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Candidate Gene Associated with a 
Mutation Causing Recessive Polycystic 

Kidney Disease in Mice 
Judith H. Moyer, Monica J. Lee-Tischler, Heajoon-Y. Kwon, 

Jeffrey J. Schrick, Ellis D. Avner, William E. Sweeney, 
Virginia L. Godfrey, Nestor L. A. Cacheiro, J. Erby Wilkinson, 

Richard P. Woychik* 
A line of transgenic mice was generated that contains an insertional mutation causing a 
phenotype similar to human autosomal recessive polycystic kidney disease. Homozygotes 
displayed a complex phenotype that included bilateral polycystic kidneys and an unusual 
liver lesion. The mutant locus was cloned and characterized through use of the transgene 
as a molecular marker. Additionally, a candidate polycystic kidney disease (PKD) gene was 
identified whose structure and expression are directly associated with the mutant locus. 
A complementary DNA derived from this gene predicted a peptide containing a motif that 
was originally identified in several genes involved in cell cycle control. 

Autosomal recessive PKD (ARPKD) typi- 
cally affects infants and children at an 
estimated incidence of up to 1 in 10,000 
live births (I), although prenatal deaths 
and stillbirths caused by ARPKD may in- 
crease that incidence by 27 times (2). One 
notable difference between recessive and 
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dominant PKD (ADPKD) , which affects up 
to 1 in 500 individuals (I), is the nearly 
invariable presence in the former of non- 
cystic lesions of the liver, ranging from 
biliary dysplasia to portal fibrosis (3). 

Efforts to identify the human chromo- 
somal regions associated with PKD are cur- 
rently underway. The locus responsible for 
more than 85% of ADPKD (PKDl) has 
been localized to human 16p13.3 (4), and 
non-PKD1 forms of ADPKD have been 
linked to additional chromosomes (5). The 
entire PKDl locus has been isolated on a 
series of overlapping clones (6), and al- 
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the various forms of human PKD have been 
extremely useful for studying the pathogen- 
esis of cystic kidney disease. The recessive 
cpk (congenital polycystic kidneys) muta- 
tion (8) has been examined in considerable 
detail (9, 10). More recently, additional 
spontaneous recessive mutations in mice- 
bpk (BALBIc polycystic kidneys) (1 I), pcy 
(polycystic kidneys) (12), and jck (juvenile 
cystic kidneys) (1 3)-have been reported. 
The cystic disease that develops in the cpk, 
bpk, and jck models shows similarities to 
clinical features of human ARPKD, but the 
dual hepatorenal pathology that is a hall- 
mark of ARPKD has been reported as a 
consistent feature only in the bpk mouse 
(I 1). The cpk locus has been mapped to a 
region of mouse chromosome 12 with ho- 
mology to human chromosome 2p24-2p25 
(1 4), and the pcy locus to a region of mouse 
chromosome 9 homologous to human chro- 
mosome 3 (1 2). In none of these models 
has the mutant gene been identified, pri- 
marily because of a lack of DNA probes 
directly associated with the locus. There- 
fore, at present it is impossible to test 
directly whether the gene associated with 
any of these mutations corresponds to a 
gene in humans that causes ARPKD. 

Here we report the molecular, genetic, 
and phenotypic characterization of an in- 
sertional mutation in mice that gives rise to 
a recessive form of PKD that has marked 
similarities to human ARPKD. Unlike oth- 
er mutations giving rise to cystic kidneys in 
mice, this mutation arose by insertional 
mutagenesis and is called TgN (Imorpk) - 
737Rpw (Imorpk: insertional mutation, Oak 
Ridge polycystic kidneys) [named in accor- 
dance with the new nomenclatural rules 
for transgenic mice as described (1 5), and 
abbreviated here as TgN737RpwI. The 
TgN737Rpw mutation arose as part 'of a 
large-scale insertional mutagenesis program 
at the Oak Ridge National Laboratory. The 
TgN737Rpw transgenic line was generated 
on the FVB/N inbred genetic background 
by pronuclear microinjection (16) of the 
linearized pPyF9-1 construct, which con- 
tains the bacterial chloramphenicol acetyl- 
transferase gene under the control of a 
mutated version of the polyoma early region 
Dromoter (1 7). . . ,  

The abnormal phenotype arose in the 
TgN737Rpw line only among transgenic 
homozygotes, derived from crosses between 
animals heterozygous for the transgene. In 
the FVB/N inbred genetic background, ex- 
ternal examination revealed that mutant 
animals have scruffy fur, are severely growth 
retarded, and have preaxial polydactyly on 
all limbs. In an analysis of 159 live offspring 
from a cross of (C3H x FVB/N)- 
TgN737Rpw heterozygotes, mice from 33 
complete litters were genotyped for the 
presence of the transgene. Thirty-five 
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(22%) animals were wild type, 35 were 
homozygous (22%), and 89 (56%) were 
heterozygous for the transgene, demonstrat- 
ing expected Mendelian frequencies and the 
absence of an association of prenatal ho- 
mozygous lethality with inheritance of the 
transgene. Essentially equal numbers of male 
(18135) and female (17135) mutants were 
observed. Animals heterozygous for the 
transgene in the TgN737Rpw line were in- 
distinguishable from their wild-type litter- 
mates. The phenotype in homozygotes ap- 
peared to be 100% penetrant because all 113 
animals identified by genotypic analysis as 
transgenic homozygotes were similarly af- 
fected. The fact that a detectable mutant 
phenotype was expressed only by offspring 
homozygous for the transgene, and not by 
heterozygotes from either the TgN737Rpw 
line or any of the other 67 transgenic lines 
produced with the same transgene construct, 
suggests that the mutant phenotype in the 
~ i ~ 7 3 7 ~ p w  line arose frgm an insertional 
mutation caused by the integration of the 
transgene, and not from an intrinsic pheno- 
typic effect of the pPyF9-l transgene. 

Internal examination of homozygous 
TgN737Rpw mice on the FVBN inbred 
genetic background revealed the following 
constant traits: bilateral polycystic kidneys 
and abnormalities associated with the intra- 
hepatic biliary tract. Examination of mu- 
tant kidneys revealed that they were slight- 
ly enlarged, pale, and contained numerous 
cysts with concurrent destruction of the 
surrounding parenchyma (Fig. 1, A and C) . 
The livers were slightly pale with a promi- 
nent reticular pattern. As in human 
ARPKD (1 8), the pathologic features of the 
TgN737Rpw phenotype include a spectrum 
of disease with variable severity in which 
the primary lesions of the kidneys and liver 
are expressed to different degrees. 

Histologically, the lesions in the kidneys 
and livers of TgN737Rpw mutant mice were 
markedly similar to those seen in human 
ARPKD. The cardinal features of both the 
kidney lesion (collecting tubule ectasia) 
and the liver lesion (biliary dysplasia or 
portal hepatic fibrosis, or both) typical of 
human ARPKD (18) were a constant find- . , 

ing of the disease in the mutant animals. In 
the kidnevs. an initial mild. multifocal. , . 
microscopic dilation of the proximal tu- 
bules was followed rapidly by marked dila- 
tion and cyst formation of the collecting 
tubules. Lectin profiling was done as de- 
scribed (I 1) on a total of 12 (FVB/N)- 
TgN737Rpw mice ranging in age from 1 to 
28 days. In newborn animals, all cystic 
lesions were localized to proximal tubules 
(Fig. 11). By postnatal day 7, cystic lesions 
were detected in collecting tubules (Fig. 
lJ), and a progressive shift in cyst localiza- 
tion from proximal to collecting tubules was 

mental stages. For example, in one animal 
that survived to day 28, 56% of cysts were 
localized to collecting tubules. Expansion of 
the dilated collecting tubules ultimately led 
to the destruction of the surrounding renal 
parenchyma (Fig. 1C). This pattern of early 
proximal tubule dilation followed by a shift 
to dilation of the distal nephron as the 
  red om in ant renal lesion is similar to that 
seen in the cpk and bpk murine models of 
ARPKD (10, 11). Similarly, in human 
ARPKD, the advanced lesions are localized 
to the collecting tubules (IS), whereas 
proximal tubular cysts may be demonstrated 
at early stages of the disease (1 9). 

Abnormalities in the intrahe~atic biliarv 
tract involving primarily the bile ducts and 
ductules represent a constant and promi- 
nent feature of both humans with ARPKD 
and TgN737Rpw mutant mice (Fig. 1, F, 
G, and H). In (FVBN)-TgN737Rpw mice, 

the liver lesion is characterized by the 
proliferation of epithelial cells that arise 
from the portal triads and form primitive, 
dysplastic, tortuous ductules that expand 
the portal and periportal areas (Fig. 1G). 
The proliferating cells were poorly differen- 
tiated and possessed characteristics of oval 
cells, a cellular population that was initially 
recognized in experimentally induced mod- 
els of hepatocellular carcinoma (20). In the 
livers of some TgN737Rpw homozygotes, 
these cells disrupted the limiting plate and 
isolated individual hepatocytes. 

To evaluate how genetic background 
might influence the expression of the 
TgN737Rpw phenotype, we are in the pro- 
cess of making the mutation congenic on 
the C3H inbred genetic background. Most 
TgN737Rpw mutant mice on the FVBN 
background died during the first week of 
life, although a few animals have lived for 

Fig. 1. Gross appearance 
and histopathology of the 
kidney and liver of 
TgN737Rpw mice. (A) Ty- 
pical gross lesions of bi- 
lateral polycystic kidneys 
in an (WB1N)-TgN737Rpw 
mouse. (B) Cross section 
demonstrating the renal cor- 
tex and medulla from a con- 
trol FVBIN mouse. Staining 
with hematoxylin and eosin 
(H&E); magnification, x 12. 
(C) Cystic dilation of the col- 
lecting ducts in the medulla 
of the kidney of an (FVB1N)- 
TgN737Rpw mouse. H&E; 
x12. (D) Early lesion in the 
renal cortex of an (FVB1N)- 
TgN737Rpw mouse demon- 
strating cystic tubular dila- 
tion. H&E; x30. (E) Normal 
liver of an WBIN control 
mouse. H&E; x30. (F) Hy- 
perplastic and dysplastic 
bile ductules in the liver 
of an (WB1N)-TgN737Rpw 
mouse. H&E; x30. (G) High- 
er magnification of the portal 
area of the liver of an (FVBI 
N)-TgN737Rpw mouse. 
Note the expansion of the 
portal area and the prolifera- 
tion of small bile ductules. 
H&E; x65. (H) Biliary hyper- 
plasia, dysplasia, and por- 
tal fibrosis in the liver of 
an (FVBIN X C3H)-F1 
TgN737Rpw mouse. Stain- 
ing with Masson's tri- 
chrome; x65. (I and J) Se- 
rial sections of the kidney 
of a 7-day-old (WB/N)- 
TgN737Rpw mouse stained 
with Lotus tetragonobolus 
agglutinin ( I ) ,  a marker of 
proximal tubules, and Doli- 

characteristic of all subsequent develop- chos biflorus agglutinin (J), a marker of collecting ducts. 
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several months. In contrast, (FVB/N x that these animals live longer, have poly- 
C3H)-TgN737Rpw mice had a less severe dactyly that is morphologically more vari- 
phenotype that was maintained through at able and considerably less pronounced in 
least six generations of backcrosses to the most animals, develop renal cysts at a slow- 
C3H strain. Initial experiments indicated er rate, and have a less aggressive liver 

phB1-4.5 ? pM6-7.6 
I HRA 

Fig. 2. The TgN737Rpw locus and expression analysis. (A) Mutant 
TgN737Rpw locus and the corresponding wild-type cDNA, showing 
the exons from the cloned genomic region. With use of the trans- 
gene as a probe, two Bam HI restriction fragments of 4.5 kb T~~~~~~ Bm, 0. - '  
(pi01 -4.5) and 7.6 kb (pAA6-7.6) were identified at the transgene 
integration site (black box, transgene sequences; open box, cointe- 
grating DNA) in TgN737RpwflgN737Rpw DNA that contained sequences flanking the pPyF9-1 
inserted sequences at the 5' and 3' junctions, respectively. Both Bam HI fragments were 
subsequently cloned and HRA was derived by Eco RI digestion of pW6-7.6 (21). Approximately 21 
kb of cointegrating DNA (open box) were identified flanking the 5' end of the transgene sequences. 
Molecular characterization and comparison of the wild-type and mutant loci revealed that a deletion 
of no more than 2.77 kb of genomic DNA (parentheses) occurred at the transgene integration site, 
but that no exons were deleted. The approximate locations of two exons from the candidate gene, 
which are located upstream and downstream from the integration site and are adjacent to each 
other on the cDNA, are indicated (shaded boxes). 8, Bam HI; R ,  Eco RI. (B) Overlapping clones 
(Dl3 and E'4) were obtained by screening of a wild-type NBIN lambda library with HRA (21). The 
clones are aligned with respect to the corresponding mutant locus (A). (C) Southern analysis 
showing restriction fragment length polymorphism between wild-type and transgenic mice. A 
Southern blot containing Eco RI-digested genomic DNA from wild-type (+I+). TgN737Rpwl 
TgN737Rpw (TgKg), and TgN737Rpwl+ (Tg/+) mice was hybridized with HRA. A 3.0-kb wild-type 
Eco RI fragment and a 4.2-kb mutant fragment are observed when hybridized with the radioactively 
labeled HRA probe. Molecular sizes are shown on the left (in kilobases). (D) TgN737Rpw gene 
expression. Lane 1, mutant kidney; lane 2, mutant liver: lane 3, wild-type kidney; and lane 4, 
wild-type liver, with radioactively labeled cDNA5 as the hybridization probe on poly(A)+-selected 
RNA (21). RNA molecular size standards and the position of the 28s ribosomal subunit are 
indicated on the left. The blot was subsequently hybridized with a chick tubulin probe, and results 
are shown in the lower panel. 

Fig. 3. Predicted amino acid se- 1 XWXLAPZT ~ D L Y B O T W  DIWA- ~ T P P A  VIITBB-P 

quence of cDNA5 and identifica- 
51 VTMIPBTAV BRPIITOYaB ICTBLTBB*OR PFIOTIQD(TV 

tion of tetratricopeptide repeat 
(TPR) domains, A 2472-nucleo- 101 OTBXAALROB M P L Q Q B R O  P U P -  DBP-IRQL -LVlU 

tide Open reading frame begin- 151 BCIAUBCODL m , Q  ,,BP, , D L T Y Y  

ning with the second in-frame 
ATG Dredicts a ~f?Dtide that is lo' -"- XY-umQ VTVIOIIIMsls MNXWIQU 

824 amino acids' in' length. The 151 ~~l rmuus  Q I P ~ ~ H K X N R  I X X N Q ~ ~ O I T  rrx.ropram IWB-INEN 

ATG was chosen as the 301 ILBCTAIO, -Q, IAVPXXI, -1BPBDDP 
putative start site because it is in 
better agreement with the Kozak 351 annL1-x -Qm RIwunryxa TAIIELUWr 

consensis (31). The cDNA nucle- 
otide sequence has been depos- 
ited with GenBank (accession 
number L31959). The 10 TPR do- 
mains in the TgN737Rpw gene 
are underlined. TPRs 1, 2, 3, and 
4 are separated by 2, 5, and 145 
amino acids, respectively, where- 
as the repeats in the remaining 
TPRs are uninterrupted. 

T-ImD DT-DD LLBE 

lesion. Although the kidney lesions were 
morphologically similar in these back- 
crossed TgN737Rpw mice, with cysts being 
localized to collecting tubules by postnatal 
day 70, the liver lesions were characterized 
by biliary hyperplasia, dysplasia, and portal 
fibrosis (Fig. 1H). The significant difference 
in the lesions when the TgN737Rpw gene is 
on a different genetic background suggests 
the presence of important modifier genes. 
This may also be the case in human 
ARPKD, in which the severity of the phe- 
notype and the nature of the liver lesion 
can be quite variable (18). 

For characterization of the mutant locus 
at the molecular level, several kilobases of 
DNA flanking the transgene insertion site 
were isolated through the use of a trans- 
gene-derived probe, cloned, and character- 
ized (Fig. 2, A and B) (2 1). For confirma- 
tion that the isolated clones contained ge- 
nomic sequences flanking the insertion site, 
a probe corresponding to the region adja- 
cent to the transgene integration site was 
derived from one clone and used in South- 
em (DNA) analysis to identify restriction 
fragment length polymorphisms between 
wild-type and mutant DNA (Fig. 2C). De- 
tailed restriction mapping, Southern hy- 
bridization, and sequence analyses of the 
cloned region (22) revealed that no more 
than 2.77 kb of host genomic DNA were 
deleted at the transgene integration site 
(Fig. 2A) and that approximately 21 kb of 
mouse genomic DNA had cointegrated 
along with transgene sequences (Fig. 2A). 
Pulsed-field gel electrophoresis analysis (22) 
yielded no evidence for major structural 
alterations at or near the transgene integra- 
tion site, and no karyotypic changes were 
evident in metaphase chromosome prepara- 
tions from heterozygous animals (22). The 
fact that a very large region surrounding 
and including the mutant locus did not 
contain any major structural alterations 
suggested to us that the insertional muta- 
tion in this line was most likely a single 
gene defect. 

To identify a gene whose expression was 
affected by the insertional mutation, we 
systematically screened the cloned genomic 
sequences from the mutant region for the 
presence of exons, using a cross-species 
hybridization approach (23). With this and 
other methods, we ultimately identified two 
small exons located both upstream and 
downstream from the transgene insertion 
site (Fig. 2A). One exon-containing frag- 
ment was then used to purify several com- 
plementary DNA (cDNA) clones, one of 
which, called cDNA5, was determined to 
be 3043 bp in length {including a 19-bp 
polyadenylate [poly(A)] tail} and to contain 
a long open reading frame that potentially 
represents the entire peptide encoded for by 
the predominant mRNA species (Fig. 3). 
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Northern (RNA) analysis revealed that the 
primary wild-type transcript detected by a 
radioactively labeled cDNA5 probe is 3.2 
kb in length (Fig. 2D), which is in good 
agreement with the size of cDNA5 [the 
difference in size is likely due to the pres- 
ence of a poly (A) tail on the mRNA]. Two 
transcripts of larger molecular size, about 
5.4 and 7.0 kb, were identified in all wild- 
type tissues that were analyzed; these tran- 
scripts were substantially less abundant 
than the 3.2-kb transcript and may repre- 
sent partially processed precursors of the 
3:2-kb transcript. The 3.2-kb transcript was 
normally expressed in a number of tissues 
(22), including kidney and liver (Fig. 2D), 
which are two tissues severely affected in 
the adult by the mutation. Expression of 
the' 3.2-kb and the 7.0-kb transcripts was 
abolished in all mutant tissues examined, 
including the adult kidney and liver (Fig. 
2D), from TgN737Rpw homozygotes. Al- 
though the nature of the 5.4-kb transcript 
observed in the samples from the mutant 
animals is presently unclear, the fact that it 
is present at slightly higher levels in some 
mutant tissues has led us to speculate that it 
represents an aberrantly processed form of 
transcript that uniquely arises from the 
mutant allele. 

The protein predicted by cDNA5 is 
unique and has not been previously de- 
scribed in GenBank. Analysis of the primary 
amino acid sequence and a search with the 
BLAST network service of the National 
Center for Biotechnology Information re- 
vealed that the ~rote in  contains 10 co~ies of 
an internally repeated 34-amino acid se- 
quence referred to as the tetratricopeptide 
repeat (TPR) (24) (Fig. 3). The TPR was 
first described in lower eukawotes as a motif 
associated with several genes involved in cell 
cycle control (24). More recently, TPR- 
containing proteins in yeast and Drosophila 
have been discovered that function in vari- 
pus cellular processes, including protein im- 
port, transcription, and neurogenesis (25). 
Although most of the TPR proteins charac- 
terized to date are located in the nucleus, at 

least two are associated with the mitochon- 
drial membrane (25). Our finding that the 
interrupted gene at the mutant locus in the 
TgN737Rpw line contains a motif common 
to several genes involved in cell cycle con- 
trol could suggest that this gene normally 
functions to regulate the cell cycle in the 
epithelial component of the kidney. Inacti- 
vation of the gene in the mutant animals 
may cause an epithelial hyperplasia by a 
perturbation in cell cycle progression that 
results either in activation of the cellular 
proliferative response or in the alteration of 
the normal pattern of apoptosis in the 
developing kidney. 

Finally, through use of a combination of 
somatic cell hybrids (22, 26) and interspe- 
cific backcross analyses, the mutant locus in 
the TgN737Rpw line has been mapped to 
mouse chromosome 14 between the T cell 
receptor a (Tcra) and retinoblastoma (Rb- 
1) genes (Fig. 4). The recombination fre- 
quencies were determined by analysis of 
pairs of markers in interspecies backcross 
mice: 6 out of 70 mice had chromosomes 
recombinant for Tcra and Rb-1 (8.6 + 
3.35) [centiMorgans + SD], 1 out of 84 
mice was recombinant for HRA (see Fig. 
2A) and Tcra (1.19 + 1.18), and 5 out of 
66 mice were recombinant for Rb-1 and 
HRA (7.58 k 3.26). This chromosomal 
assignment rules out allelism of 
TgN737Rpw with pcy and cpk, which map 
to chromosomes 9 and 12, respectively (1 2, 
14). Moreover, complementation testing 
with the bpk mouse has ruled out allelism 
between TgN737Rpw and bpk (22). There- 
fore, it appears likely that the TgN737Rpw 
mutation represents a previously uncharac- 
terized PKD mutation in the mouse. 

The phenotypes of the various forms of 
heritable PKD in humans are substantially 
different. On the basis of the recessive 
mode of inheritance and disease pathology, 
the phenotype of the TgN737Rpw mutants 
most closely resembles ARPKD. Therefore, 
the TgN737Rpw mutant mouse may repre- 
sent an animal model for this particular 
form of human PKD. Unlike the other 

Fig. 4. Genetic map of the TgN737Rpw locus on the basis A 
of interspecific backcross analysis. (A) The position of the 
TgN737Rpw locus on mouse chromosome 14 relative to 
the T cell receptor a (Tcra) and retinoblastoma-1 (Rb-I) 
genes. HRA was used as a probe to identify the "" g737Rpw 

TgN737Rpw locus. Distances between loci are indicated 
on the left (in centiMorgans). (B) Summary of Mus muscu- 7.58 

lus/Mus spretus interspecific backcross analysis results. 1 Rbf 

The segregation pattern places the TgN737Rpw locus on 
chromosome 14 between the Tcra and Rb-1 genes. Boxes 
in columns represent the chromosomal linkage pattern 
inherited by backcross progeny that could be scored for all 
three markers. Backcross experiments were done as de- Number of Backcross Anlmab 

3 7 2 3  3 2 1 0  0 0 
scribed (32). The number of mice that inherited a specific ,, I I I q I 
haplotype is given at the top of each column. Open boxes 
represent M. musculus alleles; filled boxes represent M. TgN737Rpw ' ' ' 
spretus alleles fif I 0  O I  [?I I 0  

animal models for PKD, the mutant 
TgN737Rpw locus was tagged wifh a molec- 
ular marker, which has allowed us to clone 
and characterize a candidate gene whose 
expression is directly affected by the insert- 
ed transgene at the mutant locus. More- 
over, using the mouse cDNA as a probe, we 
have recently cloned most of the corre- 
sponding human gene and have mapped it 
on human metaphase chromosome prepara- 
tions to chromosome 13 (27). The identi- ~, 
fication of this human gene should permit a 
thorough molecular study of whether this 
gene is directly associated with any of the 
various forms of PKD in humans. 
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Summation and Division by Neurons in 
Primate Visual Cortex 

Matteo Carandini and David J. Heeger 
Recordings from monkey primary visual cortex (V l )  were used to test a model for the 
visually driven responses of simple cells. According to the model, simple cells compute a 
linear sum of the responses of lateral geniculate nucleus (LGN) neurons. In addition, each 
simple cell's linear response is divided by the pooled activity of a large number of other 
simple cells. The cell membrane performs both operations; synaptic currents are summed 
and then divided by the total membrane conductance. Current and conductance are 
decoupled (by a complementary arrangement of excitation and inhibition) so that current 
depends only on the LGN inputs and conductance depends only on the cortical inputs. 
Closed form expressions were derived for fitting and interpreting physiological data. The 
model accurately predicted responses to drifting grating stimuli of various contrasts, ori- 
entations, and spatiotemporal frequencies. 

Since the pioneering work of Hubel and 
Wiesel ( I ) ,  there have been a multitude of 
physiological experiments that studied the 
visually driven responses of Vl  simple cells. 
A long-standing view is that a simple cell's 
response depends on a linear sum, over 
local space and recently past time, of the 
intensity values in the stimulus (2). The 
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linear model of simple cell physiology is 
attractive because the resDonse of a linear 
cell can be completely characterized with a 
relatively small number of measurements. 
In addition, the linear model explains the 
selectivity of simple cells for stimulus posi- 
tion, orientation, and direction of motion. 

Unfortunately, the linear model falls 
short of a com~lete account of simole cell 
physiology. According to the linear model, 
doubling the contrast of a (periodic) drift- 
ing grating stimulus would double the re- 

sponse so one would record twice as many 
action potentials during each period of 
stimulation. However, simple cells do not 
behave this way. First, response amplitude 
saturates at high contrasts (3); doubling 
the contrast yields fewer than twice the 
number of action potentials. Second, re- 
sponse phase advances with contrast (4); 
when contrast is doubled, the action poten- 
tials occur sooner during each period of 
stimulation. 

A third fault with the linear model in 
regard to simple cells is revealed by tests of 
superposition. A typical simple cell re- 
sponds vigorously to its preferred orienta- 
tion but not at all to a perpendicular orien- 
tation. According to the linear model, the 
response to the superimposed pair of stimuli 
(preferred plus perpendicular) should equal 
the response to the preferred stimulus pre- 
sented alone. In fact, the response to the 
superimposed pair is about half that predict- 
ed (9, a phenomenon known as cross- 
orientation inhibition. 

To exolain these nonlinear asoects of 
simple cell responses, we have recently 
~ r o ~ o s e d  a new model of simole cell re- . . 
sponses, called the normalization model 
(6). This model (Fig. 1) begins with an 
underlying linear stage. The linear stage is 
followed by a normalization stage, where 
each cell's linear resoonse to the stimulus is 
divided by a quantity proportional to the 
pooled activity of a large number of other 
cells. Normalization is a nonlinear opera- 
tion; one input (a cell's underlying linear 
response) is divided by another input (the 
pooled activity of a large number of cells). 
The effect of normalization is that the 
response of each cell is rescaled with respect 
to stimulus contrast. 

The normalization model explains a 
large body of otherwise unexplained physi- 
ological phenomena (6). According to the 
model. a cell's selectivitv is attributed to 
summation (the linear stage) and its non- 
linear behavior is attributed to division (the 
normalization stage). The model explains 
response amplitude saturation because the 
divisive suppression increases with stimulus 
contrast. The model also explains cross- 
orientation inhibition because a given cell 
is suppressed by many other cells, including 
those with perpendicular orientation tun- 
ings. Until now, however, two problems 
still remained to be solved. First. there was 
no explanation for why response phase de- 
 ends on contrast. Second. there was no 
explanation for how the summation and 
division computations might be implement- 
ed by cortical neurons. 

It is common to characterize the electri- 
cal behavior of a cell's membrane with 
electrical circuits made up of resistors and 
capacitors (Fig. 2). The input to a cell is a 
current driven by the synaptic conduc- 
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