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As the mature nervous system is sculpted out of its embry- 
onic anlage, regressive events are a surprisingly common 
feature. As one example, the establishment of adult inner- 
vation in the CNS and PNS often involves a massive with- 
drawal of previously formed functional synapses. In the cer- 
ebellum, the one-to-one relationship of inferior olivary 
climbing fibers to Purkinje cells is preceded by a transient 
stage in which each Purkinje cell is multiply innervated. The 
regulation of this regressive event is still not fully under- 
stood; previous studies suggested that some stimulus from 
the maturing granule cells is necessary. We have used the 
lurcher (Lc) mutation as a model system in which to study 
this phenomenon. In lurcher mice, Purkinje cells degenerate 
during the first few postnatal weeks, after receiving synaptic 
contacts from both inferior olivary neurons and granule cells. 
We have recorded the climbing fiber responses both in lurch- 
er mutants at postnatal days 14-20 (P14-P20) and in adult 
lurcher chimeras. In the latter, experimental genetics are 
used to create a situation in which untreated wild-type Pur- 
kinje cells are present in an environment that ranges from 
100% wild-type to nearly mutant. We found that in P14-P16 
lurchermutants, most of the cells recorded (75%) remained 
polyinnervated, whereas in wild-type control mice, only 10% 
of the Purkinje cells retained their multiple innervation. By 
P18-20, it was difficult to find Purkinje cells in the lurcher 
mutants that would withstand an intracellular electrode. 
Nonetheless, in those cells that were successfully impaled, 
most remained multiply innervated. By this age in wild-type 
mice, 100% of the Purkinje cells are monoinnervated. Lurch- 
er chimeras were studied in order to determine whether the 
maintenance of multiple innervation in the mutant is caused 
by the failure of an external signal or an intrinsic deficiency 
in the +/Lc Purkinje cells. In the chimeras, all surviving (+/+) 
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Purkinje cells from which we recorded were innervated by 
a single climbing fiber. From these results, we advance the 
hypothesis that in the lurchermutant the retention of multiple 
innervation is due to an intrinsic incompetence of the Pur- 
kinje cell itself to respond to the granule cell input. 

There is now substantial evidence that regressive events are an 
important part of the normal development of the nervous sys- 
tem. Their role seems to be to sculpt the highly specific con- 
nections characteristic of the adult nervous system from the 
cruder projection patterns of the embryo. Numerous examples 
of transient axonal exuberance followed by massive withdrawal 
of collaterals have been described in the last decades (see Cowan 
et al., 1984); in only a few cases, however, has elimination of 
functional synaptic contacts made by these exuberant axons 
been directly demonstrated (see review in Purves and Lichtman, 
1977, 1980; Innocenti, 1981; Mariani and Delhaye-Bouchaud, 
1987). 

In the neuromuscular junction (Redfem, 1970) in autonomic 
ganglia (Lichtman, 1977; Lichtman and Purves, 1980; Johnson 
and Purves, 198 l), as well as in the avian auditory system (Jack- 
son and Parks, 1982) the initial polyneuronal innervation of a 
target cell evolves during development such that the adult con- 
figuration of one (or only a few) afferent per target is established. 
An additional example is found in the mammalian cerebellum. 
During normal development, there is a transient multiple in- 
nervation of each Purkinje cell by three to five climbing fiber 
axons (originating from the inferior olivary neurons). During 
the second postnatal week, the olivocerebellar projection un- 
dergoes a period of regression in which climbing fiber-Purkinje 
cell contacts are eliminated (Delhaye-Bouchaud et al., 1975; 
Crepe1 et al., 1976b, 1981; Mariani and Changeux, 1981a,b). 
This regressive process leads to a situation of monoinnervation, 
typical of adulthood, in which each Purkinje cell receives input 
from only one olivary afferent fiber. 

A crucial but still unanswered question is what causes the 
disappearance of these redundant functional synapses. Data ob- 
tained from abnormal cerebella have produced strong evidence 
for an involvement of the granule cell population of the cere- 
bellum. Treatments resulting in an early loss of granule cells 
lead to an abnormal retention of the multiple innervation through 
adulthood. X-irradiation of neonatal rats (Woodward et al., 
1974; Crepe1 et al., 1976a; Delhaye-Bouchaud et al., 1978; Be- 
noit et al., 1984; Mariani et al., 1990) or viral infection of 
neonatal ferrets (Benoit et al., 1987) destroys the developing 
granule cells, and in both conditions monoinnervation is not 
achieved. Similar strong evidence for a central role of the granule 
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cells in the retraction of multiple innervation comes from studies 
of several cerebellar mutant mice. Staggerer, reeler, and weaver 
are single-gene mutations whose effects on cerebellar develop- 
ment have been analyzed extensively, both morphologically and 
physiologically. An important feature shared by these mutants 
is that the granule cell population is considerably reduced in 
size, because of the massive death of postmitotic, premigratory 
granule cells (weaver; Rezai and Yoon, 1972; Rakic and Sidman, 
1973; Sotelo and Changeux, 1974b; Goldowitz and Mullen, 
1982), target-related cell death (staggerer; Sidman et al., 1962; 
Yoon, 1972; Sotelo and Changeux, 1974a; Herrup, 1983), or 
both (reeler; Sidman, 1968; Rakic and Sidman, 1972; Mariani 
et al., 1977). In addition, abnormalities in Purkinje cell devel- 
opment have also been noted. Intracellular electrophysiological 
recordings from Purkinje cells of these mutants have revealed 
a retention of the immature stage of Purkinje cell-inferior olive 
interaction, namely, polyneuronal innervation (Crepe1 and Mar- 
iani, 1976; Mariani et al., 1977; Crepe1 et al., 1980; Mariani 
and Changeux, 1980a). Altogether, data obtained from a variety 
of granular cell deficient cerebella suggest that the granule cell 
population somehow promotes the regression of the multiple 
innervation of the Purkinje cells by climbing fibers. 

Lurcher (Lc) is an autosomal dominant mutation that causes 
severe ataxia in heterozygous individuals (Phillips, 1960). In 
the adult +/Lc mouse the cerebellum is greatly reduced in size 
due to the loss of all the Purkinje cells and 90% of the granule 
cells (Caddy and Biscoe, 1979). The timing of this loss has been 
investigated by Caddy and Biscoe (1979). By postnatal day 15 
(PI 5), 50% of the lurcher Purkinje and granule cells have dis- 
appeared. By P30, Purkinje cell loss has reached 90%, and by 
P90, no +lLc Purkinje cells remain. Neurons of the inferior 
olive (75%) also degenerate during the first postnatal month 
(Caddy and Biscoe, 1979). Analyses of +lLc * wild-type chi- 
merit mice have revealed much about the site of gene action. 
Wetts and Herrup (1982a) showed that the Purkinje cells are 
directly affected by their mutant, +lLc, genotype, whereas mu- 
tant granule and olivary cells are only affected secondarily, pre- 
sumably as a result of the loss of their Purkinje cell target (Wetts 
and Herrup, 1982b). 

These data indicate that, despite a significant amount of Pur- 
kinje cell death, 30-50% of the wild-type number of Purkinje 
cells are still present in the lurcher cerebellum during the third 
postnatal week (P14-P21; Caddy and Biscoe, 1979). By this 
period, polyneuronal innervation of Purkinje cells by climbing 
fibers has disappeared in normal rodents (Mariani and Chan- 
geux, 1980b, 1981a,b; Crepe1 et al., 1981). The question arises 
as to the multiple innervation status of the surviving +/Lc 
Purkinje cells at this age. On the one hand, electron microscopic 
studies of the mutant cerebellar cortex have demonstrated that, 
before they die, +/Lc Purkinje cells receive synapses from their 
main afferents, that is, climbing fibers and parallel fibers (Caddy 
and Biscoe, 1979; Heckroth et al., 1990; Dumesmil-Bousez and 
Sotelo, 1992). This suggests that the multiple innervation may 
regress normally for the mutant cells. On the other hand, the 
climbing fiber synapses on Purkinje cells remain perisomatic 
and do not extend up the primary dendritic shaft (Heckroth et 
al., 1990) as they do in normal mice (Ramon y Cajal, 19 11; 
Larramendi, 1969). This hints at a developmental block in the 
climbing fiber-Purkinje cell interaction, but in and of itself, the 
abnormal location should not compromise the synapse elimi- 
nation process (Mariani, 1983; Sotelo, 1990). Another neuro- 
logical mutant, hyperspiny (hpc), also bearing perisomatic climb- 

ing fiber synapses, undergoes a normal process of elimination 
of supernumerary climbing fiber synapses (Guenet et al., 1983). 

Anatomical methods alone are not adequate to determine 
whether or not Purkinje cells are multiply innervated. We have 
conducted, therefore, a physiological characterization of the in- 
ferior olive-Purkinje cell synaptic relationship in 2-3-week-old 
lurcher mutants. We have found that the majority of the +/Lc 
Purkinje cells retain their multiple innervation by climbing fi- 
bers up to P20. The finding raised the additional question of 
whether the retention of multiple innervation is due to (1) a 
direct effect of the gene on the Purkinje cell target that makes 
it incapable of becoming monoinnervated, (2) a deficiency in 
the granular or olivary afferents, or (3) some other general en- 
vironmental insult. To answer this question, we have performed 
additional physiological experiments in adult lurcher chimeric 
mice. 

Materials and Methods 
Animals. Lurcher mutants were provided by the Pasteur Institute (Paris) 
and raised in our laboratory; the lurcher mutation is maintained on the 
C57BL/6 x CBA hybrid strain. Mouse pups were obtained either by 
intercrossing heterozygotes or by mating wild-type with heterozygote 
mice. The mutant phenotype was recognizable by postnatal day 14 (P14) 
based on clinical symptoms (ataxia); the diagnosis was further confirmed 
by histological analysis of the cerebellum at the end of each experiment. 
As controls, age- and strain-matched wild-type animals were used. 

Chimeras were produced according to standard embryo aggregation 
techniques (Tarkowski, 196 1; Mintz, 1965; Mullen and Whitten, 197 1). 
Heteroiygote lurcher embryos were produced by mating C57BL/6J (+/ 
Lc) with C57BL/6J (+/+k wild-tvne embrvos were moduced from the 
inbred strain C3H/HeJ. dgimeric-imbryoswere obtained by placing an 
eight-cell-stage embryo from a heterozygote lurcher mating in contact 
with an eight-cell-stage embryo from a wild-type inbred mouse mating 
after removal of the zonae pellucidae with pronase (proteinase H, Sig- 
ma). The embryos were cultured overnight, and those that successfully 
aggregated to form double-sized morulas were transplanted into pseu- 
dopregnant host females. The resulting pups were delivered either nat- 
urally or by Cesarean section 17 d later. Successful chimeras were iden- 
tified on the basis of coat color markers and on the results of progeny 
testing (see Wetts and Herrup, 1983). The degree of chimerism (per- 
centage wild-type) in the cerebellum was determined by measuring the 
length of the Purkinje cell layer in a midsagittal section of the chimera. 
A control chimera, made between two wild-type mice (B6AK H C3Hj, 
was used as a standard for wild-type, defined as 100%; a lurcher mutant 
was used for the 0% value. The percentage wild-type was defined as the 
ratio of the corresponding lengths: 

(chimera - lurcher)/(wild-type - lurcher) x 100. 

The granule cell : Purkinje cell ratio was estimated graphically from the 
work of Vogel et al. (1989) in which granule cell number was plotted 
as a dependent variable against Purkiije cell number for a large range 
of lurcher chimeras. The ratio of inferior olivarv neurons to Purkinie 
cells was estimated from the unpublished data of cell counts by Zanj&i, 
Delhaye-Bouchaud, and Mariani. 

Electrophysiology. Lurcher mutant mice (and wild-type controls) were 
studied at ages ranging from P14 to P20. The chimeric mice were studied 
at ages ranging from 5 to 7 months. The experimental protocol was the 
same for all animals: animals were first anesthetized with a 10% solution 
of ethyl carbamate (1 ml/100 gm), administered in two consecutive 
intraperitoneal injections, and then paralyzed with 0.2 ml of gallamine 
triethiodide (Flaxedil) and artificially respired through a tracheal can- 
nula. The central temperature of the animals was maintained at 36- 
37°C throughout the experiment by warming the animal on a heating 
pad. The posterior cerebellar vermis was exposed and covered with 4% 
agar in 10% sucrose solution. Concentric bipolar electrodes (Rhodes 
Medical Instruments) were used to stimulate the climbing fiber afferent 
pathway at the juxtafastigial region ipsilateral to the recording site (JF 
stimulation). Intracellular and sometimes extracellular recordings of 
Purkinje cell activity were performed in the cerebellar vermis with glass 
microelectrodes filled with 3 M potassium acetate, whose DC resistance 
ranged between 20 and 60 MQ. 
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Figure 1. Sagittal sections of the cerebellum stained with thionin. A and B, Fifteen-day-old wild-type (A) and Zurcher mutant (B); at this age in 
the mutant (B) Purkinje cells are still common, though less numerous in posterior lobules such as lobule IX (open arrow). C, High magnification 
of lobule IX (area denoted by open arrow in B). Surviving Purkinje cells are indicated by solid arrows. &F, Adult cerebella of wild-type (D), 50: 
50 wild-type * +/Lx chimera (E), and Zurcher mutant Q. Scale bars: A, B, D-F, 600 pm; C, 200 pm. 
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As previously described (Benoit et al., 1987), Purkinje cell impale- 
ments were achieved by applying a brief oscillation in the negative 
capacitance circuit of the amplifier. The recordings were displayed on 
a storage oscilloscope and stored on a digital videotape recorder (Sony) 
for further analysis. At the end of the recording session, an iontophoretic 
injection of fast green was performed at two selected depths along the 
same track, all recording tracks were parallel to each other allowing 
Purkinje cells’ position to be identified after histological processing. 

Histology. After the electrophysiological session, cerebella from the 
P14-P20 mutant and wild-type mice were rapidly dissected and frozen; 
1 O-l 5-pm-thick cryostat sections were cut and stained with thionin (Fig. 
IA-C). The chimeric mice were transcardially perfused with ice-cold 
4% paraformaldehyde in 0.1 M phosphate buffer, pII 7.4; the brains 
were postfixed in the same fixative for 4-6 hr at 4°C. The cerebella were 
embedded in wax, cut in sagittal IO-pm-thick sections, and stained with 
thionin (Fig. l&F). 

Results 
The developing lurcher mutant 
We analyzed 41 developing Zurcher mutant mice at different 
ages from P14 to P20. As controls, 22 wild-type mice of the 
same age were studied (body weight, 6-9 gm for both groups). 
This period was selected since it is the latest stage in which a 
sufficient number of Purkinje cells is still found in the mutant 
cerebellum (Fig. 1 C’). No obvious differences were found among 
animals of like genotype in the P14-P16 age group, and so we 
have pooled our findings. Intracellular recording of +/Lc Pur- 
kinje cells proved difficult, probably due to the fragile state of 
the mutant Purkinje cells. Many penetrations did not lead to 
any cell recording at all, and many other cells were lost soon 
after impaling. In the P14-P16 age group, we acquired data 
from 16 +/Lc cells and 26 wild-type cells. The lower yield of 
Purkinje cells in lurcher mutants was expected because a sig- 
nificant number of these cells have already degenerated (see Fig. 
1C). Taking this deficiency into account, the sampling of cells 
in lurcher and wild-type animals was comparable. 

Intracellular recordings were performed in the anterior vermis 
(lobules II-VI), where more Purkinje cells are expected to re- 
main at the end of the second postnatal week (Heckroth et al., 
1990). EPSPs elicited by climbing fiber activation (CF-EPSP) 
could be recorded with their typical features: amplitude of sev- 
eral millivolts, multiwaved shape, and low spontaneous fre- 
quency for those occurring spontaneously. It was always possible 
to determine if a cell received one or several climbing fiber 
terminals by analyzing the amplitude of the spontaneous and 
evoked CF-EPSP (Crepe1 et al., 198 1; Mariani and Changeux, 
1981a,b). A Purkinje cell was considered as innervated by a 
single climbing fiber collateral when the amplitude of sponta- 
neously occurring CF-EPSP, or those evoked through JF stim- 
ulation, were all-or-none in amplitude. On the other hand, if 
the amplitude was graded in a stepwise manner (two to five 
steps depending on the cell), each step was considered to be the 
contribution of an individual climbing fiber. This pattern iden- 
tified the Purkinje cell as multiply innervated (by several climb- 
ing fiber terminals). It should be noted that the number of steps 
represents at best a minimal estimate of the number of climbing 
fiber terminals innervating an individual Purkinje cell (Mariani 
and Changeux, 1981a; Benoit et al., 1987). 

Figure 2 shows Purkinje cell responses to JF stimulation that 
are representative of the records obtained in lurcher mutants. 
Both the evoked response (A,3 and the spontaneous activity 
(As, A, and B,, B,) reveal the presence of several climbing fiber- 
EPSP steps. A,-A, represent a single +/Lc Purkinje ceil that 
received at least four climbing fiber afferents, while B, and B, 

Al 
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Figure 2. Intracellular recording of climbing fiber-evoked responses 
from Purkinje cells in P15 lurcher mutant mice. Superimposed sweeps 
in all traces (except for &A, and B,). A,-& Climbing fiber-evoked 
responses obtained by smoothly increasing the JF stimulation; four steps 
are visible, indicating that at least four different climbing fibers innervate 
this particular Purkinje cell. The same steps are revealed also in the 
spontaneous EPSP discharge of the same cell (As, recorded at lower 
speed, and A6). B, and B,, Spontaneous discharge of another Purkinje 
cell, revealing two steps. 

show a different Purkinje cell innervated by a minimum of two 
inferior olivary afferents. Of the 16 Purkinje cells recorded in 
P14-P16 lurcher mutants, 12 (75%) were found to have main- 
tained their multiple innervation by climbing fibers as late as 
P14-P16. In contrast, only 3 (10%) out of 26 Purkinje cells 
recorded in wild-type mice of the same age were polyinnervated, 
and these three cells each received only two climbing fibers. The 
values of the two groups appear statistically different (p < 0.00 1) 
when applying a x2 test for two independent samples. The mean 
number of climbing fibers innervating an individual Purkinje 
cell in the mutant (2.06 + 0.19, ?SEM) was also significantly 
higher than in the control (1.13 f 0.08; p < 0.000 1). Post facto 
histological analysis of the cerebella, in particular the lack of 
Purkinje cells (Fig. lA-C), confirmed the behavioral diagnosis 
of the mutant animals. 

Although most of the +lLc Purkinje cells from which we 
recorded showed clear evidence of multiple innervation, ap- 
proximately 25% did not. We wished to determine whether this 
small monoinnervated fraction was stable with time or whether 
the +lLc Purkinje cells were simply delayed in their maturation. 
To this end, we attempted Purkinje cell recordings from lurcher 
mutants at P18-P20. By this age, the difficulties in recording 
intracellularly from Purkinje cells are severely compounded. 
The cells are difficult to locate, and when they are found, they 
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Table 1. Description of the Zurcher chimeras from which Porkinje cell recordings were performed 

Animal 

1o:PC 
No. of PCs gc:PC ratio 1O:PC ratio 

% Wild-typea recorded gc:PC ratio % wild-type ratio % wild-type 

x643 100 3 190 100 0.12 100 
x637 80 11 225 120 0.13 111 
x610 80 1 225 120 0.13 111 
x599 60 2 283 150 0.15 129 
x603 60 6 283 150 0.15 129 
x638 40 9 338 180 0.20 165 
x642 40 11 338 180 0.20 165 
x644 20 11 429 230 0.32 275 
x602 ND 4 ND ND ND ND 

PC, F’urkinje cell; ge, granule cell; IO, inferior olive cell. As the percentage of wild-type eel1 contribution to the chimera 
decreases from 100% to 20%, the ratio of granule to Purkinje cells rises. In a 20% wild-type chimera, this value is 230% 
of that found in a nonchimeric, wild-type mouse. Similarly, in the same chimera, the ratio of inferior olive to Purkinje 
cells reaches 275% of the value found in wild type. ND, Not determined, but proven to he genetically +/Lc by progeny 
testing. Based on coat color markers (a crude predictor of brain genotype ratios), x602 was estimated to he lO-20% wild 
type. 
y  Estimated by measurement of the length of the F’urkmje cell layer in a midsagittal section (see Materials and Methods). 

rarely survive impalement with microelectrodes. While these 
problems are undoubtedly due to the fragile health of the +/Lc 
Purkinje cells, soon destined to die, we were able to obtain usable 
recordings from four Purkinje cells in 13 +lLc animals. Three 
of these four were multiply innervated, while one was monoin- 
nervated. Though not a statistically significant sample, these 
data are reasonable evidence that the multiple innervation of 
+lLc Purkinje cells is not transient. We did comparable re- 
cordings in age-matched control animals. All 28 +/+ Purkinje 
cells that we impaled were innervated by a single climbing fiber 
afferent. Thus, the small complement of multiply innervated 
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Figure 3. Intracellular recording of climbing fiber-evoked responses 
from Purkinje cells in Zurcher chimera: superimposed sweeps in all traces 
except C. A-C are from three distinct cells. A, Climbing fiber full spike, 
evoked by JF stimulation, exhibiting a clear all-or-none response. B,, 
Spontaneous EPSPs showing the typical all-or-none multiwaved shape. 
Each sweep triggered by the rising edge of the response. B,, Synaptic 
potentials evoked by JF stimulation. An IPSP was first elicited, and as 
the intensity of the stimulation was gradually increased, a typical all- 
or-none CF-EPSP was evoked. A spontaneous CF-EPSP also appeared 
on one of the sweeps. C, Spontaneous discharge recorded from another 
cell at low speed to show the constancy of the EPSPs’ amplitude. 

cells in +/+ animals at P14-P16 was indeed a transient pop- 
ulation. 

In sum, our findings indicate that most Purkinje cells in the 
+lLc mouse retain their multiple innervation by climbing fibers. 
Two possible explanations of this result can be advanced. Either 
the environment, including the two major afferent systems, is 
disrupted, or the Purkinje cell itself is intrinsically incapable of 
becoming monoinnervated. These possibilities can be distin- 
guished through the use of lurcher chimeric mice. 

The chimeras: description of the chimeric cerebella 

The introduction of chimeric mice (Tarkowski, 1961; Mintz, 
1962, 1965; Mullen, 1977), obtained by the aggregation of one 
mutant and one wild-type embryo, has significantly extended 
the usefulness of mutant mice for studies of cerebellar devel- 
opment. In this experimental model, the cells of the two ge- 
notypes in cerebellum form a fine-grained mosaic. An important 
feature of these animals is that the proportion of mutant cells 
can vary from 0% (in which case the animal’s phenotype is wild- 
type; Fig. 1D) to 100% (in which case the phenotype is lurcher; 
Fig. 1F). Figure 1E represents an intermediate case where 50% 
of the cells are +lLc; despite this loss of both granule and 
Purkinje cells, the lobules are easily recognizable and the char- 
acteristic organization of the cerebellar layers appears normal. 
In the Zurcher chimeras, as described by Wetts and Herrup 
(1982a,b, 1983), all +lLc Purkinje cells degenerate whereas ge- 
netically +lLc granule and olivary cells are not preprogrammed 
to die. As a result, the adult chimeric cerebellum contains only 
genetically wild-type Purkinje cells in an environment that rang- 
es from wild-type to nearly mutant in composition. Indeed, 
while all three cell types in the cerebellar circuit suffer some cell 
loss, the ratio of granule cells and inferior olive neurons to 
individual Purkinje cells is higher than normal (Vogel et al., 
1989). 

The chimeras: electrophysiological results 

Recordings were obtained from Purkinje cells in a total of nine 
Zurcher chimeric animals, and 58 cells were retained for analysis. 
The number of Purkinje cells analyzed per individual animal is 
shown in Table 1. In some of the Purkinje cells tested, a full 
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spike typical of the climbing fiber response (Eccles et al., 1966) 
was recorded before deterioration of the cell (Fig. 3A). In most 
Purkinje cells, the degradation of the cell leads rapidly to the 
suppression of the spike potentials. Only the underlying CF- 
EPSPs were recorded for several minutes, while the resting po- 
tential remained stable from - 30 to - 50 mV (according to the 
impalement). In some cells, the initial part of the full spike did 
not rise abruptly from the baseline as it does in normal animals; 
rather, it developed after the onset of a visible EPSP, as is often 
observed in the stuggerer mutant (Mariani and Changeux, 198Oa) 
and in developing animals (Mariani and Changeux, 198 la). 

All CF-EPSPs recorded in these chimeras showed features 
typical of those recorded from Purkinje cells in normal mice 
(Mariani, 1982) (Fig. 3B,,B,,C). Sometimes an IPSP was re- 
corded (Fig. 3B,), presumably due to the activation of cerebellar 
inhibitory intemeurons by the mossy fiber pathway after JF 
stimulation (Eccles et al., 1967). The analysis of both sponta- 
neous (Fig. 3B,,C) and evoked (Fig. 3B,) climbing fiber re- 
sponses clearly showed that all Purkinje cells recorded in our 
lurcher chimeras received their olivary input from a single 
climbing fiber terminal. This conclusion takes on special sig- 
nificance in chimeras 644 and 602. In these animals, only 20% 
of the wild-type number of Purkinje cells and 45% of the wild- 
type number of granule cells survived. Nonetheless, all 15 Pur- 
kinje cells from which we recorded were monoinnervated. 

In some cases, extracellular unitary activity from Purkinje 
cells was recorded prior to impalement. Purkinje cells in the 
chimera exhibit the same types of responses evoked by JF stim- 
ulation (Fig. 4) as do those found in wild-type mice (Crepe1 
and Mariani, 1975) and in other mammals (Eccles et al., 1967). 
Simple spikes (Fig. 4A,), evoked by the activation of the parallel 
fibers, were observed as were complex responses with inacti- 
vation of secondary spikes (Fig. 4A,,A,). The latter responses 
were due to climbing fiber activation. Finally the typical anti- 
dromic response caused by the direct activation of Purkinje cell 
axons in the cerebellar white matter was observed (Fig. 4A,). 

Discussion 
The results presented here indicate that, in the Zurcher mutant, 
the Purkinje cells retain the multiple innervation by climbing 
fibers usually associated with younger, more immature cells. 
Intracellular recordings of CF-EPSP, either evoked by JF stim- 
ulation or spontaneous, were obtained to provide a sensitive 
measure of the degree of multiple innervation (Mariani and 
Changeux, 1981a; Benoit et al., 1987). In the P14-P16 lurcher 
mutant, 75% of the Purkinje cells that we examined were in- 
nervated by more than one climbing fiber. In contrast, 90% of 
the Purkinje cells we recorded in wild-type mice were monoin- 
nervated by this age. By P18-P20, lurcher Purkinje cells were 
very difficult to impale. Yet of those that could be found, most 
(three of four) were still multiply innervated. By contrast, 100% 
of the Purkinje cells in age-matched wild-type mice were mono- 
innervated by this age (as were all P15 rut Purkinje cells we 
have examined previously; Crepe1 et al., 1981; Mariani and 
Changeux, 198 1 a). 

Our previous studies, as well as those of others, have heavily 
emphasized the role of the granule cell parallel fibers in the 
elimination of supernumerary climbing fiber afferents. This em- 
phasis was occasioned by the observation that multiple inner- 
vation of Purkinje cells is abnormally retained in several model 
systems where granule cell afferents are removed early in de- 
velopment. These include X-irradiated rats (Woodward et al., 
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Figure 4. Extracellular recording of Purkinje cell activity evoked by 
JF stimulation in a Iurcher chimera: superimposed sweeps in all traces. 
A,+& are from the same cell. A stimulus just above threshold evoked 
a single spike response followed by a spontaneous complex spike (A,). 
When the intensity of the JF stimulation was increased, a complex spike 
response was recorded (Ar), preceded by a short-latency antidromic 
spike when the stimulus was further increased (A,). 

1974; Crepe1 et al., 1976a; Delhaye-Bouchaud et al., 1978; Be- 
noit et al., 1984; Mariani et al., 1990), virally infected ferrets 
(Benoit et al., 1987), and several mutant mice (Crepe1 and Mar- 
iani, 1976; Mariani et al., 1977; Crepe1 et al., 1980; Mariani 
and Changeux, 1980a; Mariani, 1982). 

At first, our observations on lurcher animals would seem to 
be additional evidence in support of the hypothesis that some- 
thing associated with the early arrival of healthy granule cell 
afferents is a stimulus that triggers the establishment of monoin- 
nervation. Granule cell death (as measured by the appearance 
of pyknotic nuclei) is seen in the +lLc cerebellum as early as 
P4 (Swisher and Wilson, 1977). Also, as in other mutants with 
early postnatal granule cell death (weaver, reeler, and staggerer; 
Crepe1 and Mariani, 1976; Mariani et al., 1977; Crepe1 et al., 
1980; Mariani and Changeux, 1980), multiple innervation is 
retained in the lurcher. On the other hand, the ages at which 
the majority of granule cell death occurs in +lLc mice are rel- 
atively advanced compared to the other animals. Studies in rat 
have shown that destruction of granule cells by X-ray treatments 
is effective in blocking the development of monoinnervation 
only if it is performed before P8 (Delhaye-Bouchaud et al., 1978; 
Y. Bailly, N. Delhaye-Bouchaud, and J. Mariani, unpublished 
observations). In the +/Lc mutant, however, nearly 80% of the 
wild-type number of granule cells are still present at this age 
(Caddy and Biscoe, 1979). Further, recent quantitative studies 
(Dumesnil-Bousez and Sotelo, 1992) reveal that the number of 
synapses between parallel fibers and Purkinje cell dendrites is 
the same in young +/Lc and in wild-type cerebellum. If the 
early granule cell death is not sufficient to remove the monoin- 
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nervation stimulus in +/Lc cerebellum, then why does Purkinje 
cell multiple innervation persist? 

Our findings from Purkinje cell recordings in the +lLc - 
+/+ chimeras provide an alternative explanation for the +lLc 
abnormality. In the lurcher chimeric cerebellum, all +/Lc Pur- 
kinje cells die during development due to the direct effect of the 
mutation; only wild-type Purkinje cells survive into adulthood 
(Wetts and Herrup, 1983). In our nine chimeras, with varying 
percentages of lurcher contribution to the chimera, all of the 58 
recorded (+/+) Purkinje cells were innervated by a single climb- 
ing fiber. This is in direct contrast to the polyinnervation seen 
in +lLc mutants. Even in the environment of chimeras that are 
predominantly Zurcher (> 80%), genetically wild-type Purkinje 
cells are thus able to achieve the monoinnervation characteristic 
of normal olivocerebellar development. Although the chimeras 
were adults at recording, this difference is unlikely to explain 
the distinct innervation statuses of these two types of Purkinje 
cells. It has previously been demonstrated that, if synapse elim- 
ination is prevented in early postnatal life, multiple innervation 
is stable throughout life (Benoit et al., 1984). The implication 
is that the retention of extra climbing fibers in the +lLc Purkinje 
cells is not due to a defect in the cellular environment (e.g., 
excessive granule cell death), but rather to an intrinsic failure 
of the Purkinje cell itself to undergo a normal process of elim- 
ination of climbing fiber synapses. 

The contrast between the behavior of the +lLc and the +/+ 
Purkinje cells in nearly the same environment suggests a mod- 
ification of the theory concerning the regression of the multiple 
innervation. The arrival of the parallel fibers may indeed trigger 
the withdrawal of supernumerary climbing fiber synapses, but 
the Purkinje cell must contribute to the process as an active 
participant. Thus, one plausible explanation for our findings is 
that the +/Lc Purkinje cells are either developmentally blocked 
or intrinsically incompetent to respond to normal granule cell 
input. We suggest that, while the parallel fiber stimulus to with- 
draw supernumerary climbing fibers is adequate in the mutant, 
the +/Lc Purkinje cells cannot respond to this stimulus. 

The +/+ Purkinje cells in the chimera are developmentally 
competent, and they mature to the stage of monoinnervation. 
This competence is all the more remarkable since (although they 
start off with a normal shape; Soha and Herrup, 1991; J. Soha 
and K. Herrup, unpublished observations), by adulthood, the 
dendrite of the +/+ Purkinje cell has become atrophic, poorly 
branched, and oddly shaped (Caddy and Hen-up, 1990, 1991). 
Even with these abnormalities, ultrastructural studies have shown 
that the Purkinje cells receive qualitatively normal synaptic con- 
tacts from both climbing and parallel fibers (Caddy and Hermp, 
199 l), in good agreement with our recordings of both complex 
and simple spikes from these cells. 

The expansion of the theory brought about by our findings 
in no way changes the interpretation of the X-irradiation or virus 
infection experiments. In these situations, the early loss of the 
granule cell input removes the trigger for monoinnervation and 
multiple innervation persists. On the other hand, it calls into 
question the cause of the observed multiple innervation status 
of some of the neurological mutants examined to date. The 
results in the reeler mouse (in which ectopic Purkinje cells that 
never receive granule cell input remain multiply innervated while 
normally positioned Purkinje cells develop monoinnervation; 
Mariani et al., 1977) can be interpreted as a difference in parallel 
fiber innervation. However, the retention of multiple innerva- 
tion in the staggerer and weavermouse may not be solely caused 

by the existence of massive granule cell death during develop- 
ment and the lack of synapses between parallel fibers and Pur- 
kinje cells. Instead, since the staggerer Purkinje cell is also be- 
lieved to be developmentally blocked at early postnatal ages 
(Sidman, 1968; Herrup and Mullen, 1979, 198 1; Messer et al., 
1990), the multiple innervation in this mutant might be due 
either to the granule cell deficiency or to the Purkinje cell in- 
competence. Thus, in sglsg, as in +lLc, the persistence of mul- 
tiple innervation may involve an abnormality of the Purkinje 
cell itself. In weaver, Smeyne and Goldowitz (1990) have argued 
that some of the Purkinje cell phenotypes represent direct effects 
of the mutant gene. Perhaps these are extended to include a 
block in the ability of the cell to develop monoinnervation. 

Our findings are also relevant to the study by Panzini and 
Herrup (1987), who found that there was an increase in the ratio 
of inferior olive to Purkinje cell neurons in the Zurcher chimera 
over that found in wild type. While several possible explanations 
for this increase were suggested, one attractive possibility was 
that the +/+ Purkinje cells remained multiply innervated in 
the chimeras. This situation might provide the inferior olive 
population with an effectively larger postsynaptic target. The 
finding of monoinnervation for all chimeric +/+ Purkinje cells 
eliminates this alternative. Indeed, the increased ratio of olive 
to Purkinje cell suggests that even in the presence of increased 
“demand” for synaptic space (occasioned by the increased olive : 
Purkinje cell ratio), the development of monoinnervation is not 
blocked. 

This study therefore provides new insight into the mecha- 
nisms involved in the process of elimination of climbing fiber- 
Purkinje cell supernumerary synapses during development. In 
particular, our results suggest that an interplay of factors is nec- 
essary for the establishment of monoinnervation: the granule 
cell input is effective in its role only if the target Purkinje cells 
have reached a stage of differentiation sufficient to allow them 
to develop the cascade of intracellular events that respond to 
this input and culminate in the stabilization of a single climbing 
fiber. 
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