
Retinotectal Projection in Goldfish to an 

Inappropriate Region with a Reversal in Polarity 

Abstract. An abnormal, ipsilateral projection was formed by deflecting optic fibers 
that normally innervate the posterior part of one tectum into the anterior end of the 
opposite tectum. When anterior recipient tectum was simultaneously denervated, the 
deflected fibers formed a retinotopic map 
spect to the anterior-posterior tectal axis. 

In the course of neural development, 
nerve fibers grow, often for considerable 
distances and past millions of in- 
appropriate nerve cells, to eventually 
terminate on their appropriate target 
cells, thereby forming the elaborate and 
precise "wiring" of the nervous system. 
Even though the outgrowth of fibers and 
the origins of target cells are precisely 
orchestrated in space and time, sub- 
stantial evidence indicates that orderly 
timing and spacing are not necessary for 
selective fiber growth and connection. 
Instead, locus and time of origin appear 
to somehow encode intrinsic position in- 
formation into individual fibers and tar- 
get cells. These position markers then 
enable fibers to be directed (guided) to 
their targets even if the fiber pathways 
and the normal sequence of fiber out- 
growth are surgically or genetically dis- 
rupted (1, 2). I now describe a controlled 
manipulation of pathway and time of 
growth that consistently resulted in a fi- 
ber projection to an abnormal con- 
nection site with an orderly exceptional 
reversal of the normal polarity. 

The design relies on the capacity of 
optic fibers of the adult goldfish to re- 
grow to their original target sites when 
severed and so to reestablish the original 
retinotopic projection onto the midbrain 
tectum, its major projection site (3). Nor- 
mally this projection is strictly con- 
tralateral. In this experiment, however, a 
select fraction of optic fibers, those nor- 
mally innervating posterior (contralater- 
al) tectum, were deflected into the ante- 
rior end of the opposite (ipsilateral) tec- 
tum. The deflection technique (4-6) 
involved teasing free and cutting optic 
radiation fibers from one tectum, direct- 
ing them across the midline, and in- 
serting them into the other tectum (Fig. 
1A) (7). At the same time, the normal an- 
terior innervation of the recipient (ipsi- 
lateral) tectum was permanently elimi- 
nated by electrocoagulating the temporal 
retina (8) of its corresponding (con- 
tralateral) eye (Fig. 1A). Thus, deflected 
fibers were made to grow into an in- 
appropriate but denervated region of a 
tectum in which the appropriate target 
region for the deflected fibers was al- 
ready occupied. 

The predicted result based on most 
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in this region that was reversed with re- 

previous experiments (6, 9, 10) would be 
(i) for the deflected fibers to innervate 
the posterior tectum in the polarity ap- 
propriate for the ipsilateral tectum and 
(ii) for the ipsilateral and contralateral 

fibers to then expand across the tectum 
(Fig. IB). However, evidence that ipsi- 
lateral fibers do not intermix with con- 
tralateral fibers under certain conditions 
(6, 11) and can innervate inappropriate 
denervated areas (12) led me to expect 
that deflected fibers might innervate the 
anterior tectum. Should deflected fibers 
do so, as proved to be the case, two 
alternative predictions could be made 
about the possible topography of this 
projection. If topography is determined 
only on the basis of interactions be- 
tween fibers and tectal polarity markers, 
the projection would be appropriately 
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Fig. 1. (A) Schematic representation of the retinotectal projection showing the surgical proce- 
dure. Various retinal positions are designated with the letters A to D, with those in the left eye 
circled. The normal projection is shown by the corresponding letters on tectum. Shading in- 
dicates the lesioned area of the right retina and the corresponding zone of denervation in the left 
tectum. The small loop bridging both tecta at their anterior end represents the deflected fibers, 
and the hatching shows the normal area of tectum that these deflected fibers previously in- 
nervated. (B to D) Diagrams of the left or recipient tectum showing the three possible projec- 
tions. Again the projection from the normal or undeflected fibers (from the right eye) is shown as 
letters without circles and that from the deflected or ipsilateral fibers (from the left eye) as 
circled letters. (E and F) Maps obtained by recording the terminals of optic fibers at the tectum 
with microelectrodes. For each recorded tectal position (not all of which are presented) the 
corresponding receptive field was plotted. Correspondence is indicated by letters and polarity 
by arrows. (E) Normal fish. Tectal area designated with letters is roughly equivalent to that 
normally supplied by the fibers deflected in the experimental animals. (F) Experimental fish 
with the most recorded ipsilateral units 286 days after surgery. The left tectum has been tran- 
scribed as a "right" tectum for easy comparison with the normal map. Polarity is reversed along 
the anterior-posterior axis. 
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Fig. 2. Autoradiograms of recipient tectum of the two fish having the heaviest labeling of each 
group. The plane of section is sagittal, with anterior to the left. The anterior region shown here 
corresponds to the anterior region recorded. The bar represents 300 ,um. (A) Deflected fibers 
labeled by injection of ipsilateral eye. Arrowheads point to anterior labeling. (B) Contralateral 
("normal") fibers labeled by injection of contralateral eye. Arrowheads indicate the anterior 
gap in tectal label. 

polarized for that tectum (Fig. IC). On 
the other hand, if topography is deter- 
mined by interfiber interactions (1), in 
particular a tendency for fibers from 
neighboring retinal areas to aggregate (5, 
6, 12), the anterior-posterior axis of the 
ipsilateral projection would be reversed 
with respect to the tectal axis (Fig. ID). 
Such reversal would allow the deflected 
fibers to be the nearest retinal neighbors 
to the remaining contralateral fibers 
along the region where the two groups of 
fibers touch. 

At 279 to 293 days after the operation, 
the terminal arborizations of optic axons 
were mapped electrophysiologically in 
13 fish according to the eye-in-water 
mapping technique (13). The deflection 
was successful in nine animals, all of 
which showed the same pattern (14). Ip- 
silateral (deflected) units were confined 
to the anterior tectum, while con- 
tralateral units were obtained only from 
the rest of the tectum, with very little 
overlap between the two (Fig. 2). Of 404 
penetrations, 151 were ipsilateral only, 
239 contralateral only, and just 14 con- 
tained units from both eyes, most of 
which were at or near the border be- 
tween ipsilateral and contralateral re- 
gions. In five of these nine fish, one eye 
was injected with 50 tzCi of tritiated pro- 
line and, 12 to 24 hours later, fixed for 
autoradiography of serial sections (15). 
Label from the ipsilateral eye (three fish) 
was almost exclusively confined to the 
anterior third of the tectum, whereas la- 
bel from the contralateral eye (two fish) 
was distributed through the remaining 
tectum (Fig. 2). 

As for topography, orderliness was 
good, comparable to that recorded in 
other regeneration experiments (6, 13), 
but the anterior-posterior axis of the ip- 
silateral projection was reversed from 
the tectal axis in all animals (Fig. 2B). As 
an index of reversal and orderliness, the 
position of the receptive field at each 

820 

penetration was compared with the re- 
ceptive field obtained 250 ,um anterior in 
the tectum (16). Of the 92 pairs of fields 
that could be so compared, 76 (83 per- 
cent) were reversed from normal. This is 
actually a considerable underestimate of 
the overall reversal since the presence of 
some topographic disorder reduced the 
number of reversed pairs computed in 
such a strict fashion. Also, most of the 
nonreversed pairs were found near the 
tectal edges where, because of some var- 
iability in the location and size of retinal 
lesions, the occasional persistence of 
contralateral innervation might be ex- 
pected to prevent reversal or cause dis- 
order. A comparison made between each 
of the most posterior units with one 
recorded 500 [km anterior showed 37 
(92 percent) of the 40 pairs of receptive 
fields to be reversed. 

The data demonstrate that in the cen- 
tral nervous system certain select altered 
conditions of position and timing of fiber 
ingrowth can produce an apparently per- 
manent, inappropriate projection pattern 
despite the availability of appropriate 
targets and the capacity of fibers to reach 
these targets. These same deflected fi- 
bers will grow into the posterior tectum 
when the entire contralateral innervation 
is temporarily or permanently disrupted 
(5, 6). Even if the normal optic in- 
nervation is left intact, uncrossed fibers 
can still innervate posterior tectum (10, 
17). Apparently, the preference by grow- 
ing fibers for denervated rather than in- 
nervated tissue, in this case, succeeded 
in overriding the predisposition of fibers 
for their normal target sites. 

This result also represents the first (to 
my knowledge) experimental case of a 
projection that is reversed with respect 
to the intrinsic polarity of retina and tec- 
tum under conditions in which a surgi- 
cally induced change of these polarity 
markers can be ruled out (18). The re- 
versal is not a consequence of the deflec- 

tion procedure itself, since in other simi- 
lar deflection experiments the polarity was 
normal (5-7). Previous work also makes 
any explanation of this in terms of fiber- 
tectum interactions implausible. Fibers 
from a surgically formed nasal hemi-retina 
(comparable to the fibers deflected here) 
have been shown to expand across an in- 
tact tectum or translocate into a surgically 
formed, anterior half tectum (19). In both 
cases no other fibers were present and 
polarity was normal. The preexistence of 
the normal posterior innervation forming 
a boundary across tectum appears criti- 
cal for the reversal. This result is per- 
haps the most direct and least ambiguous 
evidence yet for the regulative role of 
highly selective interfiber interactions in 
the topographic ordering of axonal con- 
nections. Within the fiber pathways, se- 
quential outgrowth of fibers during de- 
velopment would allow late-growing fi- 
bers to exhibit a similar preference for 
existing fiber shafts, thereby gener- 
ating topographic organization within 
nerve bundles and fiber tracts and to- 
gether with postsynaptic interactions 
guiding fibers to their appropriate target 
cells. 

RONALD L. MEYER 
Division of'Biology, 
California Institute of Technology, 
Pasadena 91125 
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GABA Receptors in Clonal Cell Lines: A Model for Study of 

Benzodiazepine Action at Molecular Level 

Abstract. A "receptor unit" for y-aminobutyric acid (GABA), which includes 
brainlike receptor binding sites for tritiium-labeled GABA and benzodiazepines 
(diazepam, clonazepam, and flunitrazepam) and a thermostable endogenous protein 
(GABA modulin) that inhibits both GABA and benzodiazepine binding, has been 
demonstrated in membranes prepared from NB2(, neuroblastoma and C6 glioma 
clonal cell lines. In these cells, as in brain, diazepam (I micromolar) prevents the 

effect of GABA modulin, and in turn GABA (0.1 millimolar) increases the binding of 
[3H]diazepam. The netiroblastoma and, to a lesser extent, the glioma cells represent 
a suitable model to study the interactions and the sequence of membrane and intra- 
cellular events triggered by the stimulation of benzodiazepine and GABA receptors. 
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In crude synaptic membranes pre- 
pared from brain, benzodiazepines in- 
crease the affinity of y-aminobutyric acid 
(GABA) receptors by competing with an 
endogenous thermostable protein. This 
protein has been termed "GABA modu- 
lin" because it allosterically modulates 
the high-affinity binding of GABA to its 
postjunctional receptor sites (1, 2). The 
potency of several benzodiazepines in 
competing with GABA modulin corre- 
lates with their binding affinity for specif- 
ic sites in crude synaptic membrane 
preparations and with their in vivo abili- 
ty to relieve anxiety (3). This relation- 
ship has suggested that the action of ben- 
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zodiazepines on GABA modulin repre- 
sents a possible molecular mechanism 
for their well-documented facilitatory ac- 
tion on GABA transmission in vivo (4). 
Since GABA modulin could be released 
from its storage sites in brain and bind to 
synaptic membranes during homoge- 
nization (1), it could not be concluded 
from experiments with crude brain syn- 
aptic membranes whether interaction 
with GABA modulin accounts for ben- 
zodiazepine modification of GABA re- 
ceptors in vivo. 

We now present evidence that mouse 
neuroblastoma NB2a (NB) cells and rat 
C6 glioma (C6) cells are an adequate 
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model for studying the supramolecular 
organization of GABA receptors and for 
monitoring the action of benzodiaze- 
pines at the molecular level. For such 
studies, an ideal cell line should contain 
on its membrane: (i) the benzodiazepine 
receptor, (ii) the GABA receptor regulat- 
ing a C1- channel, and (iii) GABA modu- 
lin. Moreover, to satisfy the postulates 
that derive from experiments with brain 
tissue, it should be shown that these 
three processes interact with each other 
in the following ways: (i) GABA modulin 
should inhibit the high-affinity binding of 
GABA and benzodiazepines (1, 2); (ii) 
the activation of GABA receptors should 
change the flux of Cl- across the mem- 
brane (5); (iii) the K,( values for binding 
of GABA (6) and benzodiazepines (7) 
should be similar to those in brain mem- 
branes (8); and (iv) the addition of ben- 
zodiazepines should change the mem- 
brane binding sites for GABA from a ho- 
mogeneous class with a K,( of 200 nM to 
two classes (K(1 = 200 nM, K(t, = 20 
nM) (1, 2), and vice versa: the addition of 
GABA should lower the K(1 for ben- 
zodiazepine binding (8). 

The high-affinity receptors for the ben- 
zodiazepines and GABA located on the 
membranes of NB and C6 cells have 
properties similar to those of receptors 
located on brain membranes (Table 1). 
The K,('s of diazepam, clonazepam, and 
flunitrazepam are approximately equal in 
C6 (5 to 6 nM), NB (3 to 9 nM), and rat 
brain cortex (3 to 7 nM) membranes (9). 
In the membranes of NB cells, as in 
brain membranes, the affinity of [:'H]- 
clonazepam and [:H]flunitrazepam for 
the receptor is higher than that for 
[:'H]diazepam (Table 1). 

The density of binding sites is three- to 
fourfold higher in brain synaptic mem- 
branes than in the membranes of NB 
cells. The B-max values for the three 
[:VH]benzodiazepines are similar in mem- 
branes of NB cells; however, in C6 cells, 
[:3H]clonazepam labeled only half as 
many binding sites as did [:H]diazepam 
(Table 1). 

The membranes prepared from brain 
and those prepared from clonal cell lines 
have similar kinetics for the high-affinity 
binding of GABA to receptors. Scat- 
chard analysis of the saturation curve 
obtained with freshly prepared mem- 
branes from NB revealed only one re- 
ceptor component. When these mem- 
branes were frozen, thawed, and treated 
with Triton X-100 (1), Scatchard analysis 
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