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A Map of Visual Space Induced in 
Primary Auditory Cortex 

Maps of sensory surfaces are a fundamental feature of sensory cortical areas of the 
brain. The relative roles of afferents and targets in forming neocortical maps in higher 
mammals can be examined in ferrets in which retinal inputs are directed into the 
auditory pathway. In these animals, the primary auditory cortex contains a systematic 
representation of the retina (and of visual space) rather than a representation of the 
cochlea (and of sound frequency). A representation of a two-dimensional sensory 
epithelium, the retina, in cortex that normally represents a one-dimensional epitheli- 
um, the cochlea, suggests that the same cortical area can support different types of 
maps. Topography in the visual map arises both from thalamocortical projections that 
are characteristic of the auditory pathway and from patterns of retinal activity that 
provide the input to the map. 

H E  MECHANISMS BY W H I C H  SENSO- 

ry maps form in the neocortex re- 
main all outstarldillg question in cor- 

tical development. There is evidence that 
both the cortical target tissue (1) and senso- 
r). information from peripheral receptors (2) 
are important in the mapping process. We 
have addressed the questio~l by using a 
preparation in which fibers from the retina 
are directed into the audi ton pathway in 
ferrets. In particular, we asked urhether pri- 
m a y  auditory cortex, which normally con- 
tains a representatio~l of the cochlea, would 
now contain a systematic map of  the retina 
and of visual space. We reasoned that a rnap 
of the visual field in priman? auditor?. cortex, 
if it were to  exist, would also provide impor- 
tant clues to how cortical targets and sensor). 
inputs contribute to generating maps of 
sellso~y surfaces in the cortex. 

T o  route visual projections to  auditor). 
cortex, the retina is deprived of its two 
major targets by surgical lesions ill ~leonatal 
ferret luts. One target, the superior collicu- 
lus, is ablated directly, while the other tar- 
get, the lateral geniculate ~lucleus (LGN), 
atrophies severely by retrograde degenera- 
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tion after ablation of visual cortex. Concur- 
rently, ascending audi ton fibers to the me- 
dial ge~liculate nucleus (MGN), the princi- 
pal auditor\? thalarnic nucleus, are sectioned 
in the brachium of the inferior colliculus. 
Retinal aEerents then project illto the deaf- 
ferented M G N  (3); in lesioned animals 
reared to adulthood, neurons with well- 
defined ~risual respollses call be recorded in 
this ~lucleus and from its main cortical tar- 
get, the priman? auditor). cortex (4). 

We h a l ~  now examined the rnap of the 
visual field induced in pr iman auditor). 
cortex ill lesioned animals. Adult ferrets 
( ~ 1  = 7), operated on at birth as described 
above, were prepared for electrophysiologi- 
cal recording (5). A grid of electrode pene- 
trations was made in pr ima~y auditon? cor- 
tex. We plotted recepti1.e fields of  visual cells 
recorded in cortex o n  a tallgent screen using 
fl ashillg o r  movillg spots o r  bars of light. We 
identified recording sites as lying within 
pr ima~y auditon? cortex by matching lesions 
made during recording with borders defined 
histologically (6). 

Cortical recordi~lg sites and correspond- 
ing \,isual receptive field locatiolls from all 
adult ferret in which retinal projections were 
induced into the auditory pathway are 
sho\r.n in Fig. 1. Receptive fields close to the 
vertical midline of the \,isual field are repre- 
se~lted at the medial edge of pr ima~y audi- 
ton? cortex (Fig. 1, A t o  C; receptive fields 1 

and 2), and more peripheral parts of the 
visual field lie progressively laterally in cor- 
tex. Several receptive field sequences (Fig. 1, 
B and C) sho\r. that lower visual field eleva- 
tions are represe~lted posteriorly in cortex, 
and receptive fields move upward ill eleva- 
tion as recording sites move anteriorly 
across cortex. 

We have quantified several aspects of the 
map. The rnap is reti~lotopic overall, 31- 
though there is some variability in receptive 
field location (7). Azimuths increase systern- 
atically with rnediolateral distance on  the 
cortex (Pearson's coefficient of correlation, 
r = 0.74, P < 0.01), while elevatiolls in- 
crease from posterior to  anterior ( r  = 0.46, 
P < 0.05). Mapping indices (7) that corn- 
pare actual locat io~~s with theoretical ones 
for a perfectly retinotopic map indicate that 
azimuths are mapped more precisely than 
elevations (8). Mag~lification (9) is relatively 
collstant across the map (Fig. I D ) ,  suggest- 
ing a linear mapping of the retina o n  cortex 
(10). 

The rnap shown in Fig. 1 is an example of 
the maps we have recorded in pr iman audi- 
ton? cortex in four lesio~led animals. The 
representatio~l of azimuth is stereonpical in 
a11 maps, increasing from medial to  lateral in 
cortex. Furthermore, the represe~ltation of 
azimuth is collsistently more precise than 
the represelltatioll of elevation (11). Indeed, 
the polarit\. of the elevation representation 
can reverse in some animals so that eleva- 
tions either increase from posterior to ante- 
rior in cortex (as sho\vn in Fig. 1;  three 
animals) or from anterior to  posterior (data 
not sho\r711; one animal). 

We regard these obser\ations as signifi- 
cant for u~lderstandillg how sensor). maps 
form in the cortex. Our results dernollstrate 
that the form of the rnap is not an  intrinsic 
property of the cortex and that a cortical 
area can come to support diEerent types of  
maps. In normal ferrets, primary auditor). 
cortex contains a representation of the co- 
chlea ( 1 4 ,  with low sound freque~lcies rep- 
resented laterally and high frequencies medi- 
ally in cortex; the mediolateral dimension 
thus constitutes the v a r i a b l e - f r e q u e ~  avis 
in cortex. Neurons along the anteroposter- 
ior dimension in pr iman audi ton cortex all 
represent the s a n e  sound freque~lcy and 
constitute the isofrequency axis (13). 111 
lesioned fcrrets, a systematic represelltation 
of the retina and of visual space occupies 
both the mediolateral and anteroposterior 
dimensions of cortex. Thus, cortex that nor- 
mally represents a one-dimensional (1-D) 
sensor). epithelium (the cochlea) can, after 
early d e ~ ~ e l o ~ m e n t a l  manipulations, repre- 
sent topographically a nvo-dimellsional (2- 
D) epithelium (the retina). 

The mechanisms by which topography is 
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established in the dimensions of azimuth tions from the MGN to primary auditory 
and elevation of the visual map are likely to cortex (14) is highly topographic along the 
be different. The normal pattern of projec- variable frequency axis but rather conver- 

- HM 
60 70 
Azlrnuth (") 

- 
Flg. 1. A map of visual space within primary 6 
auditory cortex in a ferret in which retinal OO 10 20 30 40 50 60 
projections were induced into the auditory Azlrnuth (") 
thalamus. (A) Dorsolateral view of the brain 
in which the visual field representation was 
mapped in primary auditory cortex (shown as suppled area on the brain). The dotted line represents the 
portion of visual cortex that was ablated at birth in this animal. Scale bar, 5 mm. (B) A detailed view of 
the recording sites within primary auditory cortex. Sites marked by an x denote penetrations in which 
no visual receptive field could be mapped. AES, anterior ectosylvian sulcus; PES, posterior ectosylvian 
sulcus. Scale bar, 1 mm. (C) Progressions of receptive field centers corresponding to rows of recording 
sites shown in (B). For clarity, the receptive fields themselves are not drawn. Receptive field diameters 
ranged from 4" to 20". VM, vertical meridian; HM, horizontal meridian. (D) Linear magnification 
factors as a function of azimuthal eccentricity in the map. Factors derived along two isoelevation lines 
(at - 10" and -20") are shown. 

Flg. 2. Schematic representation and summary of A 
projections from the sensory receptor surface Retina 
through the thalamus to cortex in (A) the normal 
visual system, (B) the normal auditory system, 
and induced (C) into lesioned the ferrets auditory with pathway. retinal projections (A) In the !-!-if@ 
visual pathway, each point on the retina projects Q) 

in a roughly point-to-point fashion through the C C 
LGN to primary visual cortex (Vl) .  Thus, a 2-D 
map of visual space exists in V1 (indicated sche- B 
matically by arrows showing the mapping of Cochlea 
visual field azimuth and of elevation along or- 
thogonal axes on the cortex). (B) In the auditory 
pathway, each point on the cochlea projects, 
through intermediate relays, to a slab of cells 
along the isofrequency axis in the MGN. Each 
isofrequency slab in the MGN projects in highly 
overlapping fashion to its corresponding isofre- 
quency slab in primary auditory cortex (Al) .  The c 
cortex thus contains a 1-D map of the cochlea 
along the variable frequency axis (marked "fre- 
quency"). [Within the isofrequency axis in MGN 
and Al ,  separate clusters of neurons receive either 
excitation from both ears (EE neurons) or excita- 
tion from the contralateral ear and inhibition 
from the ipsilateral ear (EI ,~eurons). Each EE (or 
EI) slab in the MGN projects to all of the EE (or 
EI) slabs in A1 (15)l .  (C) In lesioned ferrets, we 
induce input from the retina, a 2-D sensory surface, into the MGN and find a 2-D visual map in Al ,  
despite the fact that "isofrequency" slabs in the MGN still project to A1 in an overlapped way (6). See 
text for details. 

gent and divergent [within the excitatory- 
excitatory (EE) and excitatory-inhibitory 
(EI) systems (15)] along the isofrequency 
axis (Fig. 2). Thus, in lesioned animals, the 
existing thalamocortical organization along 
the mediolateral or "variable frequency" di- 
mension of cortex would lead to topography 
along the azimuthal axis of the visual map 
(16). However, along the anteroposterior or 
"isofrequency" dimension of cortex, the 
highly overlapped thalamocortical connec- 
tions would not, alone, predict topographic 
mapping of visual field elevation. Consistent 
with this anisotropy in thalamocortical con- 
nections that is characteristic of the auditory 
pathway, we find that the mapping of azi- 
muths in the visual map is more precise than 
the mapping of elevations. The visual map 
in primary auditory cortex of lesioned ferrets 
thus differs from the visual map in primary 
visual cortex of normal ferrets (17), where 
elevations are mapped as precisely as azi- 
muths and where the map arises from retinal 
input relayed through the visual thalamus to 
cortex along projections that are topograph- 
ic along both axes of representation (Fig. 2). 

At least two mechanisms may be responsi- 
ble for establishment of topography in the 
axis of elevation of the visual map in audi- 
tory cortex. One possibility is that thalamo- 
cortical projections are more spatially re- 
stricted in the anteroposterior dimension in 
lesioned ferrets than in normal animals (1 8). 
However, retrograde labeling techniques 
used to study thalamocortical projections in 
both normal and lesioned ferrets indicate 
that the projections are substantially similar 
(6). A second possibility is that visual input, 
characterized by specific patterns of retinal 
activity (19), leads in the cortex to physio- 
logical selection of subsets of thalamic input 
from a potentially large set of inputs avail- 
able anatomically (20). It has been proposed 
that selection of inputs occurs along the 
isofrequency axis in normal auditory cortex 
(ZI), and selection based on correlations in 
input activity may underlie the generation 
and maintenance of maps in the normal 
somatosensory and visual cortex as well (22). 
Regardless of mechanism, the presence of a 
map of visual space in auditory cortex indi- 
cates that hnctional topography in a cortical 
map is regulated significantly by the sensory 
receptor sheet during development. 
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CRYSTAL STRUCTURES OF ANTIGEN-

specific antibody molecules show 
that the hypervariable regions of the 

immunoglobulin heterodimer are integral to 
antigen binding (1)—thus variations in 
these regions engender different antigen 
specificities. Generally, the most variable 
portion is the third complementarity deter
mining region (CDR3) (2). 

The variation in CDR3 is generated by 
deletion of nucleotides from the coding 
sequences (presumably by an exonuclease 
associated with the recombinase machinery) 
and addition of nucleotides at the joints (N 
segments) in an apparently random fashion, 
probably by the enzyme terminal transferase 
(Tdt) (3-9). Though the rearrangement 
process is ostensibly random, in expressed 
immunoglobulins there is a preference for 
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chains that have rearranged such that one 
particular D H segment reading frame is 
used. 

In this report, newborn and adult B cell 
receptors were examined for differences in 
junctional diversity. To analyze deletion of 
nucleotides from coding segments, I used 
the restriction enzyme sites that occur near 
the recombination signal sequences in vari
ous immunoglobulin gene segments (10-
14). By digesting polymerase chain reaction 
(PCR)-amplified rearrangements with the 
appropriate restriction enzyme, the propor
tion of rearrangements that lacked that par
ticular enzyme site was determined. Because 
in most situations the amplified rearrange
ments were not subject to antigenic selec
tion (that is, D H J H rearrangements or pseu-
dogenes), the absence of the enzyme site 
should reflect the proportion of rearrange
ments that no longer contained the particu
lar enzyme site because of nucleotide dele
tion during rearrangement. 

Analysis of Junctional Diversity During 
B Lymphocyte Development 

KATHERYN M E E K 

Immunoglobulin rearrangement is central to generating antibody diversity because of 
heterogeneity generated during recombination by deletion or addition of nucleotides 
at coding joints by the recombinase machinery. Examination of these junctional 
modifications revealed that the addition of nongermline-encoded nucleotides was 
more prevalent in adult versus fetal B cells, thus partially limiting the fetal antibody 
repertoire. In contrast, deletion of nucleotides occurs equivalently in B cells at different 
stages of development and at different points in B cell ontogeny. Finally, the bias in 
murine immunoglobulins for one D H segment reading frame occurs at the DHJ H 

intermediate. 
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