
construct (20). Mutagenesis, sequencing, and 
recloning was as described (5). Reporters were 
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Guarente and M. Ptashne, ibid. 78, 2199 (1981)l 
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replaced by 200 pI of ether. In the latter case, 
ether was evaporated before the assay. Assays 
were done in duplicate and data represent aver- 
age values. The variation between duplicate sam- 
ples was at most 25%. 

23. RNA extraction and primer extension were as 
described (5). The RB27 primer complementary 
to intron sequences downstream of the 5' splice 
was used to map the cleavage site on lariat 
molecules (8). Because the efficiency of the sec- 
ond splicing step is different for RNAs cleaved at 
the normal or aberrant splice site, it is not possible 

to compare quantitatively the analyses by primer 
extension and enzymatic assay. 

24. J. J. Santalucia. R. Kierrek, D. H. Tumer. Bio- 
chemistry 30, 8242 (1991). 

25. Analysis of 74 different yeast introns indicate that 
tha yeast consensus sequence at the 5' splice 
site is rrIGuauGuwx, in which uppercase letters 
represent completely consecved nucleotides, r: 
purine, w: A or U, x: any nucleotide and I: the 5' 
splice junction. Thus, there seems to be no selec- 
tion after position 6 in the intron for pairing with 
nucleotides upstream of position 47 in U6 snRNA. 
However, a U that can not base pair with U1 
snRNA but can with U6 snRNA is conserved at 
position 4. In human, the 5' splice site consensus 
is kag/Gtragtr (symbols as above with k being A 
or C) [R. M. Stephens and T. D. Schneider. J. Md. 
Biol. 228, 1124 (1992)l. G at position 5 of the 
intron is the third most highly conserved nuclem 
tide in that consensus. There could be pairing 
between U6 position 46 to 48 and nucleotides 5 to 
7 of 5' splice sites. 

26. A similar strategy with a diierent reporter gene 
and similar results are reported by C. Lesser and 

C. Guthrie [Science 262. 1982 (1993)l. 
27. B. Dana and A. M. Weiner, Nature 352. 821 

(1991); J. Wu and J. L. Manley, ibid., p. 818. 
28. H. D. Madhani and C. Guthrie, Cell 71, 803 

(1 992). 
29. Analysis of constructs with an A at intron position 

5 and various substitutions in the last two bases of 
the upstream exon indicate that the level and 
location of the aberrant cleavages' events are 
consistent with base pairing of U5 snRNA with 
nucleotides preceding the cleaved phosphodies- 
ter bond (18). 
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Connexin Mutations in X-Linked evaluated it as a candidate gene for CMTX. 

Charcot-Marie-Tooth Disease We performed Southem (DNA) blots of 
patient DNA to look for rearrangement of 
the Cx32 gene in CMTX and Northern 

J. Bergoffen,* S. S. Scherer, S. Wang, M. Oronzi Scott, 
L. J. Bone, D. L. Paul, K. Chen, M. W. Lensch, P. F. Chance, 

K. H. Fischbeck 
X-linked Charcot-Marie-Tooth disease (CMTX) is a form of h e r e d i i  neuropathy with 
demyelination. Recently, this disorder was mapped to chromosome Xq13.1. The gene for 
the gap junction protein connexin32 is located in the same chromosomal segment, which 
led to its consideration as a candidate gene for CMTX. Wth the use of Northern (RNA) blot 
and immunohistochemistry technique, it was found that connexin32 is normally expressed 
in myelinated peripheral nerve. Direct sequencing of the connexin32 gene showed seven 
diierent mutations in affected persons from eight CMTX families. These findings, a dem- 
onstration of inherited defects in a gap junction protein, suggest that cannexin32 plays an 
important role in peripheral nerve. 

Charcot-~arie-~ooth disease (CMT) is a 
pathologically and genetically heteroge- 
neous group of disorders that cause progres- 
sive degeneration of peripheral nerves. Af- 
fected patients have distal weakness, atro- 
phy, sensory loss, and decreased tendon 
reflexes. CMT has traditionally been classi- 
fied by whether the primary pathological 
defect is degeneration of the myelin 
(CMTI) or of the axons (CMT2) in the 
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peripheral nerves. Within the demyelinat- 
ing type of CMT, there is genetic hetero- 
geneity, with similar dominantly inherited 
disease manifestations produced by genetic 
defects on chromosomes 17 (CMTIA), 1 
(CMTlB), and X (CMTX). Recently, mu- 
tations in the chromosome 17- and chromo- 
some 1-linked forms of CMT have been 
found in the genes for peripheral myelin 
protein 22 (PMP22) and myelin protein zero 
(Pa, respectively (1, 2). Here, we report 
that patients with X-linked CMT have mu- 
tations in the gene for the gap junction 
protein, connexin32 ((2x32, GJB I). 

Linkage studies and analysis of recombi- 
nants were initially used to map CMTX to 
the proximal long &m of the X ~hromosome 
(3, 4) and subsequently to refine the local- 
ization to band Xq13 (5). Analysis of addi- 
tional recombinations in CMTX families 
placed CMTX in a small interval between 
the markers DXS106 and DXS559 in 
Xq13.1 (6). The gene for Cx32 is known to 
map to this interval (7), and we therefore 
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blots to determine the extent of expression 
in peripheral nerve RNA. The Southern 
blots showed no abnormality, but Northern 
analysis showed expression of the Cx32 gene 
in peripheral nerve at a level comparable to 
that in liver and greater than that present in 
most other tissues (Fig. 1). 

Because we found expression of (2x32 in 
peripheral nerves, we directly sequenced the 
translated portion of the gene in samples 
from CMTX patients. We discovered seven 
variations from the control sequence in eight 
CMTX families (Figs. 2 and 3): six single- 
base changes that predict nonwnservative 
amino acid substitutions. and one s ide-  
base insertion that shi& the translatioUnal 
reading h e  at position 175 and predicts a 
premature stop signal at position 241. Two 
families (221 and K1905) from the midwest- 
em United States shared the same mutation 
at position 139. One other CMTX family 
(family 63) (5) had no detectable mutation 
in the translated portion of the Cx32 gene. 

L K H  B T L U  S M S N  - 

Flg. 1. Northern blot showing expression of 
Cx32 in peripheral nerve (19). The lanes con- 
tain 10 p.g of total RNA from the following rat 
tissues; L, liver; K, kidney; H, heart; B, brain; T, 
thymus; Lu, lung; S, spleen; M, muscle; and SN, 
sciatic nerve. The hatch marks at right indicate 
the positions of 28s and 18s ribosomal RNA, 
respectively. 



Fig. 2. Sequencing gels showing point 
mutations in Cx32 in two CMTX families 
(20). (A) The mutation at position 142 in 
family 243. Gels 1 to 3 are sense 
strands; 1, normal sequence; 2, se- 
quence from an affected male; 3, se- 
quence from a heterozygous female; 
and 4, antisense strand from an affect- 
ed male. (8) The mutation at position 
172 in family 133lK1852 on the an- 
tisense strand: 1, normal sequence; 2, 
sequence from an affected male. The 
disease samples showed no other vari- 
ation from the control sequence in the 
translated portion of the Cx32 gene. 
Asterisks indicate sites of mutations. 

A C O T  

The mutation at position 142 in family 
243 results in the loss of an H D ~  I1 restriction 
endonuclease site, which enabled us to 
screen for this sequence change by polymer- 
ase chain reaction (F'CR) amplification and 
endonuclease digestion (Fig. 4). We found 
the mutation to segregate with the disease in 
five dected family members; the screening 
of eight udec ted  family members and 94 
unrelated normal individuals (162 chromo- 
somes) did not detect the mutation. The 
oldest affected member of family 243 had an 
udec ted  sister and nephew who had the 
same haplotype of close flanlung markers 
(DXS453 and DXS441) but lacked the po- 
sition 142 mutation, which suggests that the 
mutation arose de novo in this family. Sim- 
ilarly, the loss of a Bst XI restriction site 
caused by the mutation at position 175 
allowed us to determine the segregation of 
the mutation with the disease in familv 51: , , 

the mutation was present in all affected 
family members studied but absent in unaf- 
fected family members and in 52 unrelated 
nonnal females (104 chromosomes). The 
combined maximum lod score for linkage of 
the (2x32 mutations to CMTX in these 
families was 11.8 with no recombination 
(8). Prompted by the finding of (2x32 muta- 
tions in CMTX patients, we examined the 
normal distribution of (2x32 protein in rat 
peripheral nerve by imrnunohistochemistry. 
Our results confirmed the presence of (2x32 
in myelinated peripheral nerve at the nodes 
of Ranvier and at Schmidt-Lanterman in- 
cisures (Fig. 5). 

Connexins are membrane-spanning pro- 
teins that assemble to form gap junctions, 
channels that facilitate the transfer of ions 
and small molecules from cell to cell. The 
connexin subunits are incorporated into half 
channels, or connexons, that interact with 
their counterparts in neighboring cells to 
form complete intercellular channels. 
Twelve difTerent rodent connexin genes 
have been identified (9); expression of the 
various isoforrns varies from tissue to tissue 
and is developmentally regulated (10). In 
the central nervous system, gap junctions 
have been identified in neurons, ependymal 

cells, astrocytes, and oligodendrocytes (I 1 ) . 
Cx32 is a member of the connexin family 
that was originally cloned in 1986 (12, 13). 
It is known to be present with other connex- 
ins in liver, epithelial cells, and brain (10). 
The temporal appearance of Cx32 mRNA 
and protein in the brain coincides with 
postnatal development events such as glial 
and neuronal maturation, synaptogenesis, 
myelination, and vasculaxization (1 1). Gap 
junctions have not previously been observed 
in mature mammalian peripheral nerve (1 4). 

Cx32 has two extracellular loops, four 
transmembrane segments, and three cyto- 
plasmic domains (10) (Fig. 3). The amino 
acid sequence is well conserved across spe- 
cies, particularly in the extracellular and 
transmembrane domains. The amino acid 
residues altered by the CMTX point muta- 

Flg. 3. Diagram of Cx32, 
showing transmembrane 
orientation, conserved 
cysteine residues (aster- 
isks), and locations of 
the CMTX mutations (ar- 
rows) (21). The Cx32 
structure is based on 
(10, 16). The indicated 
mutations are as follows: 
G12S, GGC -+ AGC in 
family 58 from Belgium 
(4, 22); V139M, GTG -+ 

ATG in families 221 and 
K1905 from South Dako- 
ta and Michigan, re- 
spectively [discussed in 
this paper and (23)l; 
R142W, CGG -+ TGG in 
family 243 from Pennsyl- 
vania (discussed in this 
paper); L156R, CTC 4 

CGC in family 251 from 
Pennsylvania (discussed 
in this paper); P172S, 
CCC -+ TCC in family 
133lK1852 from North 

* C O T  A C O T  / ! !  

tions are generally conserved in vertebrates 
and are located in portions of the protein 
that are believed to be functionally impor- 
tant. If, as suggested (15), the third trans- 
membrane domain forms a part of the gap 
junction pore, then the changes at posi- 
tions 139 and 142 might impair or block 
channel formation. The proline at position 
172 is adjacent to a highly conserved cys- 
teine at position 173, which may form a 
disulfide bond important to gap junction 
structure. Change of the cysteine to serine 
at position 173 leads to a loss of channel 
formation in oocytes (16); a change at 
position 172 may have a similar deleterious 
effect. The frame-shifting mutation at posi- 
tion 175 would abolish another highly con- 
served cysteine at position 179 as well as 
the entire fourth transmembrane domain 

Carolina (5, 23); 175 
frameshift, A insertion in family 51 from North Carolina (4,5, 17); and 
E186K, GAG -+ AAG in family K1769 from Oklahoma (23). 
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Fig. 4. Segregation of the position 142 mutation in family 
243, as demonstrated by Hpa II digestion. Genotypes were 
determined by PCR amplification of a fragment of the Cx32 
translated region (20) and subsequent digestion with Hpa 
II. Each reaction was electrophoresed in a 1 % agarose gel 
with ethiiium bromide for visualization. The top diagram 
shows the family pedigree with affected females (filled a -400 -200 
circles), affected males (filled squares), unaffected fe- 
males (open circles), and unaffected males (open 
squares). Disease status was determined by the presence 
of distal extremity weakness, atrophy, sensory loss, and loss of tendon reflexes on neurological 
examination. In the gel below, all five affected individuals show a -400-bp fragment uncut by Hpa 
II, whereas unaffected indiiuals and heterozygous females demonstrate a -200-bp band that 
represents a doublet cut with Hpa II. 

and the COOH-tenninal intracellular do- 
main. The predicted effects of these se- 
quence variations on important, highly 
conserved portions of the protein suggest 
that they are causative mutations rather 
than coincidental polymorphism. 

Sequence variation was not detected in 
the translated portion of the Cx32 gene in 
one of nine CMTX families studied. It 

Flg. 5. lmmunofluorescent 
localization of Cx32 in rat 
sciatic nerve (24). The sec- 
t i i s  were examined by 
phase contrast (A) and im- 
munoRuorescence (6). In- 
tense, finely granular stain- 
ing is observed adjacent to 
the nodes of Ranvier (arrow- 
heads). Signal is also de- 
tected in the Schmidt-Ian- 
terman incisures (snows), 
which are not well resolved 
in the phasecontrast micro- 
graph. No staining above 
background was observed 

remains possible that a mutation is present 
in the unmanslated or regulatory portion of 
this gene in this pedigree. Alternatively, 
the disease mechanism in this family could 
involve a dosage effect, as has been reported 
in CMTlA (I). 

Although Cx32 is present in other tissues, 
such as liver and brain, the manifestations of 
CMTX appear to be limited to peripheral 

Node of 

"i"' A 

n cell 

nerves. This may mean that other connexins 
can substitute for the function of (2x32 else- 
where but not in peripheral nerves. Neverthe- 
less. the asxiation of (2x32 mutations with a 
pe&heral nerve disease suggests that Cx32 is 
particularly important to peripheral nerve 
structure and function. The immunohisto- 
chemical distribution of (2x32 protein at the 
nodes of Ranvier and Schmidt-Lantemmn 
incisures suggests that (2x32 may fmn intra- 
cellular gap junctions that connect the folds of 
Schwann cell cytoplasm. This would allow 
d e r  of ions, nutrients, and other small 
molecules around and across the compact 
myelin to the innermost myelin layers, per- 
haps indirectly providing sustenance to the 
axon as well. This would explain the combi- 
nation of myelin disruption and axonal degen- 
eration that occurs with Cx32 mutations in 
CMTX (17, 18). 

The connexin family of proteins has 
been well studied in a variety of systems, 
including detailed studv of the effects of 
sitedirerted mutagenesL on channel for-. 
mation in vitro. Our findings show natural- 
ly occurring connexin mutations and pro- 
vide insight into the physiological role of 
connexins and gap junctions in vivo. 
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Perceptual Organization and the 
Judgment of Brightness 

Edward H. Adelson 
The perceived brightness of a gray patch depends on the surrounding context. For ex- 
ample, a medium-gray patch appears darker when placed on a bright background and 
brighter when placed on a dark background. Models to explain these effects are usually 
based on simple low-level mechanisms. A new set of brightness illusions cannot be 
explained by such models. In these illusions, the brightness percept is strongly influenced 
by the perceptual organization of the stimuli. Simple modifications of the stimuli that should 
have little effect on low-level mechanisms greatly alter the strength of the illusion. These 
effects may be ascribed to more complex mechanisms occurring later in the visual system. 

A gray patch appears brighter when viewed 
against a dark background and darker when 
viewed against a bnght background. This 
effect, known as "simultaneous contrast," is 
one of many bnghmess effects that are com- 
monly attributed to simple visual processes, 
such as the lateral inhibition that occurs in 
the retina (I ) ,  whereby cells in one region 
inhibit cells in adjacent regions. Another 
class of models, known as retinex models, 
have been offered to explain the perception of 
surface colors in terms of the propagation of 
information about local luminance changes 
(2). Both kinds of model are founded on 
low-level processes that involve simple inter- 
actions between neghboring neurons. The 
outputs of such models should be d e c t e d  
by a *lay's hgher-level perceptual proper- 
ties, such as the perceived depth and form. 
But we have found that a change in percep 
tual interpretation can have a profound effect 
on the judgment of brighmess. 

Following the customary terminology (3), 
lghmess refers to the apparent reflectance of a 
surface in a scene, whereas bnghmess refers to 
the apparent luminance of a patch in the 
image itself. That is, an observer in a bright- 
ness experiment is asked to judge the shade of 
ink on the page but not to make any infer- 
ences about the surfaces of the objects por- 
myed. In Fig. 1, patches a and c are obviously 
brighter than patch b because they are seen to 
have lugher luminance on the page. Patch c 
also appears lighter than patch b, in that 
the three-dimensional (3D) physical sur- 
face represented by c seems to be painted a 
lighter shade of gray than b. On the other 
hand, patches a and b seem to have the 
same lightness, as they appear to represent 
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surfaces painted the same shade. 
Lghmess judgments can be influenced by 

lugh-level perceptual factors (4, 5). Figure 1 
makes the point with a simple image: The 
geometry leads to a 3D interpretation that 
causes patch b to match patch a in apparent 
reflectance Olghmess) but not to match patch 
c, which has the same luminance as patch a. 
Lighmess can also be affected by the percep 
tion of surface curvature (6). These various 
llghmess phenomena cannot be explained by 
low-level models. Because an observer in a 
lightness experiment is judging properties 
of the objects portrayed, rather than mere- 
ly estimating the brighmess of the ink on 
the page, one might not be surprised to 
find that low-level mechanisms fail to 
explain the results. 

In our experiments, we used simple stim- 
uli displayed on a computer screen and used 
the more "sensory" brighmess judgment 

Fig. 1. Distinction between lightness and 
brightness. Patch c is both lighter and brighter 
than b. Lightness refers to apparent reflectance 
of a perceived surface; brightness refers to the 
apparent luminance of a patch in an image. 
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