
ity. Also, GTP-binding proteins might in- 
crease accuracy of protein sorting. Coupling 
GTP hydrolysis with vesicle fusion might 
serve as a proofreading mechanism (7) ,  sim- 
ilar to that proposed for elongation factor 
Tu in protein translation (23). 
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Potential of Visual Cortex to Develop an Array of 
Functional Units Unique to Somatosensory Cortex 

The identification of specialized areas in the mammalian neocortex, such as the primary 
visual or somatosensory cortex, is based on distinctions in architectural and functional 
features. The extent towhich certain features that distinwish neocortical areas in rats 

.2 

are prespecified or emerge as a result of epigenetic interactions was investigated. Late 
embryonic visual cortex transplanted to  neonatal somatosensory cortex was later 
assayed for "barrels," anatomically identified functional units unique to  somatosensory 
cortex, and for boundaries of glycoconjugated molecules associated with barrels. 
Barrels and boundaries form in transplanted visual cortex and are organized in an array 
that resembles the pattern in the normal barrelfield. These findings show that M e r e n t  
regions of the developing neocortex have similar potentials to-Merentiate features 
that distinguish neocortical areas and contribute to their unique functional orgahiza- 
tions. 

T HE FUNCTIONAL ORGANIZATION OF limited distributions across neocortical areas 
the mammalian neocortex is based as in adults (8); and functional units are only 
on its parcellation into numerous beginning to emerge (9, 10). To define the 

anatomically and functionally distinct areas mechanisms responsible for the differentia- 
( 1 ) .  In spite of interest in the processes that tion of neocortical areas, it is necessary to 
control the differentiation of neocortical ar- determine the extent to which each area's 
eas during development (2, 3 )  and through- characteristics are prespecified or are caused 
out evolution (4), fundamental issues re- by extrinsic influences that operate as the 
main unresolved. Adult neocortical areas can cortex is assembled. . 
be distinguished by differences in their con- To address this issue, we used the primary 
nections and by their architectural features. somatosensory area of rodent parietal cor- 
These differences underlie the unique func- tex, which contains discrete functional units, 
tional properties of each area and aie related 
to the anatomically identified functional 
units. These specializations include the 
"blobs" of the primary visual area of pri- 
mates (5) and the "barrels" of the primary 
somatosensory area of rodents (6). Howev- 
er, the developing neocortex lacks many of 
the features that distinguish adult neocorti- 
cal areas. Eakly in neocortical development, 
but after the generation and migration of 
cortical neurons, cytoarchitecture is uniform 
between areas that will later have an abrupt 
border in the adult (7); major classes of 

termed "barrels." Barrels are isolated aggre- 
gates of layer 4 neurons, innervated by 
clusters of ventrobasal thalamic afferents, 
and arranged in a pattern isomorphic to that 
of the sensory hairs on the rodent's body 
surface (10). Therefore, barrels are not only 
indicative of the functional organization of 
the rodent's somatosensory cortex but are 
also an example of the architectural differen- 
tiation that distinguishes neocortical areas. 
Barrels develop gradually from a uniform 
cortical plate midway through the first week 
after birth (10, 1 1 ) .  Experimental studies 

projection neurons are not restricted to their have demonstrated that -the formation of 
barrels depends on input from an intact 
sensory periphery during a critical period of 

Molecular Neurobiology Laboratory, The Salk Institute, development (10, 12). Although these stud- 
La Jolla, CA 92037. 

ies demonstrated that barrel formation can 
*To whom correspondence should be addressed. be modified, they did not address whether 
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parietal cortex is uniquely prespecified to (Fig. 2). These morphologies resemble the 

fl Ct 

Fig. 1. Normal features of rat somatosensory and 
visual cortex assayed for A C E  and stained by the 
Nissl technique. (A) An AChE-reacted, tangential 
section through layer 4 of P12 rat cortex shows 
the dismbution of thalamocomcal aKerents from 
the principal sensory thalamic nuclei to the pri- 
mary visual (Vl), somatosensory (Sl), and audi- 
tory (Al) cortex. In young rats, the A C E  reac- 
tion product labels the termination patterns of the 
thalamocomcal aKerents that originate from the 
principal sensory thalarnic nuclei, including the 
ventrobasal, lateral geniculate, and medial genic- 
date nuclei (16). In visual (occipital) cortex, 
geniculocortical aKerents dismbute in a homoge- 
neous pattern, whereas in somatosensory (pari- 
etal) cortex, the pattern is disjunctive, reflecting 
the clustering of ventrobasal thalamic afTerents in 
barrels. (6) Higher magnification of barrels in 
somatosensory cortex. Arrowhead points to the 
same barrel as in (A). (C through F) Ditferences 
in laminar cytoarchitecture between cortical areas 
are best seen in a parasagittal plane. Mature 
somatosensory and visual cortical areas each have 
a prominent, granular layer 4 composed of a 
dense population of stellate neurons that receive a 
substantial thalamic input. These features are typ- 
ical of sensory cortical areas. However, the distri- 
butions of neurons and afFerents in layer 4 differ 
between these areas. (C) AChE-positive puffs 
(arrowhead indicates an example) reflect the seg- 
regation of ventrobasal s e r e n e  in the soma- 
tosensory cortex coincident with (D) aggregates 
of Nissl-stained layer 4 cells (arrowhead). Because 
of their lateral location, these sections cut oblique- 
ly across layer 4 and reveal more than a single row 
of barrels. (E) In the visual cortex, the AChE 
reaction product marks the uniformly dense gen- 
iculocortical termination pattern coincident with 
(F) a CO~MUOW, prominent band of layer 4 cells. 
Paired double-headed arrows in (E) and (F) 
define the extent of layer 4. Scale bar represents 
1.50 mm in (A); 0.60 mm in (B); 0.80 mm in (C 
through F). 

develop barrels o r  the ch&erishc pattern- 
ing of  groups of  barrels. 

We used transplantation studies to test 
the potential of  other neocortical areas to 
form barrels (13). Pieces o f  late fetal occip- 
ital (visual) cortex were transplanted to the 
presumptive barrelfield of  parietal (soma- 
tosensory) cortex in newborn rats (14) be- 
fore the development of  cytoarchitecturally 
defined barrels (1 1) and before ventrobasal 
thalamic afferents segregate in a barrel-relat- 
ed manner (15). We later assayed the host 
and transplanted cortex for barrels by ma- 
lyzing brain sections for the distribution of  
the acetylcholinesterase (AChE) reaction 
product, an early marker for primary sensory 
thalamocortical afferents (16), and by using 
Nissl staining to delineate the cortical cy- 
toarchitecture (1 7). These methods revealed 
the differences between somatosensow and 
visual cortex both in cytoarchitecture and in 
the distribution of  thalamocortical afferents 
(Fig. 1). 

We find that barrel-like morphologies 
develop in occipital-to-parietal transplants 

normal barrels of  rat somatosensory cortex 
(Fig. 1, C and D); discrete puffs of  AChE 
reaction product that mark the disjunctive 
pattern of  ventrobasal thalamic afferents (16, 
18) fill the cell-sparse centers of  cellular 
aggregations. Such cellular aggregations are 
not seen in normal occipital cortex nor are 
they seen in occipital-to-parietal transplants 
when ventrobasal thalamic afferents fail t o  
invade the transplant (indicated by a paucity 
of  AChE reaction product). Homotopic 
transplants of  occipital and parietal cortex 
have distributions of  cells and thalamic af- 
ferents appropriate for their locations (19). 
The development of  barrels in occipital-to- 
parietal transplants indicates that ven- 
trobasal thalarnic afferents are able t o  cluster 
appropriately in layer 4 of  a foreign piece o f  
cortex and that the transplanted layer 4 cells 
redistribute into aggregates in response to 
the thalamic afferents as the cells of  normal 
barrels do. Therefore, the ability t o  form 
barrels is not unique t o  parietal cortex, the 
region that forms barrels in situ, but is also 
possessed by the embryonic occipital cortex. 

Fig. 2. Barrel-like morphologies develop in occipital (visual) cortex transplanted to the presumptive 
barrelfield of parietal (somatosensory) cortex. (A) An AChE-reacted parasagittal section through P12 
rat parietal cortex with an occipital cortical transplant. As in Fig. lC, the section cuts obliquely across 
layer 4, revealing two "rows" of ACE-positive puffs: barrels in the "upper row" are in the host parietal 
cortex, those in the "lower row" (two are marked with arrowheads) are in the occipital-to-parietal 
transplant and are shown at a higher magnification in (6).  (C) A Nissl-stained section reveals cellular 
aggregates that correspond to the AChE-positive puffs in the adjacent section pictured in (B). Two 
AChE-positive puffs in (A and B) and their corresponding cellular aggregates in (C) are marked with 
arrowheads. These cellular aggregates, which have cell-dense sides and cell-sparse centers, resemble 
barrels in the anterolateral barrel-subfield of normal rat somatosensory cortex shown in Fig. 1D. (D) A 
dark-field autoradiogram reveals cells labeled with [3H]thymidine in a section adjacent to that in (C). 
These thymidine-labeled cells mark the transplanted tissue. Only a small proportion of the transplanted 
cells appears labeled because only those generated at the time the [3H]thymidine was administered 
incorporate the [3~]thymidine into their DNA and only those nuclei in the upper 2 to 3 pm of the 
40-km section would appear labeled because of the short pathlength of the f3-emission particle. The 
asterisks in (A through D) are placed in corresponding locations for orientation. Scale bar represents 
0.40 mm in (A); 0.20 mm in (B) through (D). 
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Fig. 3. Appropriate patterns of barrels and glycoconjugate boundaries develop in occipital (visual) 
cortex transplanted to the barreffield of parieml (somatosensory) cortex. (A) In an AChE-reacted 
tangential section through the host somatosensory and transplanted visual cortex of a P8 rat, a 
normal-appearing barrel pattern is evident. The transplant is located in a region comparable to that 
shown in Fig. 1B. (B) Photomontage of PNA-stained sections adjacent to that shown in (A). The 
overall PNA-binding pattern resembles that in normal barrel cortex and complements the ACE-  
positive pattern in (A). (C) Some of the ACE-positive barrels formed in the transplanted occipital 
cortex are numbered in this higher magnification of the section in (A). (D) In this higher magnification 
of the section shown in (B), glycoconjugate boundaries are identified by the same numbers that mark 
the corresponding AChE-positive barrels in (C). (E) Fluorescence micrograph of the same section 
shown in (A) taken before processing for AChE. Cells labeled with bisbenzimide mark the transplant. 
Dense aggregates of labeled cells are distributed in a pattern that parallels the labeling revealed by AChE 
histochemistry and PNA binding. The arrows in (A through E) indicate the same blood vessels located 
just outside of the transplant. Scale bar represents 0.50 mm (A and B); 0.30 mm in (C) through (E). 

This demonstration that barrel-like mor- ACE-positive ventrobasal thalamocortical 
phologies can develop in a foreign piece of afferents and associated glycoconjugate 
neocortex does not address whether pattern- boundaries that develop in the transplant do 
ing information intrinsic to parietal cortex is not form randomly; rather their patterning 
necessary to establish the normal arrange- is appropriate for that region of the barrel- 
ment of barrels. Therefore. we examined field. 
additional heterotopic occipital-to-parietal 
transplants in brains sectioned tangential to 
the cortical surface in order to-o~timize 
visualization of the barrel array. In &s set of 
experiments, barrels were identified by 
AChE histochemistry; alternate sections 
were treated with the lectin peanut aggluti- 
nin (PNA) that in normal parietal cortex 
reveals a pattern of glycoconjugate bound- 
aries that complemen% the barrel array (20). 
This pattern of glycoconjugated molecules is 
apparent as barrels emerge (20) and is not 
observed in other areas of cortex. An occip- 
ital-to-parietal transplant case sectioned tan- 
gentially to the cortical surface demonstrates 
the same overall barrel pattern (Fig. 3) as 
that seen in normal cortex (Fig. 1A) (21). In 
host parietal and transplanted occipital cor- 
tex, discrete puffs of ACE reaction product 
(Fig. 3, A and C) are outlined by rings of 
PNA binding (Fig. 3, B and D). The pat- 
terns of AChE-positive puffs (16) and PNA- 
labeled glycoconjugates-are complementary, 
resemble those in normal parietal cortex, 
and maintain continuity across borders be- 

What is the source of information that 
guides the differentiation of an appropriate 
barrel array in the transplanted visual cortex? 
It is unlikely that patterning information is 
conferred on the transplant by cells that 
migrate into the transplant from host pari- 
etal cortex. Astrocytes, but not neurons, do 
migrate between transplanted and host cor- 
tex. However, astrocytes do not cross the 
border between the transplant and host cor- 
tex until 7 days after transplantation and 
migrate thereafter at a rate of -200 p.m/day 
(22). Because barrel arrays that span the 
transplanted occipital cortex are apparent by 
8 days after transplantation and probably 
even earlier, cells migrating from the re- 
maining host parietal cortex into the trans- 
plant cannot account for our findings. A 
straightforward interpretation is that the 
patterning of the barrel array and its associ- 
ated glycoconjugate boundaries are not 
unique properties of parietal cortex, indicat- - 
ing that development of the barrel array 
does not require patterning information in- 
trinsic to cortex. Instead, both the barrel- 

tween the host and transplanted cortex. This related cellular and glycoconjugate patterns 
observation demonstrates that the puffs of are imposed by ventrobasal thalamic &er- 

ents on a region of cortex, whether it is 
normal parietal cortex developing in situ or 
occipital cortex transplanted to the parietal 
region (23). 

Our findings lead to several conclusions. 
First, ventrobasal thalamic afferents can or- 
ganize into clusters in a foreign piece of 
cortex that normally lacks a disjunctive pat- 
tern of thalamocortical terminations. There- 
fore, this capacity for organization must be a 
property of the afferent system. Second, 
layer 4 cells in the transplant, which are 
uniformly distributed in the donor embry- 
onic visual cortex and would remain so in 
the adult, redistribute in response to the 
clustered ventrobasal thalamic afferents, 
mimicking the behavior of layer 4 cells in 
somatosensory cortex. These afferents may 
operate directly, or through an intermediary 
(24), to shape the dendritic morphologies of 
layer 4 neurons in both host somatosensory 
(25) and transplanted visual cortex and 
thereby influence cytoarchitecture. There- 
fore, the formation of individual barrels 
does not require information inherent to 
parietal cortex but is governed by ven- 
trobasal thalamic afferents. Third, the nor- 
mal patterning of the barrel array does not 
require cues prespecified uniquely in parietal 
cortex. However, cues intrinsic to cortex 
may be necessary to develop the appropriate 
matching between thalamic nuclei and spe- 
cific regions of cortex (26) and to establish 
the orientation of topographic maps in 
thalamocortical projections. But the emer- 
gence of a somatotopic patterning of ven- 
trobasal thalamic afferents after the afferents 
invade layer 2 must reflect their active re- 
sponses to influences originating at the sen- 
sory periphery; these influences must there- 
fore provide sufficient information to 
initiate the differentiation of both the barrel 
array and the complementary pattern of 
glycoconjugate boundaries, independent of 
cortical cues. 

Experiments have demonstrated that late 
embryonic neocortex transplanted hetero- 
topically can develop the efferent connec- 
tions (27) characteristic of the host locale. 
The present study shows that such trans- 
plants can develop patterned afferent con- 
nections and architectural features appropri- 
ate to the host locale. Therefore, the 
differentiation of the features that distin- 
guish cortical areas in adults must not be 
prespecified at the time the cortex is assem- 
bled. Thus, with respect to these features, 
the regions of the developing neocortex that 
give rise to diverse areas in the adult initially 
must have similar potentials. Studies also 
suggest that the development of "blobs," 
functional units unique to the primary visual 
cortex of primates (5), is controlled by in- 
fluences extrinsic to cortex. Blobs develop in 
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the primary visual cortex of monkeys even in 
the absence of retinae (2, 28), indicating 
that, unlike barrels, the differentiation of 
blobs may not require an intact sensory 
periphery. However, blob development 
seems to be dramatically influenced by 
thalamocortical afferents. Afier mid-gesta- 
tional enucleation, blobs are found in an 
attenuated region of cortex; this region has 
the cytoarchitecture of primary visual cortex 
and presumably receives afferents from the 
primary visual thalamic nucleus, the lateral 
geniculate, which is also reduced in size (2, 
28). Regions of cortex adjacent to the atten- 
uated primary visual cortex, which under 
normal circumstances would probably dif- 
ferentiate into primary visual cortex, fail to 
develop the architecture characteristic of 
that area (2, 28). These observations imply 
that blob development occurs only in re- 
gions of cortex innervated by thalarnocorti- 
cal derents from the lateral geniculate nu- 
cleus. 

Our results suggest that regions of the 
developing neocortex are interchangeable 
and indicate that factors extrinsic to cortex 
control the differentiation of areas. We con- 
clude that the neocortical neuroepitheliurn is 
specified to generate fundamental cortical 
features such as laminated structure (13), a 
variety of cortical cell types (29), and a 
common local circuitry (30) but that this 
epithelium lacks a rigid specification of ar- 
chitectural features and functional organiza- 
tions that distinguish cortical areas. We infer 
that the neocortical neuroepitheliurn gener- 
ates comparable populations of neurons 
across the entire neocortex that, when ex- 
posed to the same external cues, can respond 
in comparable ways (31). Such a framework 
diminishes the need for prespecification of 
features that distinguish cortical areas and 
provides a parsimonious model for the de- 
velopmental differentiation of cortical areas, 
the phenomenon of cortical plasticity after 
early trauma, and the emergence of new 
cortical areas during evolution. 
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Zimmer, Exp. Brain Res. 66, 533 (1987)l. Hetero- 
topic transplantation of developing cortex has been 
useful for studying factors that iduence the devel- 
opment of regional differences in cortical efferents 18. 

(27). 
14. Rat pups and fetuses of timed, pregnant Sprague- 

Dawley dams (Harlan Sprague-Dawley) were used 
for all experiments. Embryonic day EO refers to day 
of insemination. PO refers to the first 24 hours after 
birth. Pups from eight litters served as host animals; 
fetuses from four rats were used to harvest donor 
tissue. On E l 7  or E18, pups were removed from an 19. 
anesthetized dam (3.5% chloral hydrate, 10 mg per 
100 g of body mass), and their brains were dissected 
and placed into cold Ham's F-10 medium (Gibco). 
A 1 nun by 2 mm piece of cortex, spanning from pia 
to ventricle, from either the occipital or parietal 
region was dissected. Transplants were fitted, with 
their pial surface up, into rectangular cavities made 
in the occipital or parietal cortex of host pups (PO) 
anesthetized by hypothermia. When making the 
transplantation cavity, we took care to remove a 1 
mm by 2 nun portion of the parietal cortical gray 
matter and to spare the underlying white matter. 
Afier closure of the cranium and scalp and recovery 
from hypothermia, pups were returned to the dam. 
For later verification of the transplant in the host 
brain, donor tissue was labeled with either 3H- 
labeled thymidine or bisbenzimide before trans- 
plant; pregnant females were injected intraperitone- 
ally with [3H]thyrnidine (10 pCi per 1 g of body 
mass; specific activity of 6.7 Ci/mmol; ICN Immu- 20. 
noBiologicals) on E l5  during ongoing cortical neu- 
ronogenesis. Alternatively, after dissection, donor 
tissue was placed for 5 min in 0.02% bisbenzimide 
(Hoechst 33258, Sigma), dissolved in cold Ham's 
F-10 medium, and then washed for 5 min in several 
rinses of cold Ham's F-10 medium before transplan- 
tation. [3H]thymidine is only incorporated in cells 
in the mitotic S phase during the short time that the 
thymidine is available for uptake. Bisbenzimide rap- 
idly labels the nuclei of most, if not all, cells. 

15. Donor tissue was taken from occipital cortex after 

the generation of layer 4 neurons [R. D. Lund and 
M. J. Mustari, J. Comp. Neurol. 173, 289 (1977)] 
and before geniculocortical fibers invade the occipi- 
tal cortical plate [B. S. Reinoso and D. D. M. 
O'Leary, Soc. Neurosci. Abstr. 14, 1113 (1988); 
ibid. 16, 493 (1990)l. PO host pups were used 
because in utero transplantation was not practical. 
Thalamic fibers begin to invade the parietal cortical 
plate on E l9  (35), but this does not prevent them 
from later reextending into the transplanted tissue. 
Thalamic fibers segregate into a barrel-related, so- 
matotopic pattern 2 days after birth (35). Glycocon- 
jugate boundaries are evident by P3 (36). Cytoar- 
chitecturdy defined barrels are not apparent in rats 
until after P4 (12). 
The dense AChE reaction product in layer 4 of 
primary sensory areas in rat cortex mark; the termi- 
nation of thalamocortical afferents from the princi- 
pal sensory thalamic nuclei. AChE is transiently 
expressed by the neurons of the ventrobasal, lateral 
geniculate, and medial geniculate thalamic nuclei 
and, when histochemically treated, the reaction 
product heavily labels the axons, including their 
terminal arborizations in the primary somatosen- 
sory, visual, and auditory cortical areas, respectively 
[R. T. Robertson, Neurosci. Lett. 75, 259 (1987); 
, M. A. Hanes, J. Yu, Dev .  Brain Res. 41, 1 
(1988); D. A. Kristt, J. Comp.  Neurol. 186, 1 
(1979); Neuroscience 29, 27 (1989); R. T. Robert- 
son, F. Mostamand, G. H.  Kageyama, K. A. Gal- 
lardo, J. Yu, Dev .  Bruin Res. 58, 81 (1991)l. 
P8 to P12 host pups (six litters) were perfused 
transcardially with 0.9% buffered saline, followed by 
10% bu!Tered formalin, then fixed in 15% sucrose in 
10% buffered formalin. Brains that appeared to have 
surviving transplants (-90%) were frozen and sag- 
ittally sectioned at 50 pm on a microtome and 
collected in four series. We processed two series of 
sections for AChE to delineate the thalamocomcal 
termination pattern of the principal sensory thalamic 
nuclei (16). We processed a third series for autora- 
diography [W. M. Cowan, D. I. Gottlieb, A. E. 
Hendrickson, J. L. Price, T. A. Woolsey, Brain Rec. 
37, 21 (1972)l to verify the survival of the trans- 
plant by the presence of thymidine-labeled neurons. 
We Nissl-stained a fourth series with 0.25% cresyl 
violet to show cellular distributions. 
Retrograde tracing from heterotopic transplants of 
late-fetal occipital (visual) cortex into the cortex of 
newborn host rats show that such transplants receives 
afferent input from the thalamic nuclei that normally 
innervate the host cortical location, but not from the 
lateral geniculate nucleus, the source of thalamic input 
to the visual cortex in situ [(34); D. D. M. O'Leary, 
Soc. Neurosci. Abstr. 14, 1113 (1988)l. 
Homotopic transplantations of both parietal and 
occipital cortex were performed as control experi- 
ments [B. L. Schlaggar and D. D. M. O'Leary, Soc. 
Neurosci. Abstr. 14, 475 (1988); ibid. 15, 1050 
(1989)l. Parietal-to-parietal transplants develop bar- 
rel-like morphologies similar to those that form in 
occipital-to-parietal transplants. {Barrels also devel- 
op in parietal cortex removed and then placed 
directly back into the same site in neonatal murine 
brain [F. L. Andres and H. Van Der Loos, Dev .  
Brain Res. 20, 115 (1985)]}. Occipital-to-occipital 
transplants develop architecture and uniform 
thalamocortical derent terminations appropriate to 
visual cortex. Thus, in each type of transplant per- 
formed, morphological features develop in a manner 
appropriate to the site, not to the origin of the 
cortical tissue. The absence of barrel-like morphol- 
ogies in these control transplants reinforces our 
conclusion that transplantation per se does not 
produce barrel-like morphologies. 
The glycoconjugates revealed by PNA-binding are 
densely distributed in barrel sides and septae but 
sparsely distributed in the termination sites of ven- 
trobasal thalamic derents in barrels. These bound- 
aries precede the appearance of cytoarchitecturally 
defined barrels (15). These findings have led to the 
suggestion that the glycoconjugate boundaries con- 
stitute a framework that is a prespecified feature 
intrinsic to parietal cortex and that may influence the 
patterning of ventrobasal thalamic atferents and the 
distribution of cortical cells and their processes [N. 
G. F. Cooper and D. A. Steindler, J. Comp.  Neurol. 
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249, 157 (1986); Brain Rec. 380, 341 (1986); D. 
A. Steindler, N. G. F. Cooper, A. Faissner, M. 
Schachner, Dev. Biol. 131, 243 (1989); (36)l. 

21. Transplants were done as described (14). At P8, host 
pups were anesthetized (3.5% chloral hydrate, 10 
mg/lOO g of body mass) and perfused transcardidy 
with 0.9% bdered saline, followed by 4% para- 
formaldehyde and 2% glutaraldehyde in 0.2 M 
cacodylic acid buffered to pH 7.3. Brains were 
removed and cortices were flattened for tangential 
sectioning at 40 or 50 pm on a Vibratome. Every 
other section was assayed for AChE (16). We proc- 
essed the remaining sections for the binding of PNA 
to reveal the distribution of glycoconjugated mole- 
cules in host and transplanted tissue (20). Before 
these procedures, we examined selected sections and 
photographed them under ultraviolet illumination 
to identify the bisbenzimide-marked transplant. 

22. H. F. Zhoue, L. H.-C. Lee, R. D. Lund, J. Comp. 
Neurol. 292, 320 (1990). 

23. Our findings indicate that ventrobasal aEerents con- 
trol the formation of the glycoconjugate boundaries 
from an initially homogeneous distribution of gly- 
coconjugates. In the developing barrelfield, the gly- 
coconjugate boundaries revealed by lectin-binding 
emerge from a homogeneous binding pattern (20) 
and are coincident with AChE-positive, thalamocor- 
tical terminations (Fig. 3). We find that, elsewhere 
in the cortex, regions of dense, AChE-positive, 
thalamocortical terminations correspond to regions 
of diminished or absent lectin-binding. In rat, this 
feature is most notable in primary visual and audi- 
tory areas of the cortex. As in the barrelfield, these 
patterns emerge from an initially homogeneous pat- 
tern of lectin-binding (B. L. Schlaggar and D. D. M. 
O'Leary, unpublished observations). 
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A Distinct Potassium Channel Polypeptide 
Encoded by the Drosophila eag Locus 

Many of the signaling properties of neurons and other electrically excitable cells are 
determined by a diverse family of potassium channels. A number of genes that encode 
potassium channel polypeptides have been cloned from various organisms on  the basis 
of their sequence similarity to  the Drosophila Shaker (Sh) locus. As an alternative 
strategy, a molecular analysis of other Drosophila genes that were defined-by mutations 
that perturb potassium channel function was undertaken. Sequence analysis of 
complementary DNA from the ether a go-go (eag) locus revealed that it encodes a 
structural component of potassium channels that is related t o  but is distinct from all 
identified potassium channel polypeptides. 

T HE DROSOPHILA SH LOCUS WAS THE 

first K+ channel structural gene to be 
isolated (1). Since then, a number of 

additional K+ channel genes have been 
cloned from Drosophila and other organisms 
(2). The primary strategy researchers used to 
clone most of these genes was cross-hybrid- 
ization with DNA probes derived from Sh. 
However, other K+ channel genes less close- 
ly related to Sh may not have been identified 
by this approach. As an alternative route to 
isolate genes decting K+ channel structure 
and function, we made no assumptions 
about sequence conservation and focused on 
mutations that disrupt K+ channel activity 
in Drosophila (3). 

One of these gehes is the X-linked eag 
locus, which was originally identified in 
Drosophila on the basis of mutations that 
cause a leg-shaking phenotype (4). Electro- 
physiological studies revealed that eag muta- 
tions cause spontaneous repetitive firing in 
motor axons and elevated transmitter release 
at the larval neuromuscular junction (3, 5). 
In eag Sh double mutants, transmitter re- 
lease at the larval neuromuscular junction 
persists for at least an order of magnitude 
longer than in either single mutant, resulting 
in large plateau-shaped synaptic potentials. 
These prolonged synaptic potentials are cor- 
related with long trains of action potentials 
in motor axons. Whereas Sh mutations elim- 
inate I,, a fast, transient, voltage-gated KC 
current (6) ,  voltage-clamp experiments indi- 
cated that I,, a slow non-inactivating, volt- 
age-gated Kf current, is reduced in eag 
mutants (71.. Furthermore, some eag muta- 
tions diminish I,, as well as I,, and I,,, 
which are fast and slow Ca2+-activated K+ 
currents, respectively (7, 8). However, it 
was unclear whether eag encoded a structur- 
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al component of KC channels or affected the 
activity of these channels by another mech- 
anism. 

To elucidate the molecular basis of the eag 
phenotype, we cloned this locus by chromo- 
some jumping and walking and identified 
cDNAs that cbrrespond to the eag transcript 
(9, 10). These cDNAs span over 35 kb of 
genomic DNA and encompass the molecu- 
lar lesions associated with four mutant eag 
alleles. 

We determined the complete nucleotide 
sequence of cDNA CH20 (lo), which is 
4061 nucleotides in length. Although this 
cDNA is incomplete relative to the 10-kb 
eag transcript (9), it contains a complete 
open reading frame, beginning at nucleotide 
464 and terminating at nucleotide 3985, 
thus encoding a deduced polypeptide of 
1174 amino acids (Fig. 1). Translation was 
assumed to begin at nicleotide 464 because 
this is the first ATG codon of the open 
reading frame, and the sequence immediate- 
ly preceding this codon matches the consen- 
sus translational start site for Drosophila 
(1 1). Computer analyses of the amino acid 
and nucleotide sequences of eag failed to 
detect any similarities with sequences of 
other genes in three databases (12). Howev- 
er, hydropathy analysis (Fig. 2) of the eag 
polypeptide (Eag) indicated the presence of 
seven potential membrane-spanning do- 
mains, reminiscent of the structure of 
known Kf channel polypeptides (1, 2). Fur- 
thermore, comparison with a. Kf channel 
consensus sequence derived from the Sh 
superfamily revealed that each hydrophobic 
domain of Eag shared similarity with the 
corresponding domain of the consensus se- 
quence (Fig. 3). The sequence similarities in 
two of these regions, S4 and H5, are note- 
worthy. A feature of most voltage-gated 
channels is an S4 domain, which is thought 
to represent the voltage sensor of these 
channels (13). This domain consists of a 
string of positively charged residues at every 
third position that are each separated by two 
hydrophobic residues. The fourth hydro- 
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