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The mechanisms by which hepatitis C virus (HCV) induces chronic infection in  
the vast majority of infected individuals are unknown. Sequences within the 
HCV E7 and E2 envelope genes were analyzed during the acute phase of 
hepatitis C in  12 patients wi th  different clinical outcomes. Acute resolving 
hepatitis was associated wi th  relative evolutionary stasis of the heterogeneous 
viral population (quasispecies), whereas progressing hepatitis correlated with 
genetic evolution of HCV. Consistent wi th  the hypothesis of selective pressure 
by the host immune system, the sequence changes occurred almost exclusively 
within the hypervariable region 1of the E2gene and were temporally correlated 
with antibody seroconversion. These data indicate that the evolutionary dy- 
namics of the HCV quasispecies during the acute phase of hepatitis C predict 
whether the infection wi l l  resolve or become chronic. 

HCV infection is an important public health 
problem worldwide (1) because it is a major 
cause of chronic hepatitis, cirrhosis, and hepa- 
tocellular carcinoma (2). V e ~ y  rarely, HCV 
causes fulminant hepatitis (FH), the most severe 
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form of acute hepatitis. Although the Infection 
resolves in 15% of cases, it becomes chronic in 
up to 85% of infected individuals (3). The clin- 
ical course of chronic hepatitis C is highly vari- 
able. In about 70% of the patients the disease is 
mild and stable over several decades, whereas in 
the remaining 30% it is progres-
sive. Prospective studies of hepatitis C have 
failed to identify any clinical, serologic, or viro- 
logic features that predict the outcome of the 
disease (4). 

The mechanisms responsible for the high 
rate of viral persistence and for the variable 
clinical course of hepatitis C are unknown, 
but are thought to represent a complex inter- 
play between viral diversity and host immu- 
nity (5). Although HCV infection induces 
strong cellular and humoral immune respons- 
es (6, 7 ) ,  they are generally insufficient to 

www.sciencernag.org SCIENCE VOL 288 14 APRIL 2000 	 339 

mailto:far~i~@~acs.bnica.it-


eradicate the virus or to prevent reinfection as in the remaining three it was severe and solved their infection and those who developed 
(8, 9). Over the past few years, evidence has rapidly progressive, leading to liver-related chronic disease (Fig. 1, A and B). In contrast, 
accumulated to suggest that the genetic vari- death within 5 years of the onset of infec- after antibody seroconversion, patients with re- 
ation of HCV within the same individual- tion (rapid progressors) (Table 1). solving hepatitis showed a decrease in the ge- 
specifically, the simultaneous presence of The number of viral variants and the ge- netic diversity of HVR1, whereas those with 
different but closely related viral variants that netic diversity of the HCV quasispecies were progressing hepatitis showed a marked increase 
are commonly defined as quasispecies (10)- assessed by examining viral sequences span- in diversity (Fig. 1A). These different patterns 
may allow the virus to circumvent the im- ning the envelope genes (El and E2) both are further illustrated by two representative cas- 
mune response, leading to chronic infection. within and outside the hypervariable region 1 es shown in Fig. 2. When we compared the 
There is very limited information on the early (HVRl) (13). For all patients with resolving changes in genetic diversity between the last 
evolution of the viral quasispecies during the and progressing hepatitis, we studied the first sample just before antibody appears and the first 
acute phase of hepatitis C in patients who available polymerase chain reaction (PCR)- sample after antibody seroconversion, the dif- 
have been followed for a sufficient time to positive sample (within 2 to 5 weeks of trans- ference in genetic diversity between resolving 
determine their long-term clinical outcome fusion, mean 3.1 2 1.2 weeks), one sample and progressing hepatitis was statistically signif- 
(11). Access to a well-defined cohort of pro- before antibody seroconversion [either before icant (Table 2). Patients with FH, despite high 
spectively studied patients enrolled in a study or at the time of the alanine aminotransferase serum levels of HCV RNA, showed the lowest 
of post-transfusion non-A, non-B hepatitis (ALT) peak], and one or two samples after degree of genetic diversity, both before and after 
gave us an opportunity to investigate the antibody seroconversion. For patients with antibody seroconversion (Fig. 1A). When we 
relationship between the genetic evolution of FH, two samples were available for the anal- analyzed the genetic diversity in the EIiE2 re- 
HCV early in the course of infection and the ysis, one before and one after antibody sero- gion outside HVR1, based on the analysis of 
outcome of the disease. conversion, with the exception of patient 3 155 predicted amino acids, the viral diversity 

We studied the number of viral variants, (Table 1) (12). DNA amplified by PCR from was consistently lower than w i t h  HVRl and 
the genetic distance between the different the EIiE2 genes (14, 15) was cloned and a did not change over time in all patients exam- 
variants (genetic diversity), and the evolution mean of 10.6 molecular clones from each ined, although patients with FH showed a trend 
of HCV quasispecies, in parallel with the sample were sequenced (16) for a total of 414 toward an increase after seroconversion (Fig. 
level of viral replication and the humoral sequences, each 558 nucleotides in length. 1A). Therefore, the different patterns observed 
immune response, during the incubation pe- Genetic diversity was calculated by analysis in patients with resolving and progressing hep- 
riod and the acute phase of hepatitis C. Serial of the amino acid sequences using the mean atitis were essentially due to genetic variation 
serum samples were obtained from 12 pa- Hamming distance (17). To determine the within HVR1. These data strongly suggest that 
tients with hepatitis C (12) who were selected course of HCV viremia, we detected serum this region is under selective pressure by the 
on the basis of their clinical outcome deter- HCV RNA by a nested PCR assay (18) and host immune system. 
mined during prospective evaluation ranging quantified it with the branched-chain DNA test In contrast to the genetic diversity, the 
up to 20 years (Table 1). Three patients had (19); we determined the HCV genotype by number of viral variants as assessed by 
FH; three had acute, self-limited hepatitis sequence analysis of part of the E l  gene (20). HVRl sequences did not show any specific 
characterized by clearance of serum HCV All sera were tested for antibodies to structural correlation with disease outcome, although a 
RNA within 16 weeks after transfusion; and nonstructural proteins of HCV (21). slight increase was detected in patients who 
and six had acute hepatitis that progressed The genetic diversity and the number of viral developed chronic hepatitis (Fig. 1B). Similar 
to chronicity, associated with persistent variants within the HCV quasispecies, both in to the genetic diversity, the number of vari- 
viremia. Among the latter six patients, the the first available PCR-positive sample and in ants outside HVRl was consistently lower 
disease was mild and stable for more than the pre-antibody seroconversion sample, didnot than that within HVRl in all patient groups 
20 years in three (slow progressors), where- differ significantly between patients who re- throughout the course of the disease 

Table 1. Clinical and serologic evaluation of hepatitis C in prospectively Antibodies t o  HCV and t o  E2 protein were measured as described (27). ND, 
followed patients. All numbers in parentheses indicate the week after trans- not determined; NA, not applicable, because the risk factor was unknown and 
fusion. The level of viremia was measured by branched-chain DNA test (79). therefore the time of infection could not be ascertained. 

Disease Liver- Blood Peak serum Viremia: Peak Viral Anti- Anti-
outcome and related genotype Age Sex units ALT serum HCV RNA 

HCV E2
patient number death (no.) (IUtliter) (equivlml) 

Fulminant 

1 Yes 4493 (5) 

2 Yes* 392 (12) 

3 Yes 2160 (NA) < 


Resolving 
4 

5 
6 


Slow progressor 

7 

8 

9 


Rapid progressor 

10 N o t  

11 Yes 

12 Yes 


*After orthotopic liver transplantation (OLT), the patient developed fulminant hepatitis C (IZ),for which she received a second OLT; she died several weeks after the second 
OLT. tThe patient died of complications of heart disease and diabetes, but also had an active cirrhosis and a small hepatocellular carcinoma that was found at autopsy. 
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To investigate whether the different patterns 
of viral genetic variation were due to positive 
selection, we measured the number of synony- 
mous (silent) nucleotide substitutions per syn- 
onymous site and the number of nonsynony- 
mous (amino acid replacement) nucleotide sub- 
stitutions per nonsynonymous site (22), both 
within and outside HVR1; sequences obtained 
from each time point were compared with the 
consensus (reference) sequence of the first time 
point. f i s  analysis revealed a difference in 
virus evolution according to the outcome of the 
disease. Comparison of genetic distances be- 
tween the earliest and the latest sample from 
each patient revealed that the mean number of 
nonsynonymous substitutions per site per week 
within HVRl was significantly higher in pro- 
gressing hepatitis [mean 2 SEM, 7.0 ( 2  1.7) X 

than in resolving [2.0 (20.9) X lop3; 
P = 0.0371 or fulminant [0.4 (20.4) X lop3; 
P = 0.01 11 hepatitis, whereas outside HVRl it 
was consistently lower in all groups and did not 
differ significantly among progressing [ l  .1 
(20.3) X lop3], resolving [0.3 (L0.1) X 

lop3], and fulminant [0.5 0 0 . 0 3 )  X 

hepatitis. By contrast, the mean number of 
synonymous substitutions within HVRl was 
comparable among the three groups, although 
it was slightly higher in fulminant [4.9 

and the branch lengths were consistently longer 
than those seen in acute resolving hepatitis (23). 
By contrast, when HVRl was excluded, the 
phylogenetic reconstructions of the rest of the 
ElIE2 region showed a monophyletic popula- 
tion in each patient, with veIy short branch 
lengths, and no difference between resolving 
and progressing hepatitis (24). The greater ge- 
netic distances seen in patients with progressing 
hepatitis correlated with a higher accumulation 
rate of nonsynonymous substitutions, consistent 
with a positive selection for change within 
HVR1. 

We next determined whether the pattern of 
evolution of the viral quasispecies in progress- 
ing hepatitis differed between slow and rapid 
progressors. Although there was a distinct dif- 
ference in the rate and extent of viral evolution 
between patients who resolved their infection 
and those who progressed to chronicity, the 
distinction between slow and rapid progressors 
during the first 4 months of infection was 
equivocal. We also examined whether the pat- 

Fig. 1. Genetic dis-
tance among the vari- 
ants (diversity) and 
number o f  viral strains glo 
o f  the HCV quasispe- m 

tern of genetic evolution observed in progress- 
ing hepatitis correlated with specific clinical, 
virological, or immunological parameters. Our 
study showed that the degree of genetic heter- 
ogeneity did not correlate with either the num- 
ber of units of blood received or the number of 
donors. Similarly, the genetic diversity and the 
number of viral variants did not correlate with 
the level of viremia. Also, no significant asso- 
ciation was found between the serum level of 
HCV RNA or the HCV genotype and the out- 
come of the disease. 

Our study provides evidence that the out- 
come of acute hepatitis C may be determined in 
the early phase of primary infection. Acute 
hepatitis that progressed to chronicity correlated 
with genetic evolution of HCV within the first 4 
months of infection. In agreement with the par- 
adigm proposed for HIV infection (25, 26), the 
presence of diverse viral forms may reflect 
shifts in the virus population possibly related to 
changes in the host environment, such as the 
appearance of neutralizing antibodies or intra- 

Outside HVRl 

eza re-seroconversion 

(53.9) X lop3] than in progressing [4.1 cies wi th in  and 
side H V R l  i n  fulmi-

8 .: out -

(51.1) X 10V3] and resolving [3.6 (22.6) X p 6.-nant, resolving, andhepatitis; similarly, outside HVR1, it 
progressing hepatitis.

was higher in fulminant [4.1 (22.6) X (A) Genetic diversity 2 2 
than in progressing [2.1 0 0 . 6 )  X and 
resolving [ l .5  ( 2  1 .O) x hepatitis. Thus, 

with in the  viral quasi- c 
species, as measured j O O Fulminant Resolving progressing 

in FH there was a striking amino acid con- bv  mean Hammine 

servation both within and outside HVR1, de- dhance  ( 77 )  ($ elO1 8 
Number o f  dif ferent .= HVRl lo[ Outside HVRl

4spite a high rate of viral replication and syn- viral strains detected 81
onymous substitutions. in the viral quasispe- 

Phylogenetic analysis of all the HVRl ami- cies. The values indi-
no acid sequences obtained from each patient at cate the number of  
different time polnts showed two topological variants per 31  amino 2 
patterns according to the outcome of the dis- acids both wi th in  and 

outside HVR1. The 	 0
ease. In resolving hepatitis, there was generally data represent the Resolving Fulminant Resolving Progressing 
a monophyletic population with intermingling mean ( iSEM)  o f  the 
of sequences derived from different time points results obtained f rom al l  t he  patients wi th in  each group a t  dif ferent t i m e  points. In fulminant 
(Fig. 3A). In progressing hepatitis, there was a hepatitis the analysis before antibody seroconversion was extended t o  only t w o  patients, because 
tendency to form clusters over time (Fig. 3B) only a single sample was available f rom patient 3 [Table 1 (72)]. 

Table 2. Comparison of changes in genetic diversity and in number of viral strains in fulrninant, resolving, and progressing hepatitis 

Change in genetic diversity* Change in number of  viral strains 
No. of Time Interval

Patient group patients points? (weeks) El/EZ outside El/EZ outsideHVRl 	 HVRlHVRl  	 HVRl 

Fulrninant hepatitis 2: 	 b vs. c 1.7 i0.3 -0.03 2 0.03 0.7 i0.8 0.5 2 0.5 3.0 i3.0 
Resolving hepatitis 3 	 a vs. b 4.5 i1.5 1.0 ? 3.0 0.5 i0.05 2.0 2 2.0 1.5 i0.5 

a vs. c 7.5 i2.5 -3.7 ? 2.6 0.2 i0.2 0.0 r+_ 0.6 0.3 ? 2.2 
b VS. c 3.0 i0.5 -4.4 ? 1.79 -0.1 i0.4 -1.3 2 0.9 -0.7 ? 2.3 

Progressing hepatitis 6 	 a vs, b 5.6 i1.3 -2.9 ? 1.7 0.8 ? 1.6 0.2 r+_ 0.5 0.0 ? 1.3 
a vs, c 11.0 i1.3 4.1 r+_ 2.7 -0.2 ? 0.6 1.7 i1.4 0.8 ? 0.8 
b vs. c 5.3 2 1.5 7.0 i3.49 -1.0 2 1.5 1.8 i1.4 0.8 r+_ 0.9 

'Genetic diversity was assessed by mean Hamming distance (17). The data represent means + SEM. Negative values indicate a reduction in genetic diversity and in number of viral 
strains; positive values indicate an increase in genetic diversity and in number of viral strains. +The first time point (a) corresponds to the baseline, the second (b) before antibody 
seroconversion, and the third (c) after antibody seroconversion. ITwo patients with fulminant hepatitis C were analyzed. $P = 0.020 for the comparison of time points b versus 
c of resolving versus progressing hepatitis, by unpaired Welch's t test (31). 
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Fig. 2. Evolution of HCV quasi- 
species during the course of acute 
hepatitis C in two representative 
patients, one with resolving hep- 
atitis and one with acute hepatitis 
that progressed to  chronicity with 
a stable course. Patient numbers 
are the same as in Table 1. (A and 
D) Clinical course of hepatitis C. 
The gray areas indicate ALT levels. 
The red horizontal bars indicate 
positive assays for serum HCV 
RNA by PCR. The black lines indi- 
cate the titer of serum HCV RNA 
by the branched-chain DNA as- 
say, on a logarithmic scale. The 
yellow horizontal bars indicate 
antibodies to  HCV detected by 
second-generation assays. Tx de- 
notes the time of blood transfu- 
sion. (B and E) Number of viral 
variants and diversity (genetic 
distance among variants) of the 
HCV quasispecies within the 31 
amino acids of HVR1. The vertical 
bars indicate the number and the 
proportion of viral variants within 
each sample. Within the vertical 
bars, each variant is identified by 
a different color. The dominant 
viral variant found in each patient 
at the first time point is indicated 
in turquoise; other variants are 
indicated by additional colors. 
The same color indicates identitv 
between viral variants detected at 
different time points within each 
patient, but not between differ- 
ent patients. The viral population 
diversity (black line) was calculat- 
ed by mean Hamming distance 
from the predicted amino acid se- 
quences obtained from each sam- 
ple (77). (C and F) Number of viral 
variants and genetic diversity of 
HCV within 155 amino acids from 
the E7IE2 region, spanning map 
positions 318 to 503, with the 
exclusion of the 31 amino acids of 
HVRI. [For a similar analysis of 
two other cases, representing ful- 

ElIE2 outstde HVRl(15S AA) 
-20 

70 15 [ 
3 10 a 

1 
20 a 
10 I 

0 5 10 15 20 
minant hepatitis and chronic hep- Weeks after transfurlan 
atitis with a rapidly progressive 
course, see Science Online (www.sciencemag.org/feature/data/1047689.A).] 

hepatic cytotoxic T lymphocytes. Under these FH was characterized by a homogeneous viral erting a selective pressure for change. The alter- 
native and, we feel, more likely hypothesis is 
that the specific humoral or cellular immune 
responses against HCV are more effective in 
patients who resolve their infection, as suggest- 
ed by recent studies (29), and that the genetic 
diversity of HCV quasispecies declines as a 
result of the progressive clearance of individual 
variants. Thus, when the immune response 
against HCV is optimal, viral variation is even- 
tually contained and the strains become increas- 
ingly homogeneous until the final variant is 
effectively cleared. A similar trend, with a sig- 
nificant decrease in genetic diversity and in the 
number of HCV variants, has been documented 
in patients with a favorable response to interfer- 
on therapy during the first 2 weeks of treatment 

selective constraints, viral population disequi- 
librium may emerge with the selection of vari- 
ant viruses with enhanced ability to persist in 
the host (27). The evidence in our patients of a 
temporal association between viral evolution 
and the first emergence of a specific immune 
response corroborates this hypothesis. More- 
over, because the amino acid substitutions oc- 
curred almost exclusively within HVR1, a crit- 
ical target of selective pressure by the immune 
system (5, 28), this domain may play a role in 
the pathogenesis of HCV infection and, in par- 
ticular, in the progression to chronicity. 

population. These data suggest that in fulminant 
hepatitis C there is a trend to preserve the 
unique fitness of a particular viral variant, 
which supports the hypothesis that the inherent 
virulence of a specific HCV strain may lead to 
massive hevatocellular necrosis. 

Spontaneous viral clearance occurs in about 
15% of patients after primary HCV infection 
(3). Although the immunological correlates of 
HCV clearance are still undefined, the earliest 
events in the virus-host interaction are likely to 
determine the outcome of infection. In this con- 
text, the observation that viral clearance corre- 
lates with a reduction in viral diversity over time 
may appear wunterintuitive, as it might suggest 

Although our findings on progressing hep- 
atitis C suggest that there was no predominant 
viral form with enhanced pathogenic potential, the absence of effective immune responses ex- 
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(30). Our findings have prognostic implications, Purcell, ]. L Gerin. G. Verme. Eds. (Minewa Medica. 
Torino, Italy, 1997), pp. 405-415. because an increase in HVR1 during 8. P. Farci et  al., Science 258, 135 (1992). 

acute predicts progression to chronic 9. A. M. Prince et al.. J. Infect. Dis. 165,438 (1992); M. E. 
disease. whereas a decrease correlates with res- Lai et  al.. Lancet 343; 388 (1994). 

Fig. 3. Representa- 
tive phylogenetic re- 
constructions showing 
the evolutionary rela- 
tionships of all viral 
amino acid sequences 
of HVR1, within pa- 
tients. The phyloge- l o  
netic trees were con- 

10 structed with the 

olution of the disease. The direct implication of 
HVR1, the most variable region of HCV, in the 
development of chronic HCV infection poses a 
major challenge for devising preventive and 
therapeutic strategies against HCV. 

Substantially similar 
trees were generated 
using the Fitch-Mar- 13 
goliash distance meth- 13 
od using the Fitch pro- 3 1 8 8 - 0.05 gram available from 
the PHYLIP package. Clones are shown by a number indicating weeks from the time of primary infection, 
with each time point represented by a different color. The scale bar below each tree indicates the 
genetic distance based on Kimvra's formula. (A) The viral sequences were selected to represent the 
pattern seen in patients with acute resolving hepatitis. The phylogenetic reconstruction showed a 
monophyletic viral population with intermingling of sequences from different time points. (B) The viral 
sequences were selected to represent the pattern seen in patients who developed progressing hepatitis. 
The phylogenetic reconstruction showed sequential shifts in the viral population after 8 weeks from the 
time of infection. Some intermingling of sequences from sequential time points was also observed. 
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neighbor-joining meth- 
od, using the NEIGH- 
BOR program in the 
PHYLIP package (32). 
Genetic distances were 
calculated with PROT- 
DlST from the PHYLIP 
package based on 
Kimura's distance. A 
bootstrap analysis us- - 
ing 100 bootstrap rep- 
licates was performed 
to assess the reliabili- 
ty at each of the in- 
ternal nodes of the 
trees. The numbers at 
branch points indicate 
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Regulation of Area Identity in 
the Mammalian Neocortex by 

EmxZ and Pax6 
Kathie M. Bishop,' Guy Goudreau,' Dennis D. M. O'Learyl* 

The contribution of extrinsic and genetic mechanisms in determining areas of 
the mammalian neocortex has been a contested issue. This study analyzes the 
roles of the regulatory genes EmxZ and Pax6, which are expressed in  opposing 
gradients in the neocortical ventricular zone, in  specifying areas. Changes in the 
patterning of molecular markers and area-specific connections between the 
cortex and thalamus suggest that arealization of the neocortex is dispropor- 
tionately altered in ~ m x 2 a n d  Pax6 mutant mice in opposing manners predicted 
from their countergradients of expression: rostral areas expand and caudal areas 
contract in  EmxZ mutants, whereas the opposite effect is seen in Pax6 mutants. 
These findings suggest that EmxZ and Pax6 cooperate t o  regulate arealization 
of the neocortex and t o  confer area identity t o  cortical cells. 

The mature mammalian neocortex is tangential- 
ly organized into distinct areas that serve spe- 
cialized functions, such as sensory processing 
and motor control. These areas can be distin- 
guished by differences in their input and output 
connections and architecture. It is assumed that 
the specification and differentiation of neocor- 
tical areas are controlled by an interplay be- 
tween epigenetic (extrinsic) and genetic (intrin- 
sic) mechanisms. Numerous studies suggest 
that diverse parts of the neocortex initially share 
potentials to develop features unique to a spe- 
cific area (1) and have implicated thalamocor- 
tical input as a major epigenetic influence in 
this process (2, 3). Evidence for genetic regu- 
lation of arealization is limited to descriptions 
of graded or restricted patterns of gene expres- 
sion in the embryonic neocortex (4- 6)  that are 
established independent of thalamocortical in- 
put (5, 6) .  Remaining unidentified, though, are 
genes that regulate arealization, presumably by 
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conferring area identities to cortical cells and 
controlling the differential expression of down- 
stream genes that govern, among other things, 
the area-specific targeting of thalamocortical 
afferents. 

The regulatory genes that control neocor- 
tical arealization are assumed to be expressed 
in graded or restricted patterns in the embry- 
onic cortex (3). Two genes that meet this 
criterion are the homeodomain transcription 
factor E n ~ 2  and the paired-box-containing 
transcription factor Pux6. Both genes are ex- 
pressed in the dorsal telencephalic neuroepi- 
thelium, the proliferative zone that gives rise 
to cortical neurons (7-9). Enix2 is expressed 
in low rostral to high caudal and low lateral to 
high medial gradients (7, 8). whereas Pax6 is 
expressed in low caudal to high rostral and 
low medial to high lateral gradients (8, 9). On 
the basis of these expression patterns, we 
hypothesized that Enix2 preferentially im-
parts caudal and medial area identities to 
cortical neurons, whereas Pax6 preferentially 
imparts rostral and lateral identities (Fig. 1). 

We have used molecular and connectional 
markers of area identity to test these hypotheses 
in mutant mice lacking either Einx2 (10) or 
Pas6 [Snlall eye (Sey)] (11) functional alleles. 
We predicted that, in the Einx? mutant neocor- 
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tex, caudal and medial identities would be lost, 
resulting in a caudal and medial shift in rostral 
and lateral area identities (Fig. 1B).  Con-
versely, we predicted that, in the Pas6  mu- 
tant neocortex, rostral and lateral identities 
would be lost, resulting in a rostral and 
lateral shift in caudal and medial area iden- 
tities (Fig. 1C). EmxZ and Pax6 (Sq"Sej.)  
mutant mice die within hours after birth ( 10, 
11). limiting our analysis to the late embry- 
onic period, before the mice die but after 
some features of arealization have become 
evident. 

The type I1 classical cadherins, Cadllerin6 
(Cad6) and Ca~fherinR ( C U L ~ ~ ) ,  are expressed in 
areal patterns in the late embryonic mouse neo- 
cortex: Cad8 has been reported to mark the 
rostrally located motor area, and Cad6 marks 
the somatosensory area, located immediately 
caudal to the motor area, and the auditoy area. 
located in the caudolateral neocortex (I?). Be- 
cause the cortex is reduced in size in both Elin2 
and Pa?i6 mutants compared to wild type (Ta- 
bles 1 through 5 ) , we determined the proportion 
of the cortlcal surface co\ered by domalns of 
cadherin expression as well as their absolute 
size (Fig. 2; B and D). No change in propor- 
tional sizes of cadherin expression domains 
would indicate that arealization per se has not 
been affected, suggesting that the full range of 
putative area identities is present in the smaller 
cortex and that all areas are uniformly reduced 
in size. A change in proportional sizes would 
indicate that areas are disproportionately affect- 
ed in the mutant neocortex and therefore that 
Einx2 and/or Pax6 has a role in regulating 
arealization of the neocortex. This finding and 
interpretation would be most strongly support- 
ed by a change in absolute sizes of cadherin 
expression domains. 

The areal pattern of cadherin expression In 
the E m 2  homozygous mutant cortex (13) is 
substantially different than that in wild type 
(Fig. 2). The domain of Cud8 expression is 
expanded caudally (Fig. 2A). This expansion 
appears to be greater along the medial edge of 
the cortex than farther laterally, suggesting that 
Cad8 expression may also be expanded medi- 
ally. The domain of Cud6 expression is shifted 
caudally and medially. as seen on the dorsal and 
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