
not Ser-5-phosphorylated Pol II could be de- 
tected at the downstream region after day 5.5, 
which is consistent in part with the recent find- 
ing that Pol II-S5P is localized to promoters, 
whereas Pol II-S2P can be observed in coding 
regions (25). The finding that both Ser-5- and 
Ser-2-phosphorylated forms of Pol II were 
present at the c(x-AT promoter from the day of 
recruitment and long before transcription could 
be detected suggests that CTD phosphorylation 
is not sufficient for Pol II release. This could 
occur only when NUC-2 became remodeled, 
pointing to a previously unknown regulatory 
function of nucleosome structure. When situat- 
ed around the transcription start site, the nucleo- 
some may act as a barrier that controls the 
escape of RNA pol II from the promoter. In the 
case of the (x1-AT gene, nucleosome reconfigu- 
ration is the final determining step of the initi- 
ation process. 
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Purkinje cell degeneration (pcd) 
Phenotypes Caused by 

Mutations in the 

Axotomy-lnduced Gene, Nna1 

Angeles Fernandez-Gonzalez,'* Albert R. La Spada,2* 
Jason Treadaway,1 Jason C. Higdon,1 Belinda S. Harris,3 

Richard L. Sidman,4 James I. Morgan,1 Jian Zuo1t 

The classical recessive mouse mutant, Purkinje cell degeneration (pcd), exhibits 
adult-onset degeneration of cerebellar Purkinje neurons, retinal photorecep- 
tors, olfactory bulb mitral neurons, and selected thalamic neurons, and has 
defective spermatogenesis. Here we identify Nna 1 as the gene mutated in the 
original pcd and two additional pcd alleles (pcd2J and pcd3J). Nna encodes a 
putative nuclear protein containing a zinc carboxypeptidase domain initially 
identified by its induction in spinal motor neurons during axonal regeneration. 
The present study suggests an unexpected molecular link between neuronal 
degeneration and regeneration, and its results have potential implications for 
neurodegenerative diseases and male infertility. 
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Strains of mice harboring mutations that af- 
fect the nervous system have provided impor- 
tant insights into normal and aberrant neural 
development and function (1-3). Although 
the genes responsible for many of the classi- 
cal neurological mutants have been identi- 
fied, the Purkinje cell degeneration (pcd) 
gene remains elusive. Unlike many mouse 
mutants in which neuronal loss occurs during 
development (2, 3), pcd is unusual in that 
neurodegeneration occurs after weaning, 
when most synaptic circuitries are estab- 
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lished. Thus, the identification of the gene 
responsible for the pcd phenotype could pro- 
vide a key molecular entry point into path- 
ways or processes underlying other neurode- 
generative disorders in humans. 

The original pcd mutation (referred to here 
as "pcd1J", to distinguish it from later-occurring 
pcd mutations) arose spontaneously in the 
C57BR/cdJ strain and exhibits ataxia resulting 
from loss of cerebellar Purkinje cells during 
early adulthood (4, 5). Populations of thalamic 
neurons also degenerate between postnatal days 
50 and 60 inpcd'1 (6, 7), whereas degeneration 
of retinal photoreceptors and olfactory bulb mi- 
tral cells progresses slowly over a year (8-11). 
Also, adult male pcd"J mice are infertile be- 
cause they have reduced numbers of sperm that 
are abnormally shaped and nonmotile (5, 12). 
Two additional pcd alleles, pcdcP and pcd3J, 
arose spontaneously in SM/J and BALB/cByJ 
mouse strains, respectively. The pcd2J allele 
was maintained in C57BL/6J congenic lines for 
> 15 backcross generations. The phenotypes of 
pcd'J and pcd3J homozygotes were nearly iden- 
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Fig. 1. Genetic mapping of pcd Mouse Chr. 13 
and gene structure of Nnal. The 
pcd locus was mapped to mouse xx x en 
chromosome 13 between D13Mit157 The pcd candidate region Ds3Mts 

D13Mit167 and D13Mit157. .(0.38 cM/-0.61 Mb) 
Three crossovers (two telomeric, 
"XX" and one centromeric, "X") Ffj21613 Nnal Ntrk2 
defined the boundaries of the Genes - 44- 4 

pcd candidate region. The pcd 
cosyntenic region of human 
(9q21.33-9q22.1) contains six Nna1 ATG TGA 

predicted genes (indicated by | l 111111 1 | | ill 1 
lines and their 3' ends indicated 
by arrows); Ntrk2 and Flj21613 5kb Ex1 Ex8 Ex16-19 

flank Nna 1. Filled squares, exons; 
ATG, initiation codon; TGA, stop codon. Exons 8 and 16 to 19 (underlined) were used as probes for 
Northern and in situ hybridization analyses. 

Fig. 1. Genetic mapping of pcd Mouse Chr. 13 
and gene structure of Nnal. The 
pcd locus was mapped to mouse xx x en 
chromosome 13 between D13Mit157 The pcd candidate region Ds3Mts 

D13Mit167 and D13Mit157. .(0.38 cM/-0.61 Mb) 
Three crossovers (two telomeric, 
"XX" and one centromeric, "X") Ffj21613 Nnal Ntrk2 
defined the boundaries of the Genes - 44- 4 

pcd candidate region. The pcd 
cosyntenic region of human 
(9q21.33-9q22.1) contains six Nna1 ATG TGA 

predicted genes (indicated by | l 111111 1 | | ill 1 
lines and their 3' ends indicated 
by arrows); Ntrk2 and Flj21613 5kb Ex1 Ex8 Ex16-19 

flank Nna 1. Filled squares, exons; 
ATG, initiation codon; TGA, stop codon. Exons 8 and 16 to 19 (underlined) were used as probes for 
Northern and in situ hybridization analyses. 

8 MARCH 2002 VOL 295 SCIENCE www.sciencemag.org 8 MARCH 2002 VOL 295 SCIENCE www.sciencemag.org 1904 1904 



REPORTS 

tical, and allelic tests between them were posi- 
tive (data not shown). However, the pcd2J mu- 
tants develop ataxia later than pcd1J mice and 
are more mildly affected. Thalamic neurons do 
not degenerate in pcd2J homozygotes on the 
original SM/J or the congenic C57BL/6J back- 
grounds, even at one year of age (data not 
shown). Also, many pcd2J homozygous males 
are fertile. 

To refine the position of pcd on mouse 
chromosome 13, we used a previously reported 
CAST/Ei X pcd1J cross (13) and set up addi- 
tional crosses (CAST/Ei x pcd'J, MOLG/ 
Dn X pcd'J, and CAST/Ei X pcd3J). We ana- 
lyzed a total of 419 offspring (838 meiotic 
recombination events), 198 in the CAST/Ei 
times pcdlJ cross, 86 in the MOLG/Dn times 
pcdiJ cross, and 135 in the CAST/Ei times 
pcd"' cross, with polymorphic DNA markers 
(14). Two critical crossovers defined the telo- 
meric boundary at D13Mit157, and a third 
marked the centromeric boundary at 
D13Mit167 (Fig. 1). Thus, the pcd candidate 
region was refined to a genomic segment of 
0.61 ? 0.33 megabases. 

Using a mouse genomic sequence data- 
base (Celera Discovery System v. 3.01), we 
found the pcd candidate region to be cosyn- 
tenic with a region on human 9q21.33- 
9q22.1, which contains six identified or pre- 

Brain Testis 

pcd'J +/+ -- ++ -- ~ : 
H LEx 16-19* 

MM - Loading 
~~~~~Control 

dicted genes. A previously identified gene, 
Nnal [NNA1 or KIAA1035 in humans (15)], 
spans >100 kb in the mouse pcd region (Fig. 
1). Nnal was first identified in a screen for 
inducible genes in a sciatic nerve transection 
paradigm, and it is expressed in developing 
and adult brain, spinal motor neurons under- 
going axon regeneration, testis, and heart 
(15). Nnal is a putative nuclear protein that 
contains a zinc carboxypeptidase domain and 
is structurally most related to the adipocyte 
enhancer binding protein 1 (AEBP1) (15). 

To determine if Nnal is altered in pcd 
mice, we performed Northern analyses (16) 
on RNA isolated from cerebellum, cerebral 
cortex, testis, and heart of wild-type and ho- 
mozygous adult pcd1J, pcd2J, and pcd3J ani- 
mals. In all three pcd alleles, Nnal messenger 
RNA (mRNA) was either dramatically re- 
duced or altered in structure (data not shown) 
(Fig. 2), whereas mRNAs of two genes im- 
mediately flanking Nnal were unchanged 
(Web fig.l, available on Science Online at 
www.sciencemag.org/cgi/content/full/295/ 
5561/1904/DC1). 

In pcd3J, Nnal mRNA in brain and testis 
was reduced in abundance and size when a 
probe derived from exons 16 to 19 was used 
(Fig. 2). However, the Nnal mRNA was unde- 
tectable when an exon 8 probe was used. The 
absence of exon 8 in pcd3J brain and testis was 
confirmed with the use of in situ hybridization. 
Reverse transcriptase-polymerase chain reac- 
tion (RT-PCR) analysis established that a splice 
junction was formed between exons 5 and 9, 
thereby introducing a stop codon that truncates 
Nnal (Fig. 3, A and B). Genomic analysis of 

pcd3J revealed a deletion of -12.2-kb between 
intron 5 and exon 8 that causes the aberrant 
mRNA (Fig. 3, C and D). 

In pcd2J, Nnal mRNA was undetectable 
using the exon 16 to 19 probe in cerebellum, 
brain, and heart but was present at reduced 
levels in testis (data not shown) (Fig. 2). All 
exons of Nnal are intact in pcd2J. However, 
we identified an -7.8-kb insertion in intron 
13 of the Nnal gene (Fig. 4A). This 7.8 kb 
insertion (GenBank accession number 
AF457126) appears to be a long-period inter- 
spersed sequence nor a intracistemal A par- 
ticle (LINE and IAP, respectively), but rather 
contains repetitive sequences nearly identical 
to an - 7.8 kb segment of Mus musculus at/8 
T cell receptor locus on chromosome 14 
(GenBank accession number AE008685). In- 
tragenic suppression by transposable ele- 
ments is well known and underlies another 
classic cerebellar mouse mutant, vibrator 
[(17), and references therein]. 

InpcdlJ, the Nnal mRNA was undetectable 
in all tissues examined except for testis where it 
was reduced approximately 20-fold, substan- 
tially more than in pcd2J (data not shown) (Fig. 
2). Presumably, the level of Nnal inpcd2J testis 
is sufficient to support spermatogenesis, where- 
as the level is inadequate in pcd1J. As the 
sequence of the Nnal mRNA is identical to that 
of wild-type and there are no overt exonic 
mutations (data not shown), we expect that the 
pcd1J mutation is in a regulatory region of 
Nnal. We propose, in accordance with standard 
rules (18), that the pcd mutations hereafter be 
assigned the following gene symbols: 
NnalPcd-J, Nnalpcd-2. and Nnalpcd-3. 

pcd 
Ex 16-19 

Loading 
Control 

pcdu3 

_ 

I_fEx 8 

- Ex 16-19 

U _ Loading 
Control 

Fig. 2. Northern blot analysis of Nnal in brain 
and testis of pcd1J, pcd2j, and pcd3J mice. Total 
RNA from brain and testis of adult mutant 
(-/-) and wild-type (+/+) littermates were 
analyzed by Northern blotting with the sequen- 
tial use of Nnal-specific and loading control 
probes. Nnal probes for exon 8 (nucleotide 
798-1007 of GenBank accession number 
NM_023328) and exons 16 to 19 (nucleotide 
2408-2976 of NM_023328) were used. For pcd'J 
testis (asterisk), a probe (nucleotide 2260-3106 
of GenBank accession number NM_023328) was 
used. Loading control probes were from Gapdh 
(pcd'J testis, nucleotide 143-363 of NM_008084) 
and HO-2 (all other panels, nucleotide 872-1067 
of GenBank accession number, J05405). 

Fig. 3. Mutation in pcd3J. (A) Dia- A 
gram of genomic deletion and re- Splicing/TGA 
suiting alternative splicing. In 
pcd3J-/-, a -12.2-kb genomic 
deletion occurred between intron " 

5 and exon 8 (nucleotide 876 of Ex 5 8 9 
NM_023328). This leads to alter- 12.2kb deletion 
native splicing between exon 5 
(nucleotide 665 of NM_023328) 
and exon 9, thereby introducing a Ex5 STOP Ex9 
stop codon and yielding a truncat- B GAG C TGCTTGCGTCAGA T GC GAGTCTATTCTACCAACfiG TGC TTGGC GGTCAGGAC T T 
ed protein. (B) Forward sequence 230 240 251 260 270 
of a RT-PCR product from 
pcd3J-/- brain. Primers used for 
RT-PCR and sequencing were from 
exon 4 (5'-GAGCGAGTTTCT- 
TAGTTGCC-3') and exon 11 (5'- 
CATCAACAAGCTCGGGGAAAAG- 
G-3'). Box indicates splice junction C D 
between exons 5 and 9, forming a Ex 4 Ex 8 
stop codon. (C) Genomic Southern +/+ - +/+ Intron 5 Exon 8 
blot analysis of pcd3J. The exon 4 l I > 
probe was amplified with the use 8kb TTCTCACTCTCCCACCTCATAATCGGATAGAAACATG 

of primers as follows: 5'-GTCCAC- 110 13 14 

TACGTGAAGATAGG-3' and 5'- 
GT TACAAAGATGGCTCTAGGG- 4kb- l 
TC-3'. The exon 8 probe was as in 
Fig. 2. (D) Forward sequence of a Eco RI Hind III 
genomic PCR product of pcd3J-/- 
showing deletion junction. Primers from intron 5 (5'-CTGTAGTGCAGGTCCTGCCTGC-3') and exon 
8 were used for PCR and sequencing. 
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B 
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Ex 13 14 15 

-10 .11~4- 

- 7.8 kb insert 
-/ // 

C Ex 13 Ex 14 
+ SM/J -/- -- +/ + -/- 

_ .k - - 9.2 kb - 1.4 kb 

- 1.4 kb i - 3 kb 

Bgl II Eco RI 

Fig. 4. Mutation in pcd2J. (A) Diagram of the 
-7.8-kb insertion within intron 13 in pcd2J. 
Boxes indicate the duplicated target hexamers, 
CCTTAG (Fig. 4C), that result from the inser- 
tion. (B) Long-distance PCR analyses of intron 
13 of pcd2J (22). Arrows in (A) are the two 
primers used (Ex13F, 5'-CCAAGACATCGAGAG- 
GCTGATAC-3', and Ex14R, 5'-GAATTACTTT- 
GCGCAGATTCC-3'). (C) Genomic Southern 
blot analyses of the pcd2J mutation. Exon 13 
and 14 probes were obtained with the use of 
primer pairs Ex13F and Int13R4 (5'-GAGAA- 
CAGCAACAATGAAGCG-3') and Ex14R and 
Int13F4 (5'-GAGCCTTCCGTGGTAGCTAACG- 
3'), respectively. 

Chimera studies in mice have shown that 
pcd behaves as a cell-autonomous allele (19). 
To determine if Nnal is expressed in the cell 
types affected in pcd, we performed in situ 
hybridization (16) on one-month-old wild- 
type mice. Nnal was expressed throughout 
the brain (Fig. 5, F, G, and H), retina (Fig. 
5I),and testis (Fig. 5J) [see also (15)]. Nota- 
bly, prominent expression of Nnal mRNA 
was detected in Purkinje cells of cerebellum 
(Fig. 5F, inset), mitral cells of the olfactory 
bulb (Fig. 5H), neurons in the thalamus (Fig. 
5G), and photoreceptors of the retina (Fig. 
5I), which all degenerate in pcd (5). Nnal 
was also expressed in mature and developing 
sperm (Fig. 5J), consistent with the defective 
spermatogenesis in pcd (5, 12). 

Although no abnormalities have been 
described within the hippocampus or cere- 
bral cortex of pcd mice (20), neurons in 
these structures robustly express Nnal 
(data not shown) (Fig. 5L) [see also (15)]. 
Thus, absolute levels of Nnal expression 
do not predict neuronal vulnerability. This 
may result from genetic redundancy be- 
cause Caenorhabditis elegans harbors two 
Nnal-related genes (15), and human and 

Fig. 5. In situ hybrid- Bright Field Dark Field Hippocampus 
ization of Nna l in K j 

-- 
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(A), (B), (C), (D), (E), 
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field microscopy of . 
1-month-old wild- 
type mouse. (F), (G), - _ 
(H), (I), and (J) show 
corresponding dark- _ -- 
field microscropy us- 
ing an antisense probe 
derived from exons 
16-19. (A) and (F), i.,. - .... :- " 
cerebellum; (B) and '-..:-'. ,,.: 
(G), thalamus; (C) and. .L 
(H), olfactory bulb; - .- 

(D) and (I), retina; (E) w _' '' _ 
and (J), testis; (L) and v bt -, , 

(M), hippocampus of '-. . .. -=== - 
pcd3J+/+ (L) and 
pcd3J-/- (M) hy- : 
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16 to 19. Hippocam- . 
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and pcd3J-I- (0) 
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rived from exon 8. In- 
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magnification show- 
ing Purkinje cells (arrows) that are strongly positive. In (B) and (G), thalamic neurons are Nna -positive. 
In (C) and (H), abbreviations are as follows: GLOM, glomerular layer; MCL, mitral cell layer (arrows); GRL, 
granule cell layer. Mitral cells are Nna 1-positive. In (D) and (I): RPE, retinal pigment epithelium; OS, outer 
segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, retinal ganglion layer (arrow). The inner 
segments (arrowheads) of photoreceptors are Nna 1-positive. In (E) and (J), the region containing Sertoli 
cells and spermatogonia (arrowheads) are Nna -negative, whereas the region containing more mature 
components of spermatogenesis and sperm (asterisks) are Nnal-positive. In (L) and (M), the exon 16 to 
19 probe exhibits similar hybridization patterns in hippocampus of pcd3J+/+ and pcd3J-/-. In (N) and 
(0), the exon 8 probe does not hybridize to the pcd3J-/-hippocampus. Scale bar for (A), (B), (F), (G), 
and (K) through (0), 75 Im; bar for (C) and (H), 40 VLm; bar for (D), (E), (I), and (J), 20 pm. 

mouse genomes contain genes encoding 
proteins with similar structures to Nnal. 

The identification of Nnal as the gene mu- 
tated in pcd mice provides an unexpected link 
between neuronal degeneration and regen- 
eration. Because axotomy triggers induc- 
tion of Nnal in spinal motor neurons (15), 
pcd mice may provide a valuable paradigm 
to investigate molecular mechanisms of ax- 
onal regeneration. Indeed, some of the cy- 
tological features of degenerating thalamic 
neurons in pcd resemble those of axoto- 
mized neurons (6). It remains to be eluci- 
dated whether mutation or altered expres- 
sion of NNA1 or NNAl-related genes un- 
derlies or modifies other hereditary or spo- 
radic neurodegenerative diseases. Lastly, 
because Nnal harbors a zinc carboxypepti- 
dase domain that is essential in AEBP1 
(21), it may be a target for modifying neu- 
ronal survival and/or male fertility. 

References and Notes 
1. R. L. Sidman, M. C. Green, S. H. Appel, Catalog of the 

Neurological Mutants of the Mouse (Harvard Univer- 
sity Press, Cambridge, MA, 1965). 

2. M. E. Hatten, J. Alder, K. Zimmerman, N. Heintz, Curr. 
Opin. Neurobiol. 7, 40 (1997). 

3. N. Heintz, H. Y. Zoghbi, Annu. Rev. Physiol. 62, 779 
(2000). 

4. S. C. Landis, R. J. Mullen, J. Comp. Neurol. 177, 125 
(1978). 

5. R. J. Mullen, E. M. Eicher, R. L. Sidman, Proc. Natl. 
Acad. Sci. U.S.A. 73, 208 (1976). 

6. S. O'Gorman, J. Comp. Neurol. 234, 298 (1985). 
7. , R. L. Sidman, J. Comp. Neurol. 234, 277 

(1985). 
8. C. A. Greer, G. M. Shepherd, Brain Res. 235, 156 

(1982). 
9. M. M. LaVail, J. C. Blanks, R. J. Mullen, J. Comp. 

Neurol. 212, 217 (1982). 
10. J. C. Blanks, R. J. Mullen, M. M. LaVail, J. Comp. 

Neurol. 212, 231 (1982). 
11. R. J. Mullen, M. LaVail, Nature 258, 528 (1975). 
12. M. A. Handel, M. Dawson, Gamete Res. 4, 185 (1981). 
13. A. Servadio, A. McCall, H. Zoghbi, E. M. Eicher, 

Genomics 29, 812 (1995). 
14. D. B. Campbell, E. J. Hess, Brain Res. Mol. Brain Res. 

37, 79 (1996). 
15. A. Harris et al., Mol. Cell. Neurosci. 16, 578 (2000). 
16. A. Fernandez-Gonzalez, I. Perez-Otano, J. I. Morgan, 

Eur. J. Neurosci. 12, 1573 (2000). 
17. B. A. Hamilton et al., Neuron 18, 711 (1997). 
18. J. A. Blake, J. T. Eppig, J. E. Richardson, C. J. Bult, J. A. 

Kadin, Nucleic Acids Res. 29, 91 (2001). 
19. R. J. Mullen, Nature 270, 245 (1977). 
20. C. R. Goodlett, K. M. Hamre, J. R. West, Behav. Brain 

Res. 47, 129 (1992). 
21. G. P. He, A. Muise, A. W. Li, H. S. Ro, Nature 378, 92 

(1995). 
22. For long-distance PCR, protocols of Takara Ex Taq 

polymerase (PanVera Corporation, Madison, WI) 
were followed using genomic DNA as templates. 

23..We thank B. Sopher, R. Martinez, P. Bailey, and R. 
Bronson for technical expertise; E. Eicher for DNA sam- 
ples and mapping of the CAST/Ei x pcd1J cross; M. 
Davisson and K. Johnson for support of initial charac- 
terization of pcd3J; N. Heintz and H. Soares for advice; 
and T. Curran for critical comments. Supported in part 
by NIH Cancer Center Support CORE grant CA21765, 
the American Lebanese Syrian Associated Charities (AL- 
SAC), the March of Dimes Birth Defects Foundation 
(#5-FY98-0725 to J.Z.), the Christopher Reeve Paralysis 
Foundation (MBC1-0001 to J.I.M.), the A-T Children's 
Project (to R.LS.), and NIH grants (EY 12950 and DC 
04761 to J.Z., NS 40361 and ES 10772 (to J.I.M.), CA 
23944 (to J.C.H.), and RR 01183 (to B.S.H.)). 

11 December 2001; accepted 29 January 2002 

8 MARCH 2002 VOL 295 SCIENCE www.sciencemag.org 1906 


