentration of DA (A), DOPAC (B), HVA (C) and 5-HIAA (D) in striatal tissue (shaded bars) and striatal dialysate 
(solid bars) from 10 individual rats, with the concentration on the side with a 6-OHDA lesion expressed as a percent of the intact side. 
Note that the vertical axis is a logl0 scale, and therefore, the horizontal axis (10 -]) represents a 99.9% depletion, 10 ° a 99% depletion, 
101 a 90% depletion, and 10 2 n o  depletion (i.e. the lesion side is 100% of the intact side). The individual animals were arranged in or- 
der of increasing lesion size (left to right) as indicated by DA concentrations in striatal tissue (panel A), and this same order was re- 
peated in panels B-D. The 5-HIAA values were lost for one animal, and therefore, only 9 are shown in panel D. Note that only for 
DA is there a dissociation between tissue and dialysate values as a function of increasing lesion size. 
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in Fig. 6.B, the percent  of total D A  in the extracellu- 

lar space was calculated by dividing E C F  D A  concen- 

trations (pg//al) by total tissue D A  concentrat ions 

(pg/mg) and multiplying by 100. In animals with a 
> 9 5 %  D A  depletion ECF  D A  on the intact side rep- 

resents 0.118 + 0.025% of the total D A  in tissue, but 

on the lesion side accounts for 6.33 + 2.19% of total 

D A  (range = 2 .4 -10 .6%) ;  a 53-fold difference. On 

the intact side of < 9 5 %  depleted animals (n = 6) 

ECF  D A  only accounts for 0.049 + 0.013% of total 

D A ,  which is significantly less than the comparable  

figure for > 9 5 %  depleted rats (t = 2.77, P = 0.024). 

To fur ther  appreciate the magni tude of the increase 

in the propor t ion of D A  located extracellularly on 

the lesion side of > 9 5 %  depleted rats ,  consider that 

following 1.5 mg/kg of amphe tamine  the average 

peak concentrat ion of ECF  D A  on the intact side was 

only 0.432 + 0.124% of total D A ,  which is over 

14 times less than basal levels on the lesion side of 
> 9 5 %  depleted animals. 

Finally, it is important  to note that ,  al though there 

was a 98% depletion in extraceilular D O P A C  and a 

96% deplet ion in H V A  ( > 9 5 %  rats) ,  and no reduc- 

tion in extracellular D A ,  there was still more  extra- 

cellular D O P A C  and H V A  than D A .  That  is, on the 

lesion side of > 9 5 %  rats there were  more  pg/pi of 

D O P A C  and H V A  than D A  (see Fig. 6B ,D,F) .  

Amphetamine-stimulated DA release 
Fig. 7 illustrates the ECF  concentrat ions  of D A  

(expressed as a percent of baseline) following am- 

phetamine  in 3 rats which had a < 9 5 %  tissue D A  de- 

pletion and  3 which had a > 9 5 %  depletion.  There  are 

3 points to be made from Fig. 7. (1) In all cases am- 

phetamine  caused a large increase in the E C F  con- 

centrations of  D A  on the intact side. (2) In rats with a 

< 9 5 %  D A  depletion amphetamine  also produced a 

large increase in E C F  D A  on the lesion side. (3) In 

animals with > 9 5 %  depletion amphe tamine  resulted 

in a pronounced  and progressive decrement  in the 

ECF  concentrat ions of D A  on the lesion side, to non- 
detectable levels. 

Amphetamine-stimulated rotational behavior 
Fig. 8 shows the number  of ipsiversive rotations for 

each of  the 6 animals illustrated in Fig. 7. All of the 

animals turned towards the lesion side after  amphet-  

amine,  but there was not a s trong relationship be- 
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Fig. 6. The mean (+ S.E.M.) concentration of DA, DOPAC 
and HVA in post-mortem striatal tissue (ng/mg; left column) 
and striatal dialysate obtained in vivo (pg/ld; right column) 
from the intact hemisphere and the hemisphere with a 6- 
OHDA lesion. Open bars represent animals with a <95% tis- 
sue DA depletion (n = 4; mean = 84.5%), and solid bars ani- 
mals with a >95% DA depletion 01 = 4; mean = 99.0%). In 
panel B the small horizontal line (far left) represents the mean 
for a group of 10 rats with no 6-OHDA lesion and the intersect- 
ing vertical line + S.E.M. The 'sword' (t') indicates that the 
intact side differs significantly from the lesion side and the as- 
terisk (*) indicates that on the lesion side the >95% depletion 
group differs significantly from the <95% depletion group (2- 
way analyses of variance). Note the absence of either a sword 
or asterisk in panel B. The numbers above the solid bars on the 
far right show the average concentration of DA, DOPAC, and 
HVA (respectively) in dialysate (pg/ld) from the lesion side of 
>95% depleted animals. Note that the extracellular concentra- 
tions of DOPAC and HVA are greater than DA, despite the 
massive depletion of DOPAC and HVA on that side. In panel 
B, § indicates that the concentration of DA in dialysate on the 
intact side of >95% depleted rats is significantly greater than: 
(1) on the lesion side of >95% depleted rats (paired t-test, P = 
0.012; (2) on the intact side of <95% depleted rats, if rat num- 
bers 1 and 5 are included (P = 0.039); and (3) in an indepen- 
dent group of neurologically intact (no lesion) rats (P = 0.003). 
See the text for details. 
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Fig. 7. Extracellular DA concentrations on the intact side and 
the side with a 6-OHDA lesion (expressed as a percent of the 
respective baseline values) following 1.5 mg/kg of D-ampheta- 
mine, in 3 rats with a <95% DA depletion (left column) and 3 
rats with a >95% DA depletion (right column). Individual ani- 
mal numbers and the percent striatal tissue DA depletion for 
each animal (in parentheses) is given in the upper left portion 
of each graph. On the horizontal axis B indicates baseline and 
A1-A4 indicate the 4 successive 30 min samples after amphet- 
amine administration. Symbols that are located directly on the 
horizontal axis indicate non-detectable values. Note that in ani- 
mals with a <95% depletion amphetamine increased the extra- 
cellular concentrations of DA on both the intact and lesion 
sides. In animals with a >95% depletion amphetamine in- 
creased the extracellular concentrations of DA only on the 
intact side, and on the lesion side resulted in a progressive de- 
cline in extracellular DA (to nop-detectable levels). 

tween the vigor of rotation and the magnitude of the 

asymmetry in D A  release (compare Figs. 7 and 8). 

Rat 5 appears somewhat anomalous because the le- 

sion side released slightly more D A  than the intact 

side, but it turned ipsilateral to the lesion. However ,  

rat 5 made fewer net rotations than any other animal 

because it frequently switched direction. This is ap- 

parent during the first 10 min interval when rat 5 ac- 

tually made more contraversive than ipsiversive 

turns. Furthermore,  rat 5 was retested the next day 

and given 3.0 mg/kg of amphetamine.  During this 

second test session rat 5 showed more vigorous ipsi- 

versive rotation and the ECF concentrations of D A  

were at least 20% higher on the intact side than on 

the lesion side at all points in time after ampheta- 

mine. 

DISCUSSION 

One of the most interesting findings in the present 

study was that during the resting state lesion size (tis- 

sue D A  depletion) did not predict D A  concentrations 

in the ECF. Even after a >95% reduction in striatai 

tissue D A  content the ECF concentration of D A  re- 

mained relatively normal. An initial analysis in which 

the lesion side was expressed as a percent of the 

intact side suggested that there was a moderate 

(34.8%) reduction in ECF D A  on the lesion side, al- 

though this was significantly less than the reduction 

in tissue D A  (91.6%). But further analyses showed 

that the apparent  reduction in ECF D A  on the lesion 

side was not due to a decrease in ECF  D A  on the le- 

sion side, but actually to an increase in the ECF con- 

centrations of D A  on the intact side. This latter inter- 

pretation is supported by the following observations. 

(1) In rats with <95% D A  depletion (mean = 

84.5%) ECF D A  concentrations were the same on 
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Fig. 8. Net rotations for the 6 individual animals illustrated in 
Fig. 7, following 1.5 mg/kg of amphetamine. On the horizontal 
axis B indicates baseline and AI-A8 indicate 8 successive 15- 
min intervals following amphetamine. Positive values indicate 
ipsiversive rotations and negative values contraversive rota- 
tions. 
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the intact and lesion sides. (2) In rats with >95% DA 
depletion (mean = 99.0%) ECF DA concentrations 
on the lesion side were lower than on the intact side, 
but the same as on either side of rats with a <95% 
DA depletion. (3) Striatal ECF concentrations of 
DA on the intact side of >95% depleted rats were 
significantly higher than in an independent group of 

rats without a lesion. 
The observation that a unilateral lesion of substan- 

tia nigra elevates the ECF concentrations of DA in 

the contralateral striatum is not novel, and is sup- 
ported by behavioral, neurochemical and electro- 
physiological studies. For example, Zetterstr6m et 
alY reported that rats with a unilateral 6-OHDA le- 
sion and a >95% DA depletion (as indicated by 2- 
peak rotation after 0.05 mg/kg of apomorphine) have 
significantly elevated basal levels of ECF DA in stria- 
tal dialysate obtained contralateral to the lesion, rel- 
ative to no lesion controls. Similarly, Becker et al. 5 
found that after haloperidol DA metabolite concen- 
trations are elevated in the lateral ventricle (CSF) 
contralateral to a unilateral 6-OHDA lesion more 
than in control animals. Furthermore, the sponta- 
neous firing rate of striatal neurons located contra- 
teral to a lesion of the mesostriatal system is de- 
creased 25'32 long after unit activity has returned to 
normal in the ipsilateral striatum 45,56. This observa- 

tion is consistent with enhanced ECF DA on the side 
contralateral to a lesion because DA typically in- 
hibits striatal unit activity s,39,45. Finally, behavioral 

studies suggest that the increase in striatal ECF DA 
contralateral to a mesostriatal lesion may cause a 
small downregulation of DA receptors on that side, 
as indicated by a reduced sensitivity to locally applied 
DA 16. Taken together these studies generally sup- 

port the concept of reciprocal regulation of the two 
mesostriatal DA systems, and the observation that a 
unilateral nigral lesion increases DA release in the 
contralateral striatum 44. They also establish that ma- 

nipulation of one striatum influences activity in the 
other striatum, and therefore, it is not appropriate to 
use one striatum as a control following unilateral ma- 
nipulations. 

After recovery from a 6-OHDA lesion it is thought 
that the concentration of DA in striatal tissue pro- 
vides an accurate index of the number of DA termi- 
nals remaining in striatum 46,5L78. The results suggest, 
therefore, that following recovery from a unilateral 

6-OHDA lesion only one percent of the normal DA 
input to striatum is required to maintain normal con- 
centrations of DA in the ECF. The ability of the 
mesostriatal DA system to compensate for such a 
massive insult is probably due to a couple of factors. 
One, the spontaneous discharge rate of mesostriatal 
neurons is normally very low 24'26, suggesting that the 

spontaneous rate of DA efflux from individual cells is 
also low. In addition, many mesostriatal DA neurons 
are frequently quiescent 12'4°. Therefore, even under 

normal conditions only a relatively small number of 
cells may need to be active at low rates to maintain 
normal striatal ECF DA concentrations, and normal 
function. Perhaps individual mesostriatal DA neu- 
rons 'time share' in a manner analogous to the motor 

neurons in a motor pool. Second, after a lesion a 
number of different compensatory neuronal pro- 
cesses probably interact synergistically to upregulate 
the remaining DA neurons. It is well established that 
after partial damage the remaining DA cells greatly 
increase their rate of DA synthesis 2,3,28,29,78. It is 

thought that this is a 2-stage process, first involving a 
change in the affinity of tyrosine hydroxylase for its 
cofactor, and later an increase in the amount of tyro- 
sine hydroxylase L79. Because DA reuptake sites on 
DA terminals are destroyed by 6-OHDA there is also 
a reduction in DA reuptake, and therefore, DA is 
presumably not removed from the ECF as rapidly af- 
ter a lesion 61,78,79. With long-term recovery an addi- 

tional factor may come into play, which involves the 
sprouting or regrowth of new terminals. This is sug- 
gested by histochemical studies and by an increase in 
striatal tyrosine hydroxylase and DA concentrations 
between a few weeks and 2-4  months after a 6- 
OHDA lesion ~8,46. Lastly, there is an increase in the 

fractional release of DA during electrical stimulation 
of DA depleted striatal tissue in vitro 61. Of course, 

this is consistent with the many reports of an increase 
in the ratio of DA metabolites to DA following DA 
depletion (e.g. refs. 7, 29, 31, 58, 78). 

There was also a very large increase in the fractio- 
nal release of DA in vivo in the present study. During 
the resting state the ECF concentrations of DA on 
the intact side of >95% depleted animals were 
0.118% of the total available DA, but on the lesion 
side represented 6.33% of total DA. This is a 53-fold 
increase in the proportion of DA located in the extra- 
cellular fluid, and presumably available at synapses. 
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The normalization of ECF DA is probably due to this 
huge increase in DA release from the remaining ter- 
minals, and to a lesser extent, to decreased reup- 
take 61, but further studies will be required to deter- 
mine the relative contribution of increased release vs 
decreased reuptake. It is also important to note that 
all the animals in the present study had a partial le- 
sion, i.e. there were detectable levels of DA on the 
lesion side in all animals. Presumably total destruc- 
tion of striatal DA terminals would result in a com- 
plete loss of ECF DA, and this is probably why DA 
was not detected in dialysate obtained from the le- 
sion side by Zetterstr6m et al. 75. There is also no re- 
covery of behavioral function after total DA deple- 
tion bilaterally 35,62. 

The present study shows for the first time that fol- 
lowing recovery from a partial unilateral 6-OHDA 
lesion of the substantia nigra the remaining DA ter- 
minals are not only capable of maintaining relatively 
high ECF concentrations of DA, but of actually 
maintaining normal ECF DA concentrations. That 
the in vivo rate of DA efflux reported here is indeed 
normal is supported by comparison with previous mi- 
crodialysis studies. For example, the following basal 
rates of DA efflux have been reported for striatum 
(uncorrected for recovery and all expressed as fmol/ 
min): 7.1 (Wood et al.74); 7.5 (Hernandez et al.3°); 
9.0 (Sharp et al.59); 9.5 (Zetterstr6m et al.75); 14.5 
(Ungerstedt68); 17.0 (Westerink and Tuinte71). In 
comparison, the basal rate of DA efflux in the pres- 
ent study averaged across all determinations (lesion 
and intact sides) was 15.3 fmol/min, and for neuro- 
logically intact rats was 11.7 fmol/min (uncorrected 
for recovery). It is presumably this extraordinary 
ability of only a small fraction of the DA terminals to 
maintain normal ECF DA concentrations that is re- 
sponsible for sparing of function after up to 80-90% 
of the DA terminals are destroyed, and in conjunc- 
tion with receptor supersensitivity, for the recovery 
of function seen after over 90% of the DA terminals 
are destroyed. 

Although there is Cbnsiderable recovery of behav- 
ioral function after a partial 6-OHDA lesion, recov- 
ery is incomplete, because behavioral deficits may 
reappear if the system is 'challenged', for example, 
by exposure to stress 6°. The effects of amphetamine 
on DA release reported here may help explain why 
deficits are reinstated by a challenge. In animals with 

a <95% DA depletion amphetamine caused an in- 
crease in the ECF concentrations of DA on both 
sides, but less from the lesion side than the intact 
side. In animals with a >95% DA depletion amphet- 
amine caused a large increase in ECF DA on the 
intact side, but not on the lesion side. In fact, in these 
latter animals amphetamine caused a progressive de- 
cline in ECF DA concentrations to non-detectable 
levels. These results suggest that although the com- 
pensatory changes are sufficient to maintain normal 
ECF DA concentrations during the resting state they 
are not necessarily sufficient in demanding situations 
requiring increased DA release, such as when ani- 
mals are exposed to stress ~'52. If the lesion is <95% 
and the demand is not great the remaining terminals 
may be able to increase DA release well above basal 
levels (also see ref. 28). If the demand is great or the 
lesion is large, however, a challenge may deplete the 
remaining DA stores leading to a reinstatement of 
symptoms. 

In contrast to the disassociation between lesion 
size and ECF DA there was a very good relationship 
between lesion size and the ECF concentrations of 
DOPAC and HVA. The large reduction in the ECF 
concentrations of DOPAC and HVA was presum- 
ably due to the degeneration of DA terminals follow- 
ing the 6-OHDA lesion. Nevertheless, the amount of 
DOPAC and HVA remaining in the ECF on the le- 
sion side was sufficient to account for all DA metabo- 
lism, i.e., even after a >95% DA depletion there was 
3-5 times more DOPAC and HVA (respectively) 
than DA. These findings provide strong support for 
the argument that most of the DOPAC found in tis- 
sue is loca,ed intraneuronally and is formed indepen- 
dent of DA release 13'7°'74. Furthermore, the observa- 

tion that neither post-mortem tissue concentrations 
of DOPAC and HVA nor ECF concentrations of 
these DA metabolites were related to the ECF con- 
centrations of DA suggests that DOPAC and HVA 
are poor indicators of the amount of DA available at 
the synapse. 

In summary, it was found that after recovery from 
a partial unilateral 6-OHDA lesion the remaining 
DA terminals are able to maintain normal concentra- 
tions of DA in striatal ECF during the resting state. 
This is presumably due to a number of changes in the 
damaged striatum, including an increase in DA syn- 
thesis and release from the remaining terminals, a 
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decrease in D A  reuptake, and perhaps the sprouting 

of new terminals. It will be interesting to determine if 

the mesostriatal system can also normalize ECF D A  

concentrations to the extent described here if there is 

bilateral damage. It is possible that crossed or bifur- 
cazing mesostriatal DA projections 2°'48'49 contribute 

to the normalization of ECF D A  following unilateral 

dam,ge,  and therefore after bilateral damage the 

compensatory response may be more modest. En- 

hanced activity in bifurcating D A  neurons could also 
contribute to the elevation in ECF D A  seen contra- 

lateral to a lesion. Even after a unilateral lesion the 

ability of the remaining terminais to compensate is 

limited, however, because at least after very large le- 

sions (>95 %) the remaining terminals cannot further 

increase DA release in response to increased de- 

mand. This may help explain why behavioral deficits 

can be reinstated by stimuli that increase DA release 

(e.g. stressors, amphetamine),  or decrease DA activ- 

ity (e.g. antidopaminergic drugs). It is nevertheless 

encouraging that such a small complement  of DA ter- 

minals can maintain normal ECF D A  concentrations 

and relatively normal function. This suggests that in 
the case of degenerative disorders, such as Parkin- 

son's disease, function may be maintained if methods 

can be devised to protect even a small fraction of the 

dopaminergic input to striatum. It also provides hope 

that replacement of even a small fraction of the nor- 

mal D A  in striatum, for example, by transplantation 

of adrenal or nigral tissue, will provide effective re- 
lief from the symptoms of D A  depletion ~9'23"34. 
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