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SUMMARY 

Embryonic substantia nigra (SN) was transplanted to the neostriatum in adult rats 
subjected to a unilateral or serial bilateral destruction of the nigrostriatal dopamine 
(DA) pathway. The survival of the graft and the growth of DA-containing fibers from 
the graft into the host brain was studied by fluorescence histochemistry and micro- 
fluorometry. The motor asymmetry, and the contralateral ‘sensory neglect’ induced by 
a unilateral destruction of the nigrostriatal DA pathway, were monitored in the trans- 
planted rats and in non-transplanted controls through repeated measurements of the 
amphetamine- and apomorphine-induced rotational behaviour, and through analysis of 
the rats performance in a number of sensorimotor tests. Finally, the development of 
aphagia and adipsia after a serial bilateral destruction of both nigrostriatal DA path- 
ways were followed in rats bearing bilateral SN transplants and in lesioned non- 
transplanted controls, 

The results show that large parts of the dorsal neostriatum can be reinnervated by 
DA-containing axons from the intracortical transplant and that this new DA input can 
fully compensate for the amphetamine-induced motor assymmetry that resulted from 
the initial destruction of the innate nigrostriatal DA pathway. The fluorescence micro- 
scopical observations provide strong evidence that the compensation of the ampheta- 
mine-induced rotational response was specifically related to the re-establishment of a 
new DA input to the denervated neostriatum, and that the degree of rotational com- 
pensation was well correlated to the magnitude of ingrowth into the neostriatum. Sub- 
sequent surgical removal ofthe SN transplant reinstated the initial rotational behaviour. 

* Present address: Section on Biochemistry and Pharmacology, Biological Psychiatry Branch, 
NIMH, Bethesda, Md., U.S.A. 
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In sharp contrast to the marked compensation in motor asymmetry, the trans- 
planted rats showed no tendency to recover in their sensorimotor performance. Thus, 
while the sensorimotor deficit had recovered in the control group a marked contralateral 
'sensory neglect' remained in the transplanted animals. Furthermore, removal of the 
transplant produced a significant improvement in their sensorimotor performance with- 
in 3 days. In the bilaterally transplanted animals the presence of the transplants did not 
prevent the development of severe adipsia, aphagia and akinesia following the destruc- 
tion of the remaining contralateral nigrostriatal pathway. In fact, the recovery from the 
consummatory deficits tended to be better in the lesioned control rats than in the trans- 
planted ones. 

It is concluded that SN transplants reinnervating the dorsal part of the neostria- 
tum are able to replace the innate SN in normalizing some aspects of the rats motor 
behaviour, while their sensorimotor deficits and deficits in consummatory behaviour 
were unaffected. It is suggested that this dissociation of transplant-induced recovery is 
due to the failure of the SN transplants to reinnervate those parts of the neostriatum 
which are most directly implicated in sensorimotor and consummatory behaviour. 

INTRODUCTION 

Previous studies in the rat have demonstrated a remarkable ability ofintracerebral 
embryonic neural transplants to establish extensive connections with denervated region s 
in the brains of adult recipients a-6. The patterning of the ingrowing axons from the graft 
can be quite specific. In fact, with monoamine-rich brain stem transplants, grafted to the 
hippocampal formation in adult rats, electrophysiological analysis and electron micro- 
scopyl,3 have provided evidence that the ingrowing axons can form functional synaptic 
connections with denervated neurons in the host. These observations raise the question 
whether the newly-formed transplant-to-host connections can have any functional 
meaning in the behaviour of the recipient rat, and whether the host can make use of the 
transplant in functional recovery after denervating brain lesions. The present study was 
addressed to this problem, using the nigrostriatal system as a model. 

In the series of experiments reported here, embryonic substantia nigra (SN) was 
transplanted to the dorsal surface of the neostriatum in rats subjected to an ipsilateral, 
or serial bilateral, destruction of the dopaminergic nigrostriatal pathway. The rationale 
behind this design was 4-fold: (I) a surgical technique has recently been developed, 
which allows intracerebral grafting of developing dopaminergic neurons from the em- 
bryonic SN region with excellent survivalaa,34; (2) a previous histofluorescence study 
has shown that SN transplants can successfully reinnervate the dopaminergicatly 
denervated caudate-putamen in adult ratsS; (3) the behavioural deficits induced by 
unilateral or bilateral destruction of the nigrostriatal dopamine (DA) system have been 
well characterized. In particular, a large part of the classic lateral hypothalamic syn- 
drome (including aphagia, adipsia, akinesia, and sensorimotor impairments) can be 
induced by selective destruction of this system (see ref. 22 for review). Moreover, 
pharmacologically induced rotational behaviour has been shown to be a very sensitive 
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measure of  the integrity of the nigrostriatal DA systemT,as; and (4) reinnervation of  the 
DA-deficient neostriatum by nigral transplants may have interesting potential clinical 
applications in the treatment of Parkinson's disease. 

METHODS 

Design 
Two separate experiments were conducted. The first experiment (unilateral 

groups) investigated the changes in drug-induced rotation and in sensorimotor asym- 
metries, induced by unilateral lesions of  the nigrostriatal DA pathway, following ip- 
silateral transplantation of  embryonic SN. Forty rats received unilateral 6-hydroxy- 
dopamine (6-OHDA) lesions to the nigrostriatal pathway. Thirty of these, which showed 
reliable ipsilateral amphetamine-induced turning (criterion: mean of :> 7 turns/min over 
a 60 min test period), received intracortical SN transplants on the same side as the 6- 
OHDA lesion. During the subsequent 6 months the rats were subjected to repeated 
amphetamine and apomorphine rotational testing. Before the last amphetamine and 
apomorphine tests the transplants were removed in 6 of the rats. Sensorimotor testing 
was performed twice before, and 3 times after transplant removal. Finally, 7 months 
after transplantation, the 29 surviving rats were killed and the brains processed for 
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Fig. 1. a: diagrammatic representation of the sequence of surgical operations in experiment 1 (Uni- 
lateral Groups). al: intact nigrostriatal pathway on both sides, a2: unilateral 6-OHDA lesion of the 
nigrostriatal pathway, as: ipsilateral transplant to cortical site. a 4: transplant removal, b: sequence of 
surgical operations and pharmacological testing in experiment 1. The horizontal scale represents the 
passage of time with length of intervals marked. Abbreviations: mo, month; wk, week; d, day. The 
times of sensorimotor evaluation are also marked (~). 
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Fig. 2. a: diagrammatic representation of the sequence of surgical operations in experiment 2 (Bilateral 
Groups). at: intact nigrostriatal pathway on both sides, as: unilateral 6-OHDA lesion, a3: bilateral 
transplant to cortical site. a4: contralateral 6-OHDA lesion, as: transplant removal, b: sequence of 
surgical operations and pharmacological testing in experiment 2. The horizontal scale represents the 
passage of time with length of intervals marked. Abbreviations: d, day; wk, week. The times of sensori- 
motor evaluation are marked (O). 

fluorescence histochemistry. Two of  these were finally excluded from the material be- 
cause of heavy infection at the transplantation site. The design of the surgical procedure 
is diagrammatically presented in Fig. 1 a and the sequence of operations, and of pharma- 
cological and sensorimotor testing is shown in Fig. lb. 

In the second experiment (bilateral groups) the effect of bilateral SN transplants 
was investigated on motor asymmetries following unilateral 6-OHDA lesion of the 
nigro-striatal DA pathway, and on aphagia and adipsia following serial bilateral lesions. 
Thirty animals initially received unilateral 6-OHDA lesions of the nigrostriatal path- 
way. Of the 18 animals that showed reliable ipsilateral rotation under amphetamine 
testing (mean of  ~ 7  turns/min) 12 received bilateral SN transplants; the remaining 
animals received transplantation cavities but no transplants and served as controls. Two 
further amphetamine tests were administered to provide the basis for selection of 8 
animals which showed good compensation of rotation following nigral transplantation, 
and 6 lesioned controls without transplants which maintained reliable rotation. Three 
to four months after the first 6-OHDA lesion these two subgroups received a contra- 
lateral 6-OHDA lesion of the remaining intact nigrostriatal pathway. Survival was 
monitored over 14 days, with concurrent sensorimotor evaluation. A final stage of the 
experiment involved removal of the transplants from surviving animals. The surgical 
procedures are diagrammatically presented in Fig. 2a and the sequence of  operations 
and pharmacological testing is presented schematically in Fig. 2b. 
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Subjects 
The rats used as recipients were young adult females of the Sprague-Dawley 

strain, weighing 180-200 g at the beginning of the experiment. The donors were 16-17 
days old fetuses of the same inbred strain. 

Operative procedures 
Transplantation. The gratts comprised the ventral mesencephalic tegmentum ob- 

tained from 16-17-day-old rat embryos (crown-rump length 15-20 ram). The pieces 
contained the developing dopamine neurons of the bilateral substantia nigra-A10 
system. These ventral mesencephalic transplants (in the following referred to as SN 
transplants) were transplanted into a cavity in the parietal cortex, as will be described 
in detail elsewhere as. The procedure involved a two stage operation. In the first opera- 
tion an approximately 2 × 3 mm wide cavity was made by suction under visual control 
through the anterior parietal cortex and the corpus callosum in order to expose the 
dorsal surface of the head of the caudate-putamen. The wound was filled with gel-foam 
and the wound closed. Two to three weeks later, when a new vessel-rich pia had been 
formed over the walls of the cavity, the wound was opened and a transplant inserted into 
the cavity. 

Control cavities. Control cavities were made as above, but no transplant was in- 
serted. 

Transplant removal. This was performed by suction under visual control. The 
transplantation wound was re-opened, and the new bone and dura, which had reformed 
over the transplant, was removed. In all cases the completeness of the transplant removal 
was checked by fluorescence histochemistry in serial frontal sections. 

6-OHDA lesion. Eight micrograms (free base) of 6-OHDA (H~issle, Gbteborg, 
Sweden; HCl-salt) in 4 #l of saline were injected during 4 min into the ascending DA 
pathways according to Marshall and Ungerstedt 23. Ascorbic acid (0.2 mg/ml) was 
added as anti-oxidant. The injection coordinates were: 4.4 mm behind bregma, 0.9 mm 
lateral to midline, 7.5 mm below the dura. The tooth-bar was 2.3 mm below the intra- 
aural line. This placement is at the rostro-medial aspect of the SN where the dopamine 
axons of the nigro-striatal, meso-limbic and meso-cortical pathways assemble. The 
position of the lesion was checked for fluorescence histochemically in serial coronal 
sections. Our own DA analyses have shown that this lesion causes a more than 95 ~o 
reduction of DA in the ipsilateral caudate-putamen. In the bilateral groups the 6-OHDA 
lesion was made one week before the transplantation cavity was made (Fig. 2b), whereas 
in the unilateral groups the cavity operation preceded the 6-OHDA lesion (Fig. lb). 

Pharmacological tests 
Animals were injected at monthly intervals with either 5 mg/kg metamphetamine 

i.p. (dissolved to 5 mg/ml in saline), or with 0.25 mg/kg apomorphine s.c. in the neck 
(dissolved to 0.25 mg/ml saline), and tested immediately following injection for drug- 
induced rotation as described by Ungerstedt and Arbuthnott as. The rotometers con- 
sisted of either white or transparent perspex bowls supported on metal rings with the 
same type of bowl used consistently for any given animal on repeat testings. The number 
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of  complete 360 ° turns/min was recorded by sampling every tenth minute by direct 
observation for a 60 min period after amphetamine injection, and for a 30 rain period 
following apomorphine injection. 

Evaluation of aphagia and adipsia 
The animals from the second experiment, which had received sequential bilateral 

lesions of the nigro-striatal pathway, were housed individually one week preceding and 
two weeks following the second lesion. Daily measurements were taken of the weight of  
the animal and of  the water bottle, from which daily weight loss and water consumption 
were computed. In addition to the standard laboratory chow pellets in the cage basket, 
additional pellets and palatable 'chocolate chip cookies' were placed in the cage itself so 
that it was possible to determine when the animal began eating, if at all. 

Sensorimotor tests 
The sensorimotor test battery was modified from that described by Marshall and 

Teitelbaum 21 to test sensorimotor orientation and coordinated limb use on each side 
of  the body. Initially each animal was observed unrestrained on the bench and rated for 
general postural asymmetry and spontaneous rotation. 

In order to test orientation to sensory stimuli the rat was placed on an unstable 
platform mounted on a column approximately 70 cm above the surface of the bench so 
as to minimize locomotion during testing. The degree of head orientation and biting of 
the stimulus probe was recorded first on one side of the body and then on the other side 
for each of the following stimuli : (a) somaesthesis - -  a light pin prick was applied to 
6 sites, involving combinations of  dorsal and ventral placements at rostral, middle and 
caudal levels on the lateral surface of each side of the body; (b) whisker t o u c h - -  a thin 
wooden probe (toothpick) was lightly brushed against the vibrissae, approaching from 
the lower rear of the animal so as to avoid the visual field; (c) snout p r o b e - -  the wooden 
probe was gently rubbed against the snout of the rat; and (d) olfaction - -  a cotton swab 
dipped in ammonia solution was gently approached in a lateral-medial direction to- 
wards the animal's nose. 

Limb reflexes and coordinated limb use. These were assessed in several tests: (a) 
forelimb placement--  the rat was grasped around the abdomen and slowly lowered in a 
head-down orientation towards the surface of  the bench. The accuracy and coordina- 
tion of reflex placement of the forelimbs was noted; (b) forelimb suspension-- the  
experimenter grasped the rat by one forepaw and suspended the animal by this limb. 
Normal animals will rapidly grasp the hand with the free paw and use this to pull itself 
up onto the hand. Latency to achieve successful pull-up was recorded, with a failure 
criterion of 10 sec; (c) climbing grid - -  the rat was placed on a vertical wire grid with 
horizontal grills (a removable cage floor clamped vertically by its upper edge to the 
bench surface); (d) mouth p r o b e - -  the rat was held vertically around the body with head 
upwards, and the wooden probe inserted into the side of  the mouth. All rats showed a 
licking to this stimulus; grasping of the probe with the ipsilateral forepaw, or attempts 
to bite the probe were recorded; (e) ammonia swab--withdrawal  and nose grooming in 
response to the ammonia swab employed in the olfaction test above was recorded. 
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The response in each orientation and limb-use test was rated on a 3-point scale: 
0 (absent), 1 (weak), or 2 (strong). An index was derived from the individual test scores 
on the two sides of the body, and the difference in the index scores between the two sides 
computed. 

Fluorescence histochemistry 
At the termination of the experiments, all 29 surviving rats in the unilateral groups 

were perfused and processed according to the ALFA method of Lor6n et al. TM (Proce- 
dure 1) for histofluorescence analysis of DA-containing neurons. In this method the 
brains are perfused with an aluminum-containing formaldehyde solution. The speci- 
mens are then rapidly frozen to the temperature of liquid nitrogen, freeze-dried, reacted, 
and embedded in paraffin in vacuo. The entire forebrain, including the transplantation 
cavity, was serially sectioned in the frontal plane. 

The magnitude of ingrowth of DA fibres into the denervated neostriatum from 
the transplant was estimated in two different ways: (a) by blind assessment in the fluor- 
escence microscope (in the coded specimens) of  the proportion of the head of the cau- 
date-putamen that was reached by fluorescent DA fibres. Each specimen was rated on 
a 4-point scale: 0 = <1/~0 of the entire head of caudate-putamen; 1 = 1/~0 or 1/10; 
2 ~ 1/s or 1/5; 3 ~ ~1/4; (b) by microfluorometric quantitation of the intensity of the 
DA-derived fluorescence within the innervated area of the caudate-putamen, essentially 
according to Einarsson et al. 1°. The measurements were performed in a modified Leitz 
microspectrofluorometer at 405 nm excitation and 500 #m emission wavelength. Three 
sections through the reinnervated part of the neostriatum were selected from each 
specimen. In each section the DA-fluorescence intensity on the reinnervated and control 
sides were measured in 5 randomly selected points (measuring field approximately 
100 × 100/zm). Blank values were obtained from the denervated part of the ipsilateral 
neostriatum. The mean intensities were expressed as per cent of the value measured in the 
contralateral control neostriatum. 

DA assay 
In the bilateral experimental groups, the remaining DA levels in the caudate- 

putamen were measured according to Da Prada and Z~rcher a in those 4 rats which 
survived the second 6-OHDA lesion and had had their transplants removed. 

RESULTS 

Unilateral transplants 
Thirty rats, which all showed a reliable ipsilateral amphetamine-induced rotation 

after the 6-OHDA-induced nigro-striatal bundle lesion, received SN transplants on the 
side ipsilateral to the 6-OHDA lesion. Of these, one rat died shortly after transplanta- 
tion, and one brain was lost during histochemical processing. Of the remaining 28 rats, 
25 had surviving transplants (90 ~ survival), 6 of which were removed by suction under 
visual control during the final stage ofbehavioural testing. Of the remaining rats, 2 were 
discarded at dissection because of heavy infection, and in a third the transplant had 
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Fig. 3. Drawings of two intracortical SN transplants, 7 months survival, represented in 5 approximately 
equally spaced frontal planes through the head of the caudate-putamen (rostral upwards). A: a specimen 
with extensive growth of DA fibers from the transplant into the dorsal part of the caudate-putamen 
(ventrally), and more sparse growth into the dorsomedial frontal cortex (rostrally) and the deep part 
of the sensorimotor cortex (laterally). In this animal the initial rate of amphetamine-induced turning 
was reduced by 90 %. B: a specimen with very little DA fibre growth into the caudate-putamen but rich 
growth into the dorsal and lateral parts of the fronlal cortex, including the so-called sulcal cortex. The 
rate of amphetamine rotation underwent a 68 % increase in this animal. 

been totally resorbed; this latter animal was, however, included with the material 
processed for fluorescence analysis. 

Fluorescence microscopy 
At sacrifice, 7 months after transplantation, the SN transplants varied in volume 

from about  1.5 to 8 cu.mm (median value 3 cu.mm), as shown in Fig. 13. This shows that 
the grafted tissue piece, which had a volume of approximately 2 cu.mm at the time of 
transplantation, on the average had grown about 50 °/'/o in size, and that the most success- 
ful specimens had increased 3-4-fold in volume. 

The SN transplants had fused ventrally with the dorsal surface of  the caudate- 
putamen, and in most cases also with one or more of the cut cortical surfaces that formed 
the walls of  the transplantation cavity, as illustrated in the semi-diagrammatic drawings 
in Fig. 3 and in the photomontage in Fig. 4. Due to a reduction in size of  the cavity, the 
transplant in most cases filled it out, and a new pia-arachnoid membrane - -  continuous 
with the membrane overlying the surrounding co r t ex - -had  been formed over the trans- 
plant (Figs. 3 and 4). 

All transplants contained fluorescent catecholamine (CA)-containing neurons 
and in most cases also a fluorescent neuropil. The fluorescent neurons, the vast majority 
of  which most probably are DA-containing*, varied in number from about  100 up to 
several thousands. Due to the high density of  the fluorescent neuropil in some trans- 
plants the exact number of  DA neurons could not always be counted. Indoleamine- 
containing neurons were found only in one specimen; they occurred scattered in the 
rostral part  of  the transplant. 

The structural features of  the SN transplants were suggestive of  a high degree of  
internal structural differentiation of  the grafted tissue. Ependyma-lined, ventricle-like 
cavities were regularly found in the transplant (Fig. 4). In several specimens the fluor- 
escent CA-containing neurons were arranged in a pars compacta-like structure and 
fluorescent processes, resembling the dendrites of  the normal nigral DA neurons, were 
in these cases seen to ramify into a region of the transplant containing non-fluorescent 
neuronal perikarya (Figs. 4, 5 and 6B). This arrangement is conspicuously similar to 
that of  the pars reticulata of  the normal  substantia nigraL 

* The predominantly dopaminergic nature of the fluorescent neurons in the transplant, and of the 
ingrowing axons in the neostriatum, is substantiated by biochemical analyses (Schmidt, BjiSrklund 
and Stenevi, unpublished observations) demonstrating several fold higher DA than noradrenaline 
concentrations in the transplants and in the reinnervated caudates. 
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Fig. 5. Detail from a more rostral portion of the transplant shown in Fig. 4, showing the pars compacta- 
like aggregation of DA-fluorescent neurons (C), and their dendritic processes projecting into a region 
of the transplant (R) that may correspond to the pars reticulata of the normal substantia nigra. FM, 
forceps minor. ( x  150.) 

Fig. 4. Fluorescence photomontage of the SN transplant and the underlying caudate-putamen (CP), 
7 months survival. The fluorescent CA-containing neurons (most probably predominantly dopaminer- 
ergic) are arranged in a manner reminiscent of the normal substantia nigra, with a compacta (C)- 
reticulata (R)-like subdivision. The transplant also contains ependyma-lined, ventricle-like cavities 
(V). GF, residual gel-foam; m, the newly-formed meningeal covering. A new, dense DA-containing 
terminal plexus has been formed in the dorsal 1/3 of the CP, and the mean DA fluorescence intensity in 
the reinnervated area was 54 ~ of normal, according to the microfluorometric recordings. The initial 
rate of amphetamine-induced rotation was reduced by 75 ~ in this animal. (ALFA method: x 70.) 



318 

Fig. 6. Details from 7-month-old transplants, showing the passage of axons from SN transplants (T) 
into the caudate-putamen (CP) (A-C) and in bundles underneath the newly-formed meningeal covering 
(m). The very discrete border zone between the transplant and the CP, marked by arrows, does not seem 
to provide any obstacle for the outgrowing axons. C and R denote the nigra-like portion of the trans- 
plant. Arrow heads in A mark some CA-fluorescent neurons in the graft. (ALFA method, :,~, 115.) 
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Growth of  DA fibres from the transplant into the host brain occurred in 18 of  the 
19 specimens with surviving transplants. Ingrowth occurred into the dorsal neostriatum 
in 17 specimens, into the dorsolateral frontal cortex in 6, and into the cortex lateral to 
the cavity in 4. Two representative specimens, one with prominent growth into the neo- 
striatum and one where the growth had occurred predominantly into the cortex, are 
semidiagrammatically illustrated in Fig. 3. The ingrowth into the neostriatum was in 
most cases by far the most abundant one. Fluorescent axons were in these cases seen to 
pass in abundance in loose strands across the transplant-striatal border into the neo- 
striatum (Fig. 6A-C). Here, they ramified to form a dense varicose terminal network in 
the grey - -  but not in the white - -  matter of the dorsal caudate-putamen (Figs. 4 and 6). 
Other axons left the transplants in bundles or fascicles along vessels or meninges (Figs. 
6D and 7). Frequently, these bundles could be traced rostrally into the frontal cortex, 
as illustrated in Fig. 7. 

The DA ingrowth into the neostriatum covered maximally about 1/3 of the head 
of  the caudate-putamen. As summarized in Fig. 11 the ingrowth covered 1/4-1/3 of the 
head in 9 specimens, 1/8-1/5 in 4, and between 1/10 and 1/20 in the remaining 4. In the latter 
cases the DA fibres were confined to a narrow zone of the dorsal caudate-putamen ad- 
jacent to the transplant. The distribution of  ingrowing fibres in the neostriatum is 
illustrated for a well reinnervated case in Fig. 3A. It can be seen that the main area of 
ingrowth is the dorsal and rostral parts of the caudate-putamen; the ventral striatum 
and the nucleus accumbens were never reached by the transplant axons. 

The completeness of the 6-OHDA lesion could be checked in the non-reinnervated 
parts of the ventral striatum, as well as in the forebrain areas innervated by the meso- 
limbic pathway (i.e. septum, the dorsal part of  the interstitial nucleus of the stria 
terminalis, and the olfactory tubercle). In the transplanted rats only a few scattered DA 
fibres were sometimes found in the neostriatum, thus confirming the validity of intense 
amphetamine-induced rotational responding (mean of > 7  turns/min over the 60 min 
test period) as a reliable criterion for efficient dopaminergic denervation of the neostria- 
turn. By contrast, the number of fibres remaining in the basal forebrain regions was 
more variable: the denervation was complete in 15 rats, whereas in the remaining 5 a 
proportion of the DA innervation, varying between approximately 5 and 40 ~ of nor- 
mal, remained in nucleus accumbens, olfactory tubercle, bed nucleus of the stria ter- 
minalis, and septum. The residual fibres were always more abundant in the medial parts 
of  these structures. 

The degree o fDA innervation of  the caudate-putamen was evaluated microfluoro- 
metrically. In each specimen the intensity of  the DA-derived fluorescence was recorded 
from 15 areas randomly distributed within the reinnervated part of the neostriatum, 
and from 15 homologous areas in the contralateral control neostriatum. Blank values 
were obtained from the non-reinnervated part of  the denervated caudate-putamen. 

The average DA-fluorescence intensity in the reinnervated area varied, in per cent 
of  the control side from 3.5 up to 66 ~ ,  with a mean of 32 ~ and a median value of 33 ~o. 
Four specimens had an average intensity of  50 ~ or higher. The ingrowing DA fibres 
were, however, not homogenously distributed within the reinnervated areas: there was 
usually a clear-cut gradient in the fibre network with the highest fibre density in the 1-2 



i 



321 

TRANSPLAN- 
TATION 

25. ~7 

20 
. 

8 

:\  
° N 

N 
\ 

\ 

Q 

• c~I0. 
u 

5- 

i i  

i 4 

s 

° 

- 5- 1 wk 2 mo 3 mo 5 mo time after 
6- OHDA 

Fig. 8. Scatter diagram of mean amphetamine-induced rotation (mean of 360 ° t urns/rain over the 60 min 
observation period) in the unilateral transplant group (Fig. 1) at 4 different t imes-- 3 days before and 2, 
3 and 5 months after transplantation. Each open circle represents the score of an individual animal. The 
dotted line connects the mean rotation scores of the whole group at the 4 time points. The open arrow 
indicates the time at which animals received transplants. 

m m  wide zone closest to the t ransplant .  The fibre ne twork  gradual ly  became more  sparse 
fur ther  away  f rom the t ransplant .  Moreover ,  the D A  innervat ion  was usual ly more  
a b u n d a n t  in the vicinity o f  those par ts  o f  the t ransplants  which conta ined  the highest  
numbers  o f  D A  neurons.  This unevenness in the d is t r ibut ion  o f  the ingrowing D A  fibres 
was revealed also in the microf luoromet r ic  recordings.  In  the well re innervated  speci- 
mens,  where the ingrowing fibres had  covered between 1/4 and  1/3 o f  the head  o f  the 
cauda te -pu tamen  the densest  re innervated par ts  had  an intensi ty o f  60-100 % o f  con- 
t rol ,  indica t ing  tha t  the densi ty o f  the newly-formed D A  innervat ion  was close to normal  
in these areas.  

Amphetamine-induced rotation 
A scatter  d i ag ram of  mean  ro ta t iona l  counts  per  minute  is shown in Fig. 8 for  am- 

phe tamine  tests (5 mg/kg,  i.p.) pe r fo rmed  1 week after the 6 - O H D A  lesion, and  2, 3 and 
5 months  fol lowing ipsi lateral  t ransplanta t ion .  A high rate  o f  ipsi la teral  ro ta t ion  was 
found  fol lowing the init ial  6 - O H D A  lesion. The mean  number  o f  counts  declined, how- 

Fig. 7. Newly-formed DA terminal plexus in the frontal cortex, dorsal to the forceps minor (FM). The 
axons have grown in thick bundles from the rostral tip of the SN transplant (T) out over the dorsal, and 
cortical surface. The transplant projection is in this case much denser than that normally present in this 
area. GF denotes residual gel-foam. (ALFA method; × 115.) 
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Fig. 9. Mean amphetamine-induced rotation counts (mean 360 ° turns/min) in the unilateral transplant 
group (Fig. 8) for the 3 selected groups of animals at 5 different t ime-points--  3 days before transplanta- 
tion, 2, 3 and 5 months after transplantation, and 4 days following transplant removal in group TR. 
Vertical bars represent the S.E.M. for each mean score. The open arrow represents the time at which 
animals received unilateral transplants, and the solid arrow indicates the time at which the transplants 
were removed in group TR. Abbreviations: UC, uncompensated transplanted rats; CC, compensated 
transplanted rats; TR,~transplant~removal group. 

ever, on successive test sessions after transplantation (F = 17.741, df = 3,80, P < 0.001). 
The majority of  individual animals showed such decline in the rotational response across 
sessions ( 'compensation')  although several showed no compensation at all. To investig- 
ate the role of  the transplant in the compensation process, 3 subgroups of  animals were 
selected from the total group: uncompensated rats (UC, n ----- 6), in which amphetamine- 
induced rotation maintained a high level on repeated test sessions; compensated rats 
(CC, n = 5), in which amphetamine-induced rotation had declined by the fourth test 
session to less than 3 ipsilateral counts/min; and a group similar to the compensated 
animals that underwent surgical transplant removal (TR, n ~ 5). The mean group rota- 
tion counts on the initial 4 rotation tests (upon which selection was based) and a further 
amphetamine test 4 days after transplant removal is presented in Fig. 9. Transplant 
removal in group TR reinstated the initial rate of  rotation. The difference between groups 
on the final test session is significant (F ~ 15.19, df = 2,13, P < 0.001) and the Newman-  
Keuls test ~9 for comparison of individual means reveals that both TR and UC groups 
differ from CC group. (Differences = 14.6 and 16.0; critical values ----- 9.6 and 11.2, 
respectively at P = 0.01), whereas the TR and UC groups do not significantly differ from 
each other (difference = 1.3, critical value --  6.9 at P = 0.05). 

Apornorphine-induced rotation 
A contralateral rotational response to apomorphine (0.25 mg/kg, s.c.) of  3-8 

turns/rain had developed at 9 days after the unilateral 6 -OHDA lesion. The rats were 
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again tested 4 months after transplantation. However, the contralateral rotation counts/ 
min of  the whole group before and 4 months after transplantation did not differ signif- 
icantly (F ----- 0.33, df -- 1,27, P ~> 0.25), nor did the 3 selected subgroups (UC, CC and 
TR) differ significantly from each other on the third apomorphine test following re- 
moval of transplant from group TR (F = 0.27, df = 2,13, P > 0.25) (Table 1). Thus, 
also in the animals which showed a complete compensation of amphetamine-induced 
turning the apomorphine-induced response remained on the average at a level of  4-5 
turns/min. 

Sensorimotor test battery 
Preliminary observation when developing the test battery (see Methods) revealed 

qualitative differences between animals with unilateral SN lesions and normal rats. 
Apart from reduction in general orientation and responsiveness, the lesioned animals 
showed abnormal patterns of behaviour on several components of the test battery. The 
forelimb placing reflex generally was not elicited by visual stimuli alone, and extension 
did not take place until vibrissae contact. In the forelimb suspension test many lesioned 
rats grasped the ipsilateral hindlimb with the free forepaw, and tried to pull themselves 
up in this way. This was ineffectual in comparison with the behaviour of the unlesioned 
animals which rapidly used the free forepaw to grasp the experimenter's hand and then 
used both forelimbs to pull themselves up. On the climbing grid, whereas normal animals 
would rapidly climb upwards to the safety of the bench, lesioned animals generally clung 
on tightly with their whole limbs hooked around the rungs. They frequently rotated to 
a head-down orientation and occasionally fell off. The mouth probe test was noted to 
be one of the most reliable tests of the battery - -  unilaterally lesioned animals almost 
invariably grasped the probe with the ipsilateral forepaw only when it was approached 
from the same side as SN lesion. 

The test battery was first administered to all animals 2 weeks prior to transplant 
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Fig. 10. Mean difference scores on the sensorimotor test battery for the compensated transplanted rats 
(CC) and the transplant removal (TR) groups at 5 different times --  viz, 2 weeks and 1 day before, and 
3, 7 and 10 days following transplant removal in group TR. The arrow indicates the time at which 
transplants were removed in group TR. 
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Fig. 11. Correlation between degree of reinnervation of the neostriatum and the change in amphetamine 
rotational score over the 7 month experimental period. Ingrowth rating scale: 0 = < 1/2o of the head 
of the caudate-putamen: 1 = 1/20 or 1/10 ;2 = t/8 or 1/5 ; 3 - > 1/4. Each circle represent one specimen 
and the solid line connects the means of each group. Specimens labelled with one and two asterisks 
comprised the selected CC and UC groups, respectively (cf. Figs. 9 and 10). Specimen labelled a is the 
one illustrated in Fig. 3B. Specimens b and c are discussed in the text. 

removal  in the T R  group.  A significant, ma rked  ipsi lateral  bias was noted in all but  one 
animal ,  which showed a difference score of  0 (t = 10.38, d f  ----- 28, P < 0.00l) .  The same 
3 selected subgroups  as used in the amphe tamine  test were invest igated further,  and  the 
sensor imotor  test ba t tery  was adminis te red  again one day  pr io r  to t r ansp lan t  removal ,  
and  3, 7 and 10 days fol lowing removal  (except tha t  g roup  U C  did not  receive the final 
test). 

Both compensa ted  and uncompensa ted  groups  ma in ta ined  their  ipsi lateral  bias 
th rough  repea ted  testings bu t  did  not  differ f rom each o ther  ( F  ~ 0.80, d f  - -  1,9, 
P ~ 0.25). Fig. 10 shows mean difference scores for  groups  CC and  T R  over repeated  
sessions. The two groups  did  not  differ on the two sessions pr io r  to t r ansp lan t  removal  
( F  ~-- 0.80, d f  - -  1,8, P > 0.25). Fo l lowing  removal  o f  the t ransplant ,  the T R  group  
difference scores were lower than  those  o f  the CC group  ( F  = 11.64, df--~ 1,8, P < 0.01), 
whereas the main  effect due to session, and  the in terac t ion  between group  and session 
remained  insignificant ( F  = 0.03, d f  = 2,16, P > 0.25 and F ----- 0.32, d f  = 2,16, P > 0.25, 
respectively).  

Correlation between DA ingrowth and behavioural measures 
The results demons t ra te  a good  corre la t ion  between the D A  ingrowth  into the 
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caudate-putamen and the degree of compensation of the amphetamine-induced rota- 
tional response in the transplanted rats (Figs. 11 and 12 and Table I), whereas the cor- 
relation between transplant volume and rotational compensation was poor (Fig. 13 and 
Table I). In Fig. 11 the change in the rotational response over the 6 month experimental 
period is plotted against the extent of DA reinnervation of the caudate-putamen, as 
rated on a 4-point scale. In specimens where the ingrowing axons covered at least 1/8 of 
the head of the caudate-putamen the compensation resulted in a reduction of rotation 
by 90 ~ (range 60 to 115 ~) while in specimens with less than 1/10 of the head reinner- 
vated the reduction was only 4 ~ (range --68 to +60 ~). The animals which were 
selected prior to histofluorescence analysis for the compensated (group CC) and un- 
compensated (group UC) test groups are in Figs. 11 and 12 indicated by one and two 
asterisks, respectively. As seen in Fig. 11 none of the specimens with less than 1/20 of the 
caudate head reinnervated showed a reduction in the amphetamine rotation over time. 
A partial reduction (30-58 ~) was recorded in two specimens where the DA axons had 
grown into a narrow dorsal segment of the neostriatum, corresponding to between 5 and 
10 ~ of the whole caudate head. 

Ingrowth into larger areas of the denervated caudate-putamen did not result in a 
parallel, progressive reduction in the amphetamine-induced rotation. Rather, the rota- 
tional response levelled off at about 90-100 ~ compensation. This assymptotic shape 
of the curve relating ingrowth with rotation is even more pronounced in Fig. 12 where 
for each animal, the degree of ingrowth into caudate has been multiplied by the micro- 
fluorometric value of the average fluorescence intensity in the reinnervated zone (cf. 
above). This product ('DA ingrowth index') thus represents a rough estimate of the 
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Fig. 12. In this diagram the specimens represented in Fig. 11 are plotted according to their 'DA in- 
growth index' (= degree of reinnervation of caudate multiplied by the microfluorometric value of the 
average DA fluorescence intensity in the reinnervated zone). This index gives a rough estimate of the 
proportion of the total neostriatal DA innervation that had been restored by the SN transplants. 
Symbols as in Fig. 11. Arrow denotes the only transplant of the group that contained indoleamine cell 
bodies. 
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Fig. 13. Correlation between the approximate volume of the SN transplants and the change in amphe- 
tamine-induced rotation over the 7 month experimental period. Symbols as in Fig. 11. Specimens 
labelled b, c and d are discussed in the text. 

proportion of the total DA innervation that had been restored from the SN transplant. 
Fig. 12 shows that complete compensation can be reached with an index of  0.03-0.05 
and that no further reduction occurs up to values of 0.22, which represents about 5-6 
times greater reinnervation. 

The results indicate that the reduction in the amphetamine-induced turning was 
strictly related to the ingrowth of DA fibres into the denervated caudate-putamen. Thus, 
transplants with few DA neurons or DA-rich transplants with no or very little ingrowth 
into the caudate-putamen showed no rotational compensation. This is illustrated by the 
specimens labelled a, b and c in Figs. 11 and 13, which represent large transplants (ap- 
proximately 2-7 cu.mm in volume) with no or very little ingrowth into the caudate- 
putamen. In these specimens the rotational response tended to increase rather than de- 
crease over the post-transplantation period. In the specimen labelled 'a', which is 
illustrated in Fig. 3B, the transplant was very rich in DA neurons. The cells were con- 
fined to the dorsal part of the transplant and gave rise to a dense DA-terminal plexus 
within the transplant; very few fibres, however, extended into the caudate-putamen. In 
specimen b, as in a, the transplanted DA neurons had grown richly into the lateral and 
sulcal part of the frontal cortex, but only to a very minor extent into the caudate-puta- 
men. Neither of  these animals showed any compensation in the rotational response. 
This shows that a DA-rich transplant is efficient in compensating for the amphetamine- 
induced turning only when it establishes direct connections with the denervated neo- 
striatum. In fact, DA growth into non-striatal areas, such as the frontal cortex, does not, 
per se, seem to be sufficient to reduce amphetamine turning. Specimen c in Figs. 11 and 
13 shows, moreover, that a large-sized transplant with a few DA neurons had no in- 
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fluence on the rotational response. Conversely, specimen d, which contained a small 
transplant with large numbers of DA neurons, exhibited a pronounced influence on 
amphetamine-induced turning. 

Extensive sensorimotor testing was only applied to the 3 selected subgroups of 
rats, of which the TR group had the transplants removed during the test procedure. In 
the remaining two subgroups (CC and UC) no clear-cut relationship was found between 
either DA ingrowth or size of transplant and the sensorimotor difference scores. 

Bilateral transplants 

This experiment, summarized in Fig. 2, comprised 12 rats with bilateral nigral 
transplants and 6 control rats with transplantation cavities but no transplants. Three 
months after transplantation 8 of the transplanted rats, which showed good compensa- 
tion of the amphetamine-induced rotational response, and the 6 lesioned controls (which 
maintained a high rate of ipsilateral rotation) received a second 6-OHDA lesion of the 
remaining nigrostriatal DA pathway. 

Aphagia and adipsia 
All animals manifested absence of spontaneous eating and drinking immediately 

after the second 6-OHDA lesion. Six out of 8 transplanted animals died between 5 and 
8 days following the contralateral lesion. The remaining two rats recovered eating and 
drinking within a week and survived beyond the 15 days during which recordings were 
taken. In these two rats the transplants were finally removed 15 days after the second 
lesion; this had, however, no effect on the rats' eating and drinking. In the non-trans- 
planted control group, two rats died at 6 and 11 days, two died on the fourteenth day 
and the remaining two rats survived beyond 15 days. Although some of the animals that 
subsequently died ate a small quantity of palatable food, they all failed to drink and 
showed a rapid weight loss of 5-15 g/day. 

Once a rat started drinking, weight loss was reversed and it would rapidly gain in 
health, even though weight gain was sometimes slow. Although the survival duration 
appeared longer in the control group than in the transplanted animals, the biochemical 
data reported below suggest that this may be due to a variability in the extent of the 
second lesion rather than due to the contribution of the transplant. Nevertheless, the 
rapid decline in the transplant group in particular provides no evidence that the ex- 
trinsic striatal DA innervation from the transplant had blocked the severe aphagia and 
adipsia that follows bilateral nigrostriatal lesions. 

Sensorimotor tests 
Prior to the second lesion, the transplanted rats differed significantly from the 

controls in the sensorimotor test battery (mean side difference scores == 6.50 and 1.50 
respectively, t = 3.248, df = 12, P < 0.01). Thus, the unilaterally lesioned animals with 
bilateral transplants manifested a similar contralateral bias to the above described 
animals with unilateral transplants. The control animals, in contrast, showed no 
significant asymmetry (t = 1.145, df ----- 5, P > 0.3). 
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In the transplanted animals the asymmetry in the sensorimotor performance was 
abolished following the contralateral 6-OHDA lesion. Thus, the side difference scores 
of the transplanted animals dropped from a mean prelesion value of 6.50 to a mean of 
0.68 (t = 3.947, df = 7, P < 0.01). This difference remains significant also when only 
those animals which subsequently died are considered. The side difference scores of the 
control group showed a smaller shift in the same direction, yielding a slight sensorimotor 
bias ipsilateral to the second lesion. Whereas the rapid death in the transplanted animals 
suggests that the majority of the transplant animals had complete bilateral lesions, both 
the survival duration and the biochemistry does not allow a similar conclusion to be 
drawn for the 6 control rats. Consequently the statistical comparison of their sensori- 
motor scores following contralateral lesions with their prelesioned scores, and with 
those of the transplanted animals, was not considered. 

Biochemistry 
The DA assay was applied to the two control rats and two transplanted rats that 

survived the bilateral lesion and subsequent behavioural testing. In the transplanted rats 
the transplants were completely removed by suction 2 weeks before sacrifice. The first 
6-OHDA lesion had produced a reduction in the DA content of the ipsilateral neo- 
striatum by at least 97 ~ in all cases, thus supporting the initial amphetamine-turning 
criterion. In contrast the second lesion had been less successful: at least 30 ~ of normal 
DA content remained on this side in the 4 surviving animals. 

DISCUSSION 

The results show that transplants of embryonic SN can reinnervate substantial 
parts of the dopaminergically denervated neostriatum in adult rats and that this new 
DA input can fully compensate for the amphetamine-induced motor asymmetry that 
results from a unilateral 6-OHDA destruction of the nigrostriatal DA pathway. Am- 
phetamine is known to increase dopaminergic neurotransmission through a presynaptic 
action, and the amphetamine-induced turning response reflects an imbalance in DA 
release in the intact and the denervated neostriatum 11,zs. Moreover, in unilaterally 
denervated animals it has been shown that the intensity of the turning response is 
related to the degree of DA depletion in the denervated ipsilateral striatum 7,11,14, and 
that this lesion-induced motor deficit is permanent 7,38. 

The present observations provide strong evidence that the long-term compensa- 
tion of the amphetamine-induced rotational response in the transplanted rats is speci- 
fically related to the re-establishment of a new DA input to the denervated neostriatum 
from the SN transplant. The basis for this conclusion is 3-fold: (1) compensation did not 
occur in rats bearing SN transplants where few DA neurons had survived; (2) in rats 
with DA-rich transplants the degree of compensation was well correlated to the extent 
of DA ingrowth into the caudate-putamen. Extensive growth of DA fibers within the 
transplant or into the frontal cortical areas was not, per se, sufficient to reduce the am- 
phetamine-induced turning. In fact, growth of DA fibers into the frontal cortex may 
increase rather than decrease the rotational response; and (3) in transplanted rats show- 
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TABLE I 

Correlation between transplant volume, DA ingrowth into the caudate-putamen, and rotational responses 
in 3 groups of  transplanted rats 

Footnotes show differences from group CC values (Student's two-tailed t-test). 

Animal group Final am- Approximate Dopamine Dopamine Final apo- 
phetamine transplant ingrowth fluorescence morphine 
rotational volume area (% of intensity (% rotational 
score (cu. mm 8) caudate of  control score 
(turns / min ) head) side) ( turns/ min ) 

Compensated transplanted 
rats (group CC) 

Uncompensated transplanted 
rats (group UC) 

Rats with transplant 
removed (group TR) 

0.74-0.9 4.64-1.0 25.64-2.1 31.64-6.5 4.64-0.9 

16.64-1.9"* 3.44-1.0"** 4.24-1.5"* 15.04-10.5'*'5.84-0.4"** 

15.7±3.4' - -  0 0 4.64-1.2'** 

* P < 0 . 0 1 .  
* *  P < 0.001. 

*** Not significant. 

ing a compensation of the amphetamine-induced rotational response the initial rate of 
rotation was reinstated by surgical removal of  the transplant. 

The reduction in the amphetamine-induced rotational response seemed to be a 
very sensitive parameter of DA ingrowth into the denervated caudate-putamen. In- 
growth covering as little as  1/z0-1/10 of the head of the caudate-putamen was sufficient to 
affect the response, and complete compensation was regularly seen when the DA fibres 
had covered 1/8 or more. In fact, the 'DA ingrowth index', derived from the micro- 
fluorometric recordings, suggests that full compensation can be obtained with only a 
few per cent of the original striatal DA innervation restored from the SN transplant. 

The most likely explanation for this finding is that the ingrowing DA axons are 
acting on supersensitive receptors. Dopaminergic denervation of the striatum is known 
to induce supersensitivity towards DA receptor agonists, such as apomorphineZ4, 36. 
As judged by the apomorphine-induced contraversive turning response in the SN 
transplanted animals, supersensitivity persisted not only in the non-reinnervated 
specimens, but also in the reinnervated rats that showed compensation of the amphe- 
tamine-induced rotation. The persistence of supersensitivity towards apomorphine in 
the present material is reasonable in view of the fact that most of the neostriatum re- 
mained completely denervated even in the most successful transplanted rats. In fact, 
supersensitive rotational responses to apomorphine in 6-OHDA lesioned rats have 
previously been shown to develop after as little as 60 ~ decrease in striatal DA content 7. 

In a recent study, Perlow et al. 31 observed, using a different transplantation tech- 
nique, a partial (40-50 ~ )  reduction in apomorphine-induced rotation in SN-trans. 
planted rats, which is at variance with the present observations. However, the results 
from a subsequent experiment, yet in progress, indicate that the ability to detect partial 
changes in the supersensitive rotational responses to apomorphine in the SN transplant- 
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ed rats depends on the dose administered. In this experiment we again failed to observe 
any significant difference between SN-transplanted rats (n = 51) and lesioned non- 
transplanted controls (n -- 19) at a dose of 0.25 mg/kg apomorphine. By contrast, when 
tested with a lower dose, 0.05 mg/kg, the rotational response in the transplanted rats was 
overall reduced by about 60 ~ compared to the control rats, and by about 75 ~ in those 
transplanted rats which were well compensated under amphetamine-induced rotation. 
The dose-range used by Perlow et a lY (0.1-0.25 mg/kg) was intermediary to these doses. 

This phenomenon is readily explained by the shape of the dose-response curve of 
the supersensitive apomorphine-induced rotation, as published by Marshall and Unger- 
stedt 24. This curve shows a steep increase between 0.02 and 0.05 mg/kg and reaches a 
plateau between 0.1 and 0.2 mg/kg. Smaller changes in the apomorphine supersensitivity 
are therefore likely to be detected only in the linear part of the dose-response curve, i.e. 
at doses below 0.1 mg/kg. Our results, moreover, clearly indicate that apomorphine- 
induced rotation is a much less sensitive measure of DA fibre ingrowth in the transplant- 
ed rats than amphetamine-induced rotation. 

The likely occurrence of partial and confined reductions of receptor supersensiti- 
vity in the reinnervated transplanted rats is of particular interest for the interpretation 
of the relationship between degree ofreinnervation and the changes in the amphetamine- 
induced turning responses. Thus, with increasing magnitude of ingrowth of DA fibres 
from the transplant the reduction in amphetamine rotation levelled off, and, most 
notably, this levelling off occurred at a level close to 100 ~ compensation. This pheno- 
menon is evident both from the plots of extent of DA ingrowth vs rotational response in 
Fig. 11 and in the DA ingrowth index-rotation curve in Fig. 12. The initial rate of 
rotation in the 6-OHDA lesioned rats was eliminated in those cases where the SN 
transplants had reinnervated about 1/8-1/5 of the head of the caudate-putamen, and 
very little further change was seen in animals with about 1/3 of the caudate-putamen 
reinnervated. This effect may result from an interaction between the pre- and post- 
synaptic elements, so that with an increasing degree of reinnervation the DA receptor 
sensitivity is gradually reduced within the reinnervated striatat region. 

In sharp contrast to the marked compensation in amphetamine-induced rotation, 
the transplanted rats showed no tendency to recover in a number of regulatory and 
sensorimotor tests. Thus, in the bilateral transplanted animals, the sensorimotor tests 
administered 3½ months after the first, unilateral lesion revealed that a marked contra- 
lateral 'sensory neglect' remained in the transplanted group whereas the unilaterally 
lesioned controls showed no significant asymmetry. This indicates a considerable re- 
covery in this deficit in the control group, a phenomenon that has previously been re- 
ported to occur in unilaterally 6-OHDA lesioned rats19, '~5. The group receiving uni- 
lateral transplants similarly showed a marked asymmetry remaining 4 months after 
unilateral lesion. Most strikingly, removal of the transplant in several of these animals 
reliably produced a significant improvement in their sensorimotor performance on the 
side contralateral to the transplant within 3 days. 

When the bilaterally transplanted animals were subsequently given a second con- 
tralateral 6-OHDA lesion of the intact nigrostriatal pathway they rapidly developed 
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severe aphagia, adipsia and akinesia, which generally resulted in death within one week. 
Thus, the transplant did not serve to block the development of this well-established 
result of bilateral nigrostriatal lesions25,85, 37. 

These results point to interesting differences between the recovery of the pharma- 
cologically induced motor behaviour and the recovery of the sensorimotor performance 
in the transplanted rats. Thus, while it seems justified to state that the SN transplants 
had replaced the innate SN in normalizing some aspects of the rats' motor behaviour, 
they were not sufficient to improve their sensorimotor deficits or their deficits in con- 
summatory behaviour. There may be several different explanations for this difference. 

First, the DA neurons in the transplant could have too low a spontaneous activity 
to restore spontaneous (i.e. non-drug-induced) behaviours. This may be suggested on 
the basis that the recovery in motor asymmetry in the present experiment was seen after 
pharmacological activation of the transplanted nigral neurons, whereas the sensori- 
motor tests were performed in the spontaneously behaving rat. Preliminary biochemical 
assays (Schmidt et al., unpublished observations) of the striatal DOPAC/DA ratio in 
transplanted rats suggest, however, that the activity of the new 'nigrostriatal' DA con- 
nection is increased rather than decreased in comparison with the nigrostriatal pathway 
of intact rats (cf. ref. 32). Moreover, in a subsequent experiment, yet in progress, we have 
found that the compensation of motor asymmetry in the SN-transplanted rats is evident 
also in the spontaneously behaving rat, i.e. without pharmacological activation. 

Secondly, the inability of the SN transplants to function properly in the sensori- 
motor tests and in spontaneous consummatory behaviour can be taken to indicate that 
the new 'nigrostriatal' input from the transplant is not activated in the normal way by 
sensory stimuli. In fact, Glowinski et al. 12 have shown in cats that the nigrostriatal DA 
system is markedly activated by diverse sensory stimuli. If precise patterned sensory 
activation were necessary for the proper functioning of the DA system in sensorimotor 
integration, the lack of normal afferent inputs to the transplant may explain the failure 
of the transplanted rats to show any recovery in sensorimotor performance. The ob- 
servations of Marshall and Gotthelf 20, Marshall and Ungerstedt 26 and Ljungberg and 
Ungerstedt 17, however, argue partly against this notion. They showed that DA receptor 
activation by low doses of apomorphine is able to restore the sensorimotor performance, 
and reinstate eating and drinking in rats with complete unilateral or bilateral destruction 
of the nigrostriatal DA pathway. This suggests that, rather than conveying sensory in- 
formation, the nigrostriatal DA pathway normally acts in a more 'permissive' way 
through an optimal DA receptor activation. 

Thirdly, the difference in recovery in different tests could be explained in terms of 
functional heterogeneity of the neostriatum. It is now well demonstrated that the neo- 
striatum of rats possesses such functional heterogeneity with respect to both condi- 
tioned 9,16,2s-3°,4° and unconditioned27,29 behaviours. Of particular relevance to the 
present study are unpublished findings of E. Joyce (see ref. 13) that selective 6-OHDA 
lesions to the ventral anterior striatum attenuated locomotor responses to amphetamine 
whereas more posterior ventral lesions abolished amphetamine stereotypy and had 
marked effects on food and water intake. Equivalent dorsal lesions were without effect 
on these behavioural measures. Consequently, it is to be expected that the ability of the 
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transplant to reverse any particular behavioural  deficit will depend on the particular 
striatal region, and~not just  on the total p ropor t ion  of  the striatum, that becomes re- 
innervated. Thus, the absence o f  an extensive ingrowth of  fibres f rom the present 
transplants into ventral segments o f  the head of  the caudate, implicated as a critical 
region for consummatory  responding by Joyce, or into other DA-denervated regions o f  
the basal forebrain may account  for the failure to block the development o faphag ia  and 
adipsia in the present experiment. However,  neither sensorimotor responding of  the 
type measured in the present test battery, nor drug-induced rotat ion has been specifically 
investigated with respect to striatal heterogeneity. Consequently it remains feasible that 
such general aspects of  responding may not manifest a similar degree o f  topographic  
organization, and a detailed formulat ion o f  the present data in such terms remains 
premature.  
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