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Abstract: G-protein-activated inwardly rectifying potassium (GIRK) channels play an important 

role in regulating neuronal excitability. Several GIRK channel subunits have been found in 

the central nervous system. The weaver mutation has been identified as a single base-pair 

substitution in the gene encoding for a GIRK channel subunit, GIRK2. The cerebellum and the 

mesencephalon are predominately affected in the homozygous weaver mouse (wv/wv). In this 

article, we review our main findings about the patterns of cell generation, survival, and settling 

of two neuronal types in the wv/wv: Purkinje cells in the cerebellar cortex and dopaminergic 

neurons in the ventral midbrain. Moreover, we examine if the time of neuron origin determines 

the degree of cell vulnerability to the lethal action of mutated GIRK2. The possible involvement 

of other GIRK channel subunits is also considered within the context of earlier and more recent 

studies in the field.

Keywords: Purkinje neurons, dopaminergic neurons, GIRK2, weaver mouse, neurogenetic 

timetable

Introduction
Inwardly rectifying potassium channels have dominant control of the membrane 

potential of mammalian neurons, and modulation of their activity can profoundly 

influence neuronal excitability.1 These potassium channels fall into several subfamilies, 

one of which is designed as G-protein-activated inwardly rectifying potassium (GIRK) 

channels. They are also called Kir3 channels and are coupled to a variety of pertussis 

toxin-sensitive, G-protein linked neurotransmitter receptors that include adrenergic, 

muscarinic, dopamine, opioid, and GABA
B
 receptors.2,3 Moreover, GIRK channels are 

modulated by a wide variety of intracellular factors, such as phosphatidylinositol-4, 

5-biphosphate, Na+, Mg2+, oxidation-reduction, phosphorylation and acidification.3 

GIRK channels are activated by the βγ subunit of G-proteins.4

Four GIRK channel subunits have been identified in mammals. Of these, 

GIRK1-GIRK3 exhibit broad and overlapping distribution in the central nervous 

system (CNS), whereas the fourth subunit, GIRK4, is found primarily in the heart,5,6 

as well as in a few regions of the brain.7 These GIRK channel subunits combine to 

form homo- and heterotetrameric channels both in expression systems and in vivo.8 

There is evidence that these channels are predominantly heterotetramers formed 

by both GIRK1 and GIRK2 subunits in most brain regions, as well as homotetra-

mers composed only of GIRK2 subunits.9,10 However, the functional relevance of 

GIRK3 remains uncertain. Several authors have reported that GIRK3 expression, 

either alone or with other GIRK subunits, failed to yield functional GIRK channels.8,11 
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Yet, GIRK3 directs GIRK1/GIRK2 heterotetramers and 

GIRK2 homotetramers to lysosomal degradation pathways.12 

Interestingly, other studies have indicated that recombi-

nant GIRK3 forms operative channels with both GIRK1 

and GIRK2.13

GIRK proteins are potential sites for genetic mutation 

inducing neuronal death. In this respect, weaver is a 

pleiotropic mutation that arose spontaneously over 40 years 

ago in the C57BL/6J mouse strain. It has been identified as 

a missense point mutation in the Girk2 gene, which has been 

cloned and mapped on mouse chromosome 16 in a region 

homologous (syntenic) to human chromosome 21.14,15 When 

the mouse region was sequenced, it was found that the Girk2 

gene encoded a portion of the potassium channel, GIRK2. 

The difference between normal and weaver GIRK2 protein 

(GIRK2wv) was one amino acid, a glycine to serine substitu-

tion in the middle of a pore-forming of the protein.16

In the homozygous weaver mice (wv/wv), high levels 

of mutated GIRK2 are expressed in several regions of the 

CNS including the olfactory bulb, hypothalamus, thalamus, 

midbrain, cerebellum, hippocampus and amygdala.5,17,18 

Despite this broad distribution, not all neuronal types 

containing the GIRK2wv are injured. For example, GIRK2wv 

produces no abnormalities in the thalamus and amygdala, 

whereas in the olfactory bulb and hippocampus, it leads to 

ectopic and supernumerary cells without any clear functional 

consequences.19,20 Nevertheless, variations in the number of 

dopaminergic (DA) neurons have been reported in the wv/wv 

retina during development.21

The weaver homozygotes were originally identified at 

the Jackson Laboratories based on their instability of gait, 

the most obvious behavioral abnormality, hence the origin 

of the name weaver. In mice, gait abnormalities generally 

imply cerebellar defects and, for many years, study of the 

pathology disturbance caused by GIRK2wv focused entirely 

on the cerebellum. This, in fact, is miniaturized due to the 

huge loss of granule cells (GCs).22,23 Furthermore, there are 

also substantial deficiencies in Purkinje cells (PCs) and deep-

cerebellar nuclei neurons.24–26

Other alterations in the weaver cerebellum include: 

ectopic location of the surviving neurons;27–29 a disturbed 

foliar pattern in the hemispheres, although similar to that 

seen in control mice (+/+) at the vermis level;28–30 and altered 

cytoarchitecture of the cerebellar cortex (Rakic and Sidman 

1973a).23 Moreover, degeneration of wv/wv pontocerebellar 

mossy fibres has been found.31

There is still a debate about the causes that produce this 

GC loss. At least two models have been proposed (revised in 

Harkins and Fox2). In the first model, the weaver condition 

leads to a constitutively active GIRK2 channel, which results 

in loss of selectivity for K+ allowing Na+ and Ca2+ to penetrate 

cells. Neuronal death is related to the elevated intracellular 

Ca2+ levels caused by continuous depolarization. The second 

model proposes the loss of the GIRK2wv channel function, 

which reduces a major inhibitory pathway in developing 

neurons, producing GC hyperexcitability and cell death.

In addition to ataxia, the weaver homozygotes also exhibit 

mild locomotor hyperactivity,32 a behavioral phenotype often 

associated with abnormalities in dopaminergic neurotrans-

mission. The effect of GIRK2wv on the mesostriatal system 

remained unnoticed until the measurement of dopamine dem-

onstrated severe transmitter loss in the weaver forebrain.33,34 

Subsequent studies reported an important depletion of DA 

neurons in midbrain areas, with the substantia nigra pars com-

pacta (SNc) being the most severely affected region.35–37

In this paper, our main findings since the 1990s are 

summarized and considered within the context of the 

most relevant literature about the weaver mouse. We also 

discuss the way that GIRK2wv might affect the patterns of 

generation, survival and settling of PCs and several midbrain 

groups of DA neurons. The relevance of this review is that 

it attempts to link the lethal action of the GIRK2wv with the 

temporal and spatial patterns of neuron formation, while 

the possible involvement of other GIRK channel subunits 

is also considered.

Materials and methods
experimental design
All experiments were carried out in accordance with the 

requirements of the Committee for Institutional Animal 

Care and Use. Mice used in our experiments were obtained 

from the colony of +/+ and wv/wv at Indiana University 

School of Medicine, maintained on the B6CBA-Aw-j/A 

hybrid stock. The morning after mating was considered 

embryonic day (E) 1, whereas the day of birth was postnatal 

day (P) 0. During experimental procedures, dams and 

litters were maintained under controlled conditions. Food 

and water were always provided ad libitum. Pregnant 

dams (wv/+ or wv/wv), previously mated with wv/+ males, 

were injected subcutaneously on two successive days 

in an overlapping series with [3H]TdR (5 µCi/g of body 

weight, New England Nuclear #NET-027), according to 

the following embryonic time-windows: E11–12, E12–13, 

E13–14 and E14–15. Pups were perfused through the 

heart with 10% (vol/vol) neutral buffered formalin on P8, 

P20 and P90. The blocks containing the cerebellum and the 
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midbrain were dehydrated, paraffin-embedded and sectioned 

at 10 µm in the sagittal and coronal plane, respectively.

Tyrosine hydroxylase 
immunocytochemistry
Tyrosine hydroxylase (TH) immunocytochemistry (to detect 

DA neurons) was applied to brain sections following a 

previously described procedure.38 Basically, this consisted 

of incubated sections with rabbit anti-TH antiserum (Eugene 

Tech International, Allendale, NJ, USA) 1:1600 in TBS. After 

the first antibody incubation, a second one with a goat anti-

rabbit IgG was carried out (Amersham, UK) at 1:20, followed 

by a further incubation with rabbit PAP complex. Finally, 

sections were reacted with 3,3’-diaminobenzidine-H
2
O

2
. 

Control sections were prepared by replacing the primary 

antibody with tris-buffered saline. TH-reactive neurons 

were defined as those displaying a brown reaction product 

in their cytoplasms.

[3H] thymidine autoradiography
After the TH-immunocytochemistry was completed, [3H]TdR 

autoradiography was undertaken using the same sections. 

Slices containing cerebellar tissue were also processed for 

autoradiography. In both cases, isotope incorporation was 

detected as previously described.38 Briefly, slides coated with 

liquid photographic emulsion were stored in light-tight boxes 

at 4 °C for an exposure time of 12 weeks. Subsequently, they 

were lightly post-stained with hematoxylin, dehydrated and 

cover-slipped with Permount. All slices were simultaneously 

processed to avoid variations between groups in different 

batches. Examples of labeled PCs and DA cells are shown 

in Figures 1 and 2, respectively.

Cell recordings
Labeled and unlabeled PCs were separately scored in the 

mediolateral26 and anteriorposterior axes39 of the +/+ and 

wv/wv cerebellum. In the same rostrocaudal axis, PCs were 

also counted in both the fissures and the superficial (convex) 

areas of each cerebellar folium.40 The names of lobes and 

lobules, as well as their limits, were those assigned by 

Altman and Bayer.41

Criteria for scoring PCs included the presence of a large 

and clear nucleus, pear-shaped cell body, and their position 

between the molecular and granular cell layers. As wv/wv PCs 

somata are ectopically settled, due to disruption of the normal 

cerebellar cortex cytoarchitecture,28,29 it might be difficult to 

distinguish between PCs and any other large neurons in our 

haematoxylin counterstained sections. Total PC counts in the 

mutant were therefore multiplied by a Golgi-cell correction 

factor (85.7%). This factor was introduced by Lange42 and 

has been used in quantitative analyses of weaver PCs.24

[3H]TdR-labeled and unlabeled DA neurons were 

separately scored in four +/+ and wv/wv midbrain regions: the 

substantia nigra pars compacta (SNc), the ventral tegmental 

area (VTA), the interfascicular nucleus (IFN) and the 

retrorubral field (RRF). Numbers of SNc DA neurons were 

also recorded at four anteroposterior (AP) coronal levels 

(L1 to L4) along +/+ and wv/wv SNc. The VTA DA cells 

were counted from L2 to L4. Figure 3 shows the chosen 

anatomical levels, which are based on plates 46, 50, 54, 58 

and 60 in the atlas of Sidman and colleagues.43

Quantitative analyses
Cell counts (PCs and DA neurons) were carried out at 400X 

using a Leitz microscope with a 10 × 10 reticule in one of 

Figure 1 High-magnification autoradiograms at the level of the vermal anterior lobe 
of the cerebellum from a +/+ (A) and a weaver mouse (B) exposed to [3H]TdR at 
E12–13 and surviving to P90. Labeled Purkinje cells can be identified by the presence 
of nuclear black dots. Scale bar, 20 µm.
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the eyepieces. The frequency of [3H]TdR-labeled neurons 

was calculated as a percentage, by dividing the number of 

labeled neurons with the total number of neurons scored. 

Neurogenetic programs were inferred by subtracting the 

percentage of labeled neurons in a given embryonic time-

window from the percentage of the immediately previous 

[3H]TdR injection window, in order to obtain the fraction of 

neurons generated between the two injection series. As pilot 

data from injections on E10–11 indicated that nearly all +/+ 

or wv/wv PCs and TH neurons are labeled with [3H]TdR, no 

mice were tested during this time-window. A value of 100% 

was assumed for both genotypes. In contrast, at E15–16, the 

percentage of labeled PCs and TH-positive neurons was very 

low; again, no animals were injected at this time-window and 

a value of 0% was established for both +/+ and wv/wv.

Figure 2 High-magnification autoradiograms of TH-immunostained sections (darker 
reaction product in cytoplasm) through the midbrain of a +/+ (A) and a weaver mouse 
(B) injected with [3H]TdR at e12–13 and killed at P90. Both photomicrographs 
correspond to the retrorubral field. [3H]TdR-labeled neurons can be identified by 
the presence of nuclear black dots. Note the relative decrease in cell density in the 
weaver image. Scale bar, 30 µm.

Figure 3 Representative low-magnification view of five coronal sections used 
for cell counting in the SNc, vTA, iFN and RRF from control mice that survived 
until P90. Sections A to D correspond to L1–L4 anatomical levels; B–D Copyright 
© 2007, elsevier. Adapted with permission from Martí J, Santa-Cruz MC, Bayer SA, 
Ghetti B, Hervás JP.  Generation and survival of midbrain dopaminergic neurons in 
weaver mice. Int J Devl Neurosci. 2007;25(5):299–307.
Notes:  white broken lines delimit the regions studied in the right side of the ventral 
midbrain. Scale bar, 300 µm.
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Subsequently, the neurogenetic gradients of the studied 

neurons were established by examination of the neurogenetic 

timetables. The term neurogenetic gradient refers to the 

nonrandom spatial accumulation of cells according to age 

within and between neuronal populations.44

Statistical analysis
Data analyses were carried out using SPSS (version 14, SPSS 

Inc, Chicago, IL, USA) statistical software. Comparisons 

between means were made using the Student’s t-test if 

variances were homogeneous in accordance with the F-test, 

whereas the Mann–Whitney U-test was used if the variances 

were not homogeneous after log transformation. A ‘P’ value 

of less than 0.05 was considered statistically significant.

Results
initial loss of weaver Purkinje cells
Early studies revealed that, around E19, PC loss was 

detectable in the cerebellar vermis of mutant embryos,45 and 

in the same region we have recently reported a decrease in PC 

numbers by more than 40% at P8.46 At this age, the generative 

period of such macroneurons presented the same duration 

in +/+ and wv/wv cerebella (data not shown). Moreover, 

no differences in the neurogenetic program were found 

between the two genotypes. When these results were com-

pared with those of the adult mutant mouse,26 it was clearly 

shown that no differential loss of PCs occurs between P8 and 

P90 weaver vermis.

Surviving weaver PCs along  
the cerebellar axes
The loss of PCs is not uniformly distributed across the weaver 

cerebellum. Indeed, this loss is severe in the vermis, but 

very limited in the hemispheres.28,29 Therefore, does regional 

delivery of PCs alter in the weaver condition? To answer this 

question, we designed some experiments in +/+ and wv/wv 

mature mice following two topographic coordinates: the 

mediolateral and anteroposterior axes of the cerebellum.

In the first case,26 cell counts were carried out in the four 

successive cerebellar compartments assigned by Altman and 

Bayer:41 vermis, paravermis, medial and lateral hemispheres. 

When the relative loss of wv/wv PCs for these compartments 

was compared, the numerical deficit was highest in the vermis, 

lower in the paravermis and lowest in the medial hemisphere, 

whereas in the lateral hemisphere the number of surviving 

PCs was similar to that of +/+. Yet, quantification of autora-

diograms showed that every peer of [3H]TdR injections, at 

specific embryonic days (see Materials and methods), labeled 

approximately the same number of PCs in each cerebellar 

compartment of +/+ and wv/wv mice. Consequently, the onset 

of neurogenesis, its total span and the neurogenetic program 

were similar in both experimental groups, as well as in each 

analyzed region (data not shown). Such a generative timetable 

enabled us to differentiate between early- and late-born PCs. 

As Table 1 shows, these macroneurons were generated in both 

genotypes according to a lateral-to-medial gradient; thus, the 

lateral hemisphere contains more early-generated neurons 

than the vermis, which in turn has more late-formed neurons 

than lateral hemispheres. Hence, we were able to supply solid 

evidence that the weaver mutation does not interfere with the 

production and settling patterns of surviving PCs along the 

cerebellar mediolateral extension.

Subsequent experiments were undertaken on the rostro-

caudal axis of both the vermis and the lateral hemisphere.39 

Counts and timetables of PCs were separately determined in 

each vermal lobe and in the simplex, ansiform and paramedian 

hemispheric lobules. Results showed that PC neurogenetic 

programs were similar for +/+ and wv/wv in each analyzed 

region of the vermis (Figure 4) and the hemisphere (data not 

shown). The neurogenetic gradients of these macroneurons 

were also compared. As shown in Tables 2 and 3, they are very 

much alike between wild-type and weaver for each vermal 

lobe or hemispheric lobule considered. Interestingly, in both 

genotypes, the vermal central or posterior lobes are made up 

of more early-generated PCs than any other lobe (Table 2), 

while a rostrocaudal decrease in old PCs can be observed 

throughout the hemispheric lobules (Table 3). Nevertheless, 

all these data demonstrate that the age-distribution of 

surviving PCs carrying the mutant allele remains unaltered. 

Yet, when the loss of wv/wv PCs was assessed, the central 

lobe appeared to be the most affected vermal region 

(41.4% vs +/+ value). Moreover, there was a substantial 

deficit in the simplex and paramedian hemispheric lobules 

Table 1 Percentage of early and late generated PCs in each 
compartment of the cerebellar cortex

Compartment Older (E10–12) Younger (E13–14)

+/+ wv/wv +/+ wv/wv

vermis 63.7 66.4 36.3 33.6

Paravermis 67.9 71.6 32.1 28.4

M. hemisphere 73.0 74.2 27.0 25.8

L. hemisphere 76.7 73.9 23.3 26.1

Notes: PCs generated from e10 to e12 are considered early-generated, whereas those 
originated at e13 and e14 are late-generated. Copyright © 2001, elsevier.  Adapted 
with permission from Martí J,   wills Kv, Ghetti B, Bayer SA. evidence that the loss of 
Purkinje cells and deep cerebellar nuclei neurons in homozygous weaver is not related 
to neurogenetic patterns. Int J Devl Neurosci. 2001;19:599–610.
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(64.6% and 60.4%, respectively), although as a whole, the 

lateral hemisphere did not present a lower number of PCs 

than control.

Purkinje cell age-distribution 
and cerebellar fissuration
Finally, another comparative study of PC generation and 

survival between +/+ and wv/wv mice was undertaken to 

determine possible relationships with the cerebellar fissura-

tion pattern.40 Separate analyses were carried out for each 

vermal lobe and hemispheric lobule at P90, with a distinc-

tion being made between fissures and foliar crowns. Our first 

observation was that in the grooves, as well as in the creases 

of every vermal lobe (Figure 5) or hemispheric lobule (data 

not shown), the neurogenetic programs of weaver PCs closely 

resembled those of the wild-type group. The neurogenetic 

gradients of these macroneurons were also estimated for 

both genotypes (Table 4). They revealed the accumulation 

of late-generated PCs in fissures, whereas older PCs were 

concentrated in the foliar crowns, that is, there appears to be 

a similar birthdate gradient in each +/+ and wv/wv particular 

lobe, or lobule. Moreover, differences and similarities in PC 

age-distribution were evident throughout the cerebellar sur-

face contour. As seen in Table 4, the frequencies of young PCs 
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settled in fissures of the anterior and inferior vermal lobes are 

higher than those for the fissures of the central and posterior 

lobes. Nevertheless, most earlier-formed PCs are found in 

loci facing convex surfaces of the central and posterior lobes. 

In the lateral hemisphere, there seems to be an almost uniform 

distribution of early PCs facing fissures and foliar crowns 

of the simplex as well as the ansiform lobule. However, the 

percentage of late-formed neurons located at fissures is higher 

in the paramedian than in the rest of the hemispheric lobules. 

Our results again clearly show that surviving PCs were able 

to migrate toward their final destinations, concavities or 

convexities, in the wv/wv cerebellar cortex.

Although we only present here the results for the vermis 

region, depletion of PCs in weaver cerebella was also 

estimated for fissures and foliar crowns of both the vermis 

and the lateral hemisphere. As indicated in Table 5, there is 

a statistically significant decrease in PC numbers in both the 

concave and convex surfaces of each wv/wv vermal lobe. 

Thus, in the anterior lobe, neuronal loss is much more severe 

in the loci of foliar crowns (with 34.2% of cells remaining 

as compared to control) than in those facing fissures 

(with 62.4% of cells remaining as compared to control). 

Moreover, the relative amount of wv/wv PCs corresponding 

to these fissures is greater than in any other vermal locality. 

The central lobe exhibits a similar depletion of PCs in its 

grooves (37.1% of cells remaining) and crests (34.8%). In line 

with these results, neuronal loss in the posterior lobe seems 

to affect concave or convex surfaces almost equally. When 

these macroneurons are scored in the inferior lobe, there is 

a larger reduction in the zones lying on fissures than at the 

lobar crown (with only 49.2% of cells remaining vs 60.4% 

at the lobar crown, relative to controls). In short, severity 

in PC loss also seems to depend on the foliar compartment 

analyzed.

initial loss of weaver dopaminergic 
neurons
Compared to wild-type, the weaver homozygote presents 

a reduction in the number of DA cells in several areas of 

the ventral midbrain.35,47 However, there is evidence that 

wv/wv mice are born with a normal complement of DA 

cells,48 which is subsequently lost during postnatal life. 

The timing of neuronal vulnerability to gene mutation may 

vary between different midbrain regions, hence, numerical 

deficits have been reported at P14 in the SNc,36 but at P20 

in the RRF.47 In an attempt to gain more information about 

the time-course depletion of DA neurons, and its possible 

relationship with the age of these cells, a set of experiments 

were undertaken in four midbrain areas, the SNc, VTA, IFN, 

and RRF, considering each of them as a whole.

viability of weaver DA cells in early 
postnatal days
Firstly, counts and origin-timetables of DA cells were 

determined in each area mentioned above of +/+ and wv/wv 

mice at P8.49 No cell loss was found in any of these neuronal 

populations (Table 6), that is, wv/wv DA neurons were 

still alive at that age. The inferred neurogenetic programs 

were similar between +/+ and wv/wv in each midbrain area 

analyzed (data not shown) and, irrespective of the genotype, 

DA neurons in the RRF seemed to be the earliest generated, 

followed by those in the SNc, the VTA and finally the IFN. 

In addition, the cytoarchitecture of these cell populations was 

also the same in both experimental groups. All these results 

suggest that the proliferative behavior of DA-cell precursors, 

as well as subsequent steps in the neuronal development 

(eg, cell migration, axonal outgrowth and neuronal settling), 

seem to be unaffected by the expression of the weaver gene.

Table 2 Percentage of generated Purkinje cells in the cerebellar 
vermis

Vermal lobes Older (E10–12) Younger (E13–14)

+/+ wv/wv +/+ wv/wv

Anterior 60.5 59.4 39.5 40.6

Central 76.0 75.2 24.0 24.8

Posterior 73.0 74.2 27.0 25.8

inferior 57.9 56.5 42.1 43.5

Notes: PCs generated from e10 to e12 are considered early-generated, whereas 
those originating at e13 and e14 are late-generated. Data were obtained from 
Figure 4. Copyright © 2002, elsevier.  Adapted with permission from Martí J, 
wills Kw, Ghetti B, Bayer SA. Regional differences in the Purkinje cells settled 
pattern: a comparative autoradiographic study in control and homozygous weaver 
mice. Exp Neurol. 2002;175:168–181.

Table 3 Percentage of generated Purkinje cells in the cerebellar 
hemispheres

Hemispheric 
lobule

Older (E10–12) Younger (E13–14) 

+/+ wv/wv +/+ wv/wv

Simplex 83.1 84.7 16.9 15.3

Ansiform 79.3 79.8 20.7 20.2

Paramedian 61.5 64.9 38.5 35.1

Summed average 74.6 76.5 25.4 23.5

Notes: PCs generated from e10 to e12 are considered early-generated, whereas those 
originating at e13 and e14 are late-generated. Copyright © 2002, elsevier.  Adapted 
with permission from Martí J, wills Kw, Ghetti B, Bayer SA. Regional differences in 
the Purkinje cells settled pattern: a comparative autoradiographic study in control 
and homozygous weaver mice. Exp Neurol. 2002;175:168–181.
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Generative profiles of weaver surviving 
DA cells
Secondly, when the weaver midbrain was studied at P90,50 

an important deficit of DA neurons was found in three of the 

analyzed areas. As shown in Table 6, cell loss was highest in 

the SNc, lower in the VTA and lowest in the RRF. Moreover, 

comparisons with data from earlier ages (P8 and P20) reveal 

a progressive decrease in cell numbers for the SNc and VTA. 

The numerical deficit in the RRF does not strictly follow this 

trend, although the hybrid background of wv/wv breeding 

stocks may account for that variability. The generative 

timetable of each DA-cell group was also compared between 

the two genotypes. As can be see in Figure 6, wv/wv DA 

neurons exhibit the same duration of neurogenesis as +/+ 

for each analyzed area, with it ending at E13 for the RRF 

but being prolonged until E14 for both the SNc and VTA. 

Yet, there were systematic differences in each particular 

neurogenetic program. The peak of the profile for newborn 

DA neurons is reached toward E12 in +/+ SNc and RRF, while 

E11 represents the highest generative point for both weaver 

areas. A shift to earlier embryonic days can also be observed 

in the wv/wv VTA profile. Bearing in mind the previously 

mentioned cell loss found in these three midbrain areas, 

a possible hypothesis could be that surviving DA neurons 

are more likely to be generated earlier than later.

Spatial differences in the vulnerability 
of weaver DA cells
Finally, generation and survival of weaver DA neurons 

were again studied in the SNc and VTA at P90, but with a 

distinction being made between the four coronal anatomical 

levels (L1 to L4) along the AP extent of both DA-cell 

groups.51 Figure 3 shows the chosen consecutive levels 

(see also Materials and methods). Our initial results concern 

Table 4 Frequency of generated Purkinje cells

Cerebellar level Fissures Foliar crowns

Old PCs  
(E10 + E11)

Young PCs  
(E13 + E14)

Old PCs  
(E10 + E11)

Young PCs  
(E13 + E14)

+/+ wv/wv +/+ wv/wv +/+ wv/wv +/+ wv/wv

vermal lobes

 Anterior 10.0 9.9 45.1 43.6 12.8 14.6 32.1 33.3

 Central 13.9 13.5 30.5 32.7 21.5 21.0 17.5 15.3

 Posterior 9.4 9.9 35.9 37.4 18.1 19.0 18.1 16.4

 inferior 7.8 5.4 47.0 48.3 11.8 14.7 35.1 30.3

Hemisphere lobules

 Simplex 15.2 15.7 24.2 22.9 17.7 16.4 9.6 12.7

 Ansiform 14.8 14.8 27.2 24.9 16.0 15.0 12.8 12.0

 Paramedian 6.4 6.9 47.4 46.0 15.4 13.8 29.6 27.4

Notes: Percentage of early and late-produced PCs at the level of the vermis and in the lateral hemisphere. PCs formed at e10 + e11 are considered early-generated, whereas 
those originating at e13 + e14 are late-generated.   vermal values were obtained from Figure 5. Copyright © 2007, Springer Science + Business Media.  Adapted with permission 
from Martí J, Santa-Cruz MC, Bayer SA, Ghetti B, Hervás JP. Purkinje cell age-distribution in fissures and in foliar crowns: a comparative study in the weaver cerebellum. Brain 
Struct Funct. 2007;212:347–357.

Table 5 Purkinje cell counts per section in the vermis

Lobe Fissures Foliar crowns

+/+ wv/wv wv% +/+ wv/wv wv%

control control

Anterior 289.3 ± 5.1 180.6 ± 6.3a 62.4 94.5 ± 8.1 32.3 ± 6.8b 34.2

Central 165.8 ± 4.8 61.5 ± 5.6a 37.1 79.6 ± 5.9 27.7 ± 5.8b 34.8

Posterior 69.7 ± 5.3 34.7 ± 5.1a 49.8 33.9 ± 6.2 18.8 ± 5.8c 55.5

inferior 38.0 ± 3.6 18.7 ± 5.3a 49.2 25.8 ± 2.6 15.6 ± 2.5c 60.4

Notes:  values are expressed as mean ± SeM from each vermal lobe of the cerebellar cortex. Counts were done in the e14–15 [3H] TdR injection series. aP  0.005, bP  0.001, 
cP  0.05 compared to +/+ (Student’s t-test). Copyright © 2007, Springer Science + Business Media.  Adapted with permission from Martí J, Santa-Cruz MC, Bayer SA, Ghetti B, 
Hervás JP. Purkinje cell age-distribution in fissures and in foliar crowns: a comparative study in the weaver cerebellum. Brain Struct Funct. 2007;212:347–357.
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DA-cell loss in each anatomically matched level. Within the 

SNc, cell deficit means that in L1 only 42.5% of cells remain 

as compared to +/+ animals; this loss is greater in L2 and L3 

(with only 38.5% and 32% of cells, respectively as compared 

to control) and greatest in L4 (25%). In the weaver VTA, L2 

exhibits rates of 64%, L3 of 58%, whereas in L4, the latest 

in the sequence, cell percentages are around 47% relative 

to controls. Two facts emerged from these data: (I) cell loss 

was always more intense at every SNc level than in the VTA 

ones, and (II) depletion of DA neurons increases along the 

AP axis of both midbrain regions.

Generative timetables of these DA cells were compared 

between +/+ and wv/wv at the previously mentioned 

anatomical levels. In Figures 7 (for SNc) and 8 (for VTA), 

the frequencies of newborn neurons are graphically displayed. 

As can be seen, the span of neurogenesis is similar for 

both genotypes irrespective of the level considered, but 

there are systematic differences between the neurogenetic 

programs. Thus, the posterior levels of the wv/wv SNc and 

VTA (L3 and L4), which present a greater loss of neurons, 

also exhibit the most important profile shift toward earlier 

neurogenesis. In contrast, those with lower depletion (anterior 

levels) have a lower shift in their generative profiles. In other 

words, in every weaver SNc or VTA level, the mixed DA 

neurons were predominantly late-generated.

In a subsequent estimate, the neurogenetic gradients of 

DA neurons were also assessed for each selected level. Tables 

7 and 8 show the proportions of early- and late-generated DA 

cells in +/+ and wv/wv for the SNc and VTA, respectively. 

Table 6 Percentages of wv/wv dopaminergic neurons in relation to 
that of wild-type values

Midbrain 
areas

Postnatal days 

8a 20b 90c

SNc 100.0 67.3 36.6

vTA 95.3 92.2 67.0

iFN 97.6 92.3 99.7

RDF 100.0 56.9 71.8

Notes: a,b,cData from Martí and colleagues,49 Bayer and colleagues,47 and Martí and 
colleagues.50

Abbreviations: SNc, substantia nigra pars compacta;  vTA, ventral tegmental area; 
IFN, interfascicular nucleus; RDF, retrorubral field.
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At least two basic observations can be drawn. First, for both 

genotypes, every SNc anatomical level has more early-

formed neurons than in any VTA position. Second, the fre-

quency of +/+ oldest neurons follows an AP decline, whereas 

there is an increase in the number of the youngest cells. 

Such an increase of SNc-VTA late-produced DA neurons 

was disturbed in weaver as a consequence of the increasing 

AP loss of these cells. In short, the number of surviving DA 

cells in the mutant condition is closely linked to the actual 

age of such neurons.

Discussion
Generation and distribution  
of surviving weaver PCs
Several comparative studies about PC generation and settling 

in wild-type and homozygous weaver mice are reviewed 

here.26,39,40,45,46 Separate analyses are carried out in sagittal 

sections, making a distinction between the mediolateral 

and anteroposterior cerebellar axes as well as between 

the two surface compartments of the cortex: fissures and 
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foliar crowns. Our basic observation is that in each particu-

lar studied region of the cerebellar cortex, PC neurogenesis 

is similar for +/+ and wv/wv mice. We have also presented 

evidence that in every vermal lobe, or hemispheric lobule, as 

well as in grooves and creases of the vermal or hemispheric 

contour, surviving PCs at P90 are spatially distributed 

according to precise neurogenetic gradients, which closely 

resemble those of the control group.

One implication of that mentioned above is the existence 

of some wv/wv PC populations that are able to migrate 

properly from the ventricular neuroepithelium to their 

apparent final destinations. There is no contradiction here 

with the well-known cytoarchitectonic derangement of PCs 

throughout the weaver cerebellar cortex,22,23 because such an 

ectopic position is also associated with an almost complete 

absence of GCs. In other words, cellular tenure of mutated 

GIRK2 protein does not prevent the migration and settling 

of surviving PCs.

Cell loss versus PC age-distribution
A signif icant amount of PCs is lost in the weaver 

cerebellum.22–24,52,53 Our results also showed a substantial 

reduction in the number of PCs at P90 in most cortical 

regions studied. However, our main goal with regard to the 

postnatal period was to find out whether the age of wv/wv 

PCs could predispose them to a long or short survival. The 

analysis consisted in comparing the neurogenetic gradient of 

PCs in each particular cortical zone with the corresponding 

numerical depletion, by following the two anatomical axes of 

the cerebellum. Thus, in the mediolateral axis, the so-called 

vermal compartment41 exhibits the highest proportion of late-

generated PCs and sustains the most dramatic losses. Along 

the anteroposterior axis, however, the late-formed PCs are 

accumulated in the anterior lobe, that is, the vermal region 

with fewer missing PCs. Hence, a numerical deficit seems 

to be unrelated to the local age-distribution of surviving PCs 

and, therefore, it is tempting to assume that the weaver gene 

may be targeting PCs irrespective of their birthdates.

The present study also contributes information about an 

interesting aspect related to cerebellar cortex development, 

which is the possible relationship between PC age and 

fissuration pattern. Consistent with early data from normal 

mouse cerebella,54 an unbalanced age-distribution of PCs 

between fissures and foliar crowns has been found in both 

wild-type and mutant genotypes.40 Moreover, although 

numerical depletion in weaver can be related to foliar 

concavities or convexities depending on the vermal lobe 

analyzed, the late-generated PCs are always preferentially 

located in fissures. We do not know why this occurs but, 

a priori, the PC developmental program should be taken 

into consideration. In rodent embryos, the incipient vermal 

lobes comprise five populations or clusters of PCs, which 

are distributed following a strict temporal order: beginning 

on the central lobe, composed of early-generated cells, and 

ending on the anterior lobe, which contains later-produced 

PCs, according to a caudorostral gradient.41,55 Interestingly, 

current disparities in PC depletion between fissures and foliar 

crowns are restricted to the younger PC clusters, that is, 

those from the inferior and anterior vermal lobes, while the 

anterior lobe itself exhibits the smallest PC loss in its fissures. 

These observations led us to propose two time periods 

for the deleterious action of the weaver mutation on PCs. 

During the first period, cell depletion would equally affect 

PC cohorts destined to move toward both the presumptive 

fissures and surface convexities of the ontogenetically older 

vermal cortical locations: the central and posterior lobes. 

In a second period, the remaining PCs destined to colonize 

Table 7 Frequency of generated DA neurons in the substantia 
nigra pars compacta

Anatomical  
levels

Older (E10 + 11) Younger (E13 + 14) 

+/+ wv/wv +/+ wv/wv

L1 42.9 57.6 16.6 11.8

L2 38.4 58.7 23.8 14.4

L3 31.4 64.1 32.3 10.6

L4 27.9 62.6 38.3 18.2

Notes: Percentage of early and late-generated dopaminergic cells in each SNc 
level. Dopaminergic neurons formed at e10 and e11 are considered early formed, 
whereas those produced at e13 and e14 are late generated. Copyright © 2007, 
elsevier.  Adapted with permission from Martí J, Santa-Cruz MC, Bayer SA, Ghetti 
B, Hervás JP. Generation and survival of midbrain dopaminergic neurons in weaver 
mice. Int J Devl Neurosci. 2007;25(5):299–307.

Table 8 Frequency of generated DA neurons in the ventral 
tegmental area

Anatomical 
levels

Older (E10 + 11) Younger (E13 + 14) 

+/+ wv/wv +/+ wv/wv

L2 24.9 33.3 28.8 26.7

L3 16.1 30.8 38.9 30.2

L4 13.3 37.9 45.6 28.4

Notes: Percentage of early and late-generated dopaminergic cells in each vTA 
level. Dopaminergic neurons formed at e10 and e11 are considered early formed, 
whereas those produced at e13 and e14 are late generated. Copyright © 2007, 
elsevier.  Adapted with permission from Martí J, Santa-Cruz MC, Bayer SA, Ghetti B, 
Hervás JP.  Generation and survival of midbrain dopaminergic neurons in weaver mice. 
Int J Devl Neurosci. 2007;25(5):299–307.
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other lobes would be progressively less affected by the mutant 

gene. This might result in different stages of vulnerability for 

those neurons assigned to concave versus convex surfaces, the 

cell loss being less important in those foliar compartments 

in which late-generated PCs prevail, such as the fissures of 

the anterior vermal lobe.

GiRK channel diversity and PC survival
At this point in the discussion, an important question arises: 

if the decrease in PC numbers is due to a direct action of the 

weaver mutation,52 why do some PCs carrying the mutated 

gene die and others do not? We are very far from being able 

to provide a clear answer, but the existence of the mutated 

protein GIRK2wv must be close to the heart of the matter.

Most PCs in the adult normal mouse express both Girk2 

mRNA and GIRK2 protein, although at low detection levels, 

and the immunoreactivity is typically present in dendrites and 

the neuropil.20,56 The residual PCs in the homozygous weaver 

continue to express GIRK2.20,57 Therefore, other factors 

besides the mere presence of GIRK2wv must also be involved 

in the potentially lethal effect of the mutated GIRK2 channel 

subunit. For example, the constitution of channels themselves 

should be taken into consideration. Splicing of the Girk2 gene 

yields multiple isoforms of Girk2 transcripts,8,58,59 while other 

members of the GIRK family, such as GIRK1 and GIRK3 are 

also expressed in PCs of adult mice and rats.17,56 Although 

neuronal GIRK channels are often considered to consist 

primarily of GIRK2 homotetramers60,61 or GIRK1/GIRK2 

heterotetramers,9,62 other subunit combinations can be pres-

ent in PCs, such as GIRK1/GIRK2/GIRK3 heteromeric 

complexes, as suggested by recent co-immunoprecipitation 

experiments.56 Moreover, the toxic effect of the wv allele, 

when expressed in heterologous systems, can be reduced by 

heteropolymerization with all other members of the GIRK 

family.63 Thus, the different levels of vulnerability of PCs 

along the cerebellar cortex, previously mentioned, might 

reflect the GIRK channel diversity. It is conceivable that the 

relative contribution of GIRK3 subunits to heterotetrameric 

channel assembly would be able to compensate for the 

GIRK2wv in those PCs that survive.

Another important factor, also related to the suggested 

interaction between channel subunits, could be the timing of 

the expression of the Girk genes during normal PC develop-

ment. The low level of Girk1 mRNA seems to undergo little 

fluctuation throughout the embryonic and postnatal mouse 

development.64 However, the expression of the other two 

PC Girk genes shows developmental regulation. The levels 

of Girk2 RNA and GIRK2 protein become progressively 

weaker from neonates to P22,57,60,64 while the Girk3 mRNA 

increases from P0, and becomes the predominant transcript 

from 10 days after birth.64 Once again, this suggests a likely 

role in PC rescue played by the GIRK3 subunit in the weaver 

channel assembly. Yet, it also implies the existence, a priori, 

of a time period of maximum cellular susceptibility to the 

nocive effects of the GIRK2wv subunit. Such a scenario has 

parallels with our model of decreasing vulnerability of wv/wv 

PCs in early developmental times, previously described above 

in Cell loss versus PC age-distribution. Nevertheless, the 

sole contribution of GIRK3 cannot in itself be the algorithm 

for cell survival of weaver PCs; other intrinsic and extrinsic 

cellular factors could converge to affect the life expectancy 

of these macroneurons.

Relationship between DA-cell age 
and neurodegeneration
The second part of current results deals with the weaver 

DA neurons from four areas of the mouse ventral midbrain: 

the SNc, VTA, IFN, and RRF. We review the information 

about this subject taken from a series of our own papers.46–50 

Working at an early postnatal age, ie, at P8, we found no 

depletion in the DA-cell number, while the weaver gene 

seemed to have no apparent effect on the settling of DA cells 

in the midbrain areas studied, or on the mitotic activity of 

their precursors. In the adult weaver mouse, however, only 

the IFN escapes the spontaneous degeneration of DA neurons. 

Furthermore, cell vulnerability is built into the other DA-cell 

groups during their late postnatal development.

At P90, however, the inferred generative timetables of 

DA neurons are systematically different between weaver and 

control in the SNc, VTA, and RRF. Yet, all these neurogenetic 

profiles show a common feature in the mutant group: the shift 

of the peak of the profile to early embryonic days. This means 

that the late-generated DA cells are more liable to suffer the 

lethal effect of the weaver gene than those generated earlier. 

In other words, the survival of wv/wv DA neurons in all these 

midbrain areas is related to cellular age.

Regional variability in DA-cell loss 
and GiRK channels
We have examined four DA-cell groups in the ventral 

midbrain of +/+ and wv/wv mice looking for some 

relationship between cell-age and cell-survival. As only 

one of these mesencephalic areas, the IFN, escapes cell 

death, it may be interesting to analyze the relative distribu-

tion of GIRK2wv. A previous comparative study in normal 
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There is still insufficient information about GIRK 

channels for us to be able to explain the neurodegenerative 

AP gradient seen within both wv/wv SNc and VTA, but the 

lethal effect of the weaver gene must depend upon a combina-

tion of the abnormal function of GIRK2wv subunit and other 

factors specific to the vulnerable DA cells. For example, there 

could be some defaults in the availability of trophic factors 

during the synaptic period of DA neurons from either the 

SNc, which give rise to the nigrostriatal pathway, or from the 

VTA, which give rise to the mesolimbic and mesocortical 

pathways. In this context, it is well documented that glial 

cell line-derived neurotrophic factors potently promote the 

survival ability of SNc DA cells in animal models of PD,71,72 

as well as in weaver and human clinical trials.73,74
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