PC12
-+ - -
- -t -

EN10

+ = NGF
- + EGF

Fig. 4. Expression of transin mRNA was mediat-
ed by chimeric receptors. Cells were treated for 3
days in the presence of NGF (50 ng/ml) or EGF
(5 ng/ml) in DMEM with fetal calf serum (10%)
and horse serum (5%). Total RNA (20 pg) from
PC12 cells and the cell line stably transfected with
EN10 were isolated by guanidine thiocyanate
treatment and CsCl-gradient centrifugation, sep-
arated on a formaldehyde (2.2 M)-agarose (0.8%)
gel, and transferred to nitrocellulose. The filter
was hybridized to a random-primed cDNA probe
that encoded the rat transin gene (16). Ethidium
bromide staining of the gel is displayed to indicate
relative amounts of RNA analyzed. The markers
at right indicate the sizes of ribosomal RNA.

(19). The common feature among these
molecules is the conserved pattern of cys-
teine residues in the extracellular binding
domains. The cytoplasmic domains, howev-
er, are unique. Deletions in the cytoplasmic
domain of the p75NSFR result in receptors
that bind *?°I-labeled NGF with low affinity
(20) and lack biological responses (21). Af-
finity cross-linking and transfection studies
indicate that NGF-induced biological re-
sponses require p75NSFR plus an associated
protein (20, 22). The finding that the trk
proto-oncogene binds NGF and is auto-
phosphorylated in response to NGF (23)
identifies p140P ™" a5 the p75™SFR acces-
sory protein. The ¢rk proto-onogene might be
associated with the same transmembrane and
cytoplasmic sequences that are found in the
EN10 and EN30 chimeric receptors.

These results indicate that the low-affinity
p75NSFR plays a crucial role in signal trans-
duction and that the transmembrane and
cytoplasmic domains are required for the
initial steps of NGF-mediated neuronal dif-
ferentiation. It is likely that interactions of
these domains with other signal-transducing
molecules are essential for NGF action.
Moreover, the ability to reconstruct a
growth factor response by fusion of two
diverse and structurally dissimilar receptors
implies that common mechanisms may func-
tion for diverse transmembrane receptor
molecules in signal transduction.
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Clusters of Coupled Neuroblasts in Embryonic

Neocortex

JosePH J. Lo TurRco AND ARNOLD R. KRIEGSTEIN

The neocortex of the brain develops from a simple germinal layer into a complex
multilayer structure. To investigate cellular interactions during early neocortical
development, whole-cell patch clamp recordings were made from neuroblasts in the
ventricular zone of fetal rats. During early corticogenesis, neuroblasts are physiolog-
ically coupled by gap junctions into clusters of 15 to 90 cells. The coupled cells form
columns within the ventricular zone and, by virtue of their membership in clusters,
have low apparent membrane resistances and generate large responses to the inhibitory
neurotransmitter y-aminobutyric acid. As neuronal migration out of the ventricular
zone progresses, the number of cells within the clusters decreases. These clusters allow
direct cell to cell interaction at the earliest stages of corticogenesis.

HE NEOCORTEX IS ORGANIZED INTO

discrete layers of neurons that are

radially subdivided into functional
domains or columns (1). The development
of this highly ordered structure is an intri-
cate process. Neurons populate their respec-
tive layers in an inside-out pattern of devel-
opment (2, 3). Neuroblasts synthesize DNA
and undergo mitotic divisions within the
deepest layer of developing neocortex, the
ventricular zone (4). After their final divi-
sion, cells migrate out of the ventricular

Department of Neurology and Neurological Sciences,
Stanford University School of Medicine, Stanford, CA
94305.

zone along radial glia (5). They pass older
cells that have previously migrated and end
their migration in the cortical plate (6). Each
cortical cell’s position and phenotype may be
determined before it migrates out of the
ventricular zone (7). The mechanisms that
operate within the ventricular zone to deter-
mine the ultimate fate of immature cortical
cells are not well understood.

Cell to cell interactions could participate
in determining the fates of developing neu-
rons. Investigations into interactions be-
tween ventricular zone cells have been large-
ly precluded by the difficulty of obtaining
physiological measurements from small cells
maintained in situ. The application of
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whole-cell recording techniques to cells in
brain slices has made it possible to study the
physiology of very small cells within devel-
oping brain tissue (8).

When we made whole-cell recordings
from cells in the ventricular zone of cortical
slices (9) from rats at embryonic day 15
(E15), we encountered cells that had lower
than the expected membrane resistances
(mean = SDj; 131 + 64 megohms, n = 10)
(10). One explanation for this observation
was that the cells in the ventricular zone
were electrically coupled to other cells. To
investigate this possibility, we injected Lu-
cifer yellow, a low molecular weight dye,
into cells in the ventricular zone. Each injec-
tion led to the staining of a large cluster of
cells (Fig. 1A). Such staining only occurred
when successful whole-cell attachments
were made and could not be duplicated by
the injection of Lucifer yellow into the
extracellular space. This result established
that embryonic cortical cells are coupled by a
mechanism that allows small molecules to
move from one cell to another within a
column of cells in the ventricular zone.

Coupling between cells in the ventricular
zone could be due either to cytoplasmic
bridges or to gap junction channels. To
distinguish between these two possibilities,
we simultaneously injected both horseradish
peroxidase (HRP) and Lucifer yellow into
cells through the same patch electrode. HRP
does not pass through gap junctions because
of its large size but can pass through cyto-
plasmic bridges; Lucifer yellow, a much
smaller molecule, passes easily through both
cytoplasmic bridges and gap junction chan-
nels (11) (Fig. 1, B and C). Although HRP

Fig. 1. Dye-coupled cell
clusters in embryonic
neocortex. (A,) A seg-
ment of a 400-pm cort-
cal slice from a fetal rat
(E15) viewed with inter-
ference contrast optics.
The pial surface is on the
top, and the ventricular
surface is on the bottom.
cp, cortical plate; vz,
ventricular zone. Scale
bar, 25 pm. (A;) The
same segment as in (A,)
viewed with epifluores-
cence (Leitz, E3: peak
excitation, 436 nm; bar-
rier filter, 490 nm). (B)
A cell in the ventricular
zone that was injected
with both HRP and Lu-
cifer yellow. Transmitted
illumination. Scale bar,
25 pm. (C) The same
segment of cortex as in

staining was restricted to only one cell,
Lucifer yellow stained a large cluster of cells
(n = 6). The connections that couple cells
within a cluster, therefore, are selective for
small molecules, and such selectivity is con-
sistent with the physical properties of gap
junction channel pores (12). The gap junc-
tion channel protein connexin 26 is ex-
pressed in the ventricular zone of embryonic
neocortex in rats (13).

To provide additional evidence that the
cell clusters were coupled by gap junction
channels, we used a manipulation that de-
creases the conductance of gap junction
channels. If gap junction channels between
cells in a cluster were to conduct less current,
then the apparent input resistance of cells in
a cluster would increase. When the pH of
the external solution was lowered from 7.4
to 6.6, a manipulation that lowers intracel-
lular pH and decreases the conductance of
gap junction channels (14), the apparent
membrane resistance of cells within clusters
increased (n = 4) (Fig. 2A). The same brief
acidification of external solution that in-
creased the membrane resistance of cells
within clusters did not increase the mem-
brane resistance of noncoupled neurons in
the cortical plate (three out of three) (15).
Immature cortical cells are therefore coupled
by gap junction channels that can be revers-
ibly uncoupled by lowering pH.

The number of cells in a cluster decreased
as development progressed (Fig. 2B). On
E15, the beginning of neurogenesis in rat
cortex (3), every cell recorded from in the
ventricular zone was part of a cluster. The
clusters at E15 contained 59 + 26 (n = 9)
cells and extended from the ventricular sur-

(B) visualized with epifluorescence. Scale bar as in (A,;). The arrow denotes the position of the cell
shown in (B). The cluster is shorter than the one illustrated in (A,) because it is in a more medial

position, where the embryonic cortex is thinner.
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face to the cortical plate. On E16 and E17
the number of cells in clusters was reduced
to 35+ 10 (n = 5) and 40 = 15 (n = 4),
respectively. By E18 and E19, the number
of cells in a cluster had decreased further (8
and 6 cells, respectively, n = 2), and the
probability of obtaining a recording from a
cell in a cluster was greatly reduced (0.07)
(16). Most labeled cells in the ventricular
zone at these later stages were isolated mul-
tipolar cells, migrating neurons, and radial
glia, none of which were dye-coupled. In
other words, coupled cell clusters in the ven-
tricular zone of embryonic neocortex are tran-
sient structures that are most prominent at
the beginning of neurogenesis. The decrease
in the number of cells in each cluster with
time suggests that, before or during their final
mitosis, neurons uncouple from clusters and
migrate out of the ventricular zone.

The number of cells in each cluster varied
within an age group and among different
ages. We took advantage of this variation to
study the electrical properties of connections
between clustered cells. The relation be-
tween the number of cells in a cluster and
the apparent resistance of a cell within a
cluster was strikingly regular (Fig. 2C). This
relation was fitted with a simple model of
serial and parallel resistances (17). The mod-
el indicated an apparent coupling resistance
of 700 megohms or 1.3 nS. Because gap
junction channels have unitary conductances
of approximately 100 pS (18), it follows that
approximately 13 gap junction channels
connect each cell to the rest of the cluster.

Embryonic neocortex contains a hetero-
geneous population of precursor cells that
are destined to become either neurons or
glia (19). To determine which precursor
cells were coupled into clusters, we tested
for the presence of a protein that differenti-
ates between neurons and glia. Electron
microscopic studies indicate that vy-ami-
nobutyric acid A (GABA,) receptors are
only present on neurons (20). We have
similarly found, using patch-clamp tech-
niques, that GABA, receptors are present
on cortical neurons but not on glia (21).
When 3 pM GABA was applied to cells in
clusters, large currents mediated by GABA ,
receptors were generated (Fig. 3). There-
fore, on the assumption that GABA chan-
nels are not transiently expressed on glial
precursors, many, if not all, of the cells
within a cluster are neuroblasts. These re-
sults do not exclude the possibility that, in
addition to neuroblasts, some glial precur-
sors are also contained in the clusters, al-
though we have filled six radial glial cells
with Lucifer Yellow and none of these were
dye-coupled to cells in clusters.

The GABA currents generated by cells in
clusters were large for small embryonic cells
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(186 = 12 pA); this result raised the possi-
bility that currents were not generated by
single neuroblasts but resulted from the
summation of currents generated by several
electrically coupled cells. To test this possi-
bility, we compared the size of GABA cur-
rents generated by neuroblasts in clusters to
GABA currents generated by cells that were
not coupled. When 3 pM GABA was added
to the perfusate, whole-cell currents were
elicited in cells within clusters that were ten
times the currents elicited in isolated cortical
plate neurons (18 * 7 pA; n = 6) (Fig. 3A).

Fig. 2. Properties of neuro- A

blast clusters. (A) Uncou- 240
pling of cell clusters by acid- 2 220
ification. The solution '§,2oo
bathing the slice was £ 180
changed (hatched bar) from ‘@ 160
one saturated with 5% CO, 5 140
(pH 7.4) to one saturated 2%

with 100% CO, (pH 6.6).

This difference was not attributable to a
larger single-channel conductance or to a
greater density of GABA channels on neu-
roblasts (Fig. 3B) (22).

Neuroblasts in the ventricular zone of
embryonic neocortex are coupled by gap
junction channels and as a consequence are
physically and electrically linked to their
neighbors. The resulting groups of cells
form columns that may be analogous to the
“proliferative units” observed in nissl-
stained primate neocortex (23) or to the
radially arranged groups of clonally related

100% CO,
m-
. post N
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- e 3
" .- pre 10 ms
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We determined membrane Fs
resistances by measuring the
current at the end of a 100-
ms voltage step from —70 to
—90 mV. Resistance was
determined every 8 s before,
during, and after the perfus-
ate was saturated with
100% CO,. (Inset) One
current trace elicited before
(upper) and another after
(lower) 100% CO, satura-
tion. (B) Camera lucida
drawings of representative
neuroblast clusters from
E15 (a) and E17 (b) cortical
slices; an isolated migrating
neuron (c) from an E17
slice. (C) The number of
cells in clusters from em-
bryos of different ages plot-
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ted against their resistance. The data were fitted by a model assuming a cell resistance of 2600 megohms
and a cell to neighbor resistance of 700 megohms (17).

A B C
3 uM GABA
Neuroblast cluster 1 uM GABA
u
3 1M GABA 10 ”M BMI
\M‘
__J20pA l “
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Fig. 3. Generation of currents mediated by GABA, receptors in neuroblast clusters. (A) Cells in clusters
(upper trace) generate larger responses than noncoupled cortical plate neurons (lower trace). Both
currents were elicited by bath application of 3 WM GABA, and both cells were in the same slice from
a fetal rat on E16. (B) GABA-evoked single-channel currents in a patch of membrane excised from a
neuroblast in a cluster and exposed to 1 puM GABA. The membrane potential was —70 mV, and two
channel conductances were apparent: an infrequently occurring conductance of 12 pS (A) and a more
frequently occurring conductance of 21 pS (A). (C) The pharmacology of GABA-evoked currents in
neuroblast clusters. Antagonism of the response to 3 uM GABA by the GABA, receptor antagonist
bicuculline methiodide (BMI) (10 pM). (Lower trace) Potentiation of the response to 1 .M GABA by
the benzodiazepine diazepam (1 pM). These pharmacological properties are characteristic of the

GABA, receptors on mature cortical neurons.
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cells in the chick brain (24). Neuroblast
clusters could form the basis of columnar
organization in the mature neocortex, and
communication between cells within a clus-
ter could determine the layer-specific fates of
cells within a cortical column. Finally, be-
cause gap junctions are critical to develop-
mental decisions in early embryogenesis
(25), communication through gap junction
channels may be a general mechanism that
operates throughout development.
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Direct Molecular Identification of the Mouse
Pink-Eyed Unstable Mutation by Genome Scanning

MURRAY H. BRILLIANT,* YoircHI GONDO,T EvA M. EICHER

DNA sequences associated with the mouse pink-eyed unstable mutation were identi-
fied in the absence of closely linked molecular markers and without prior knowledge of
the encoded gene product. This was accomplished by “genome scanning,” a technique
in which high-resolution Southern blots of genomic DNAs were hybridized to a
dispersed and moderately repetitive DNA sequence. In this assay, pink-eyed unstable
DNA was distinguished from the DNA of wild-type and revertant mice by enhanced
hybridization to one of several hundred resolved fragments. The fragment showing
enhanced hybridization in pink-eyed unstable DNA was cloned and found to lie within
a DNA duplication that is located close to, or within, the pink-eyed dilution locus. The
duplication associated with the mouse pink-eyed unstable mutation may mediate the
high reversion frequency characteristic of this mutation.

T HE PINK-EYED UNSTABLE MUTA-
tion, p*”, is one of at least 13 alleles
of the pink-eyed dilution locus, p (1),
which, together with the albino locus, «,
constitutes the first genetic linkage group
that was identified in mammals (2). On a
C57BL/6] background, mice carrying the
wild-type p allele have intensely pigmented
coats and eyes, whereas mice homozygous
for p“” or most other recessive p alleles have
greatly reduced pigmentation in both their
coats and eyes. Although the p** mutant
allele apparently affects only pigmentation,
several other mutant p alleles are associated
with additional phenotypes, including neu-
rological problems, male sterility, and cleft
palate (1).

The p*” mutant allele has the distinction
of displaying the highest rate of reversion
reported in mammals, reverting at a fre-
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quency at least three to five orders of mag-
nitude greater than other p alleles or reces-
sive mutations at other coat color loci (3).
Approximately 1.8% of the offspring of
homozygous C57BL/6] p*"/p"" mice have
patches of wild-type color in their coats and
are mosaic revertants (4). Occasionally, an
all-black mouse is produced from a cross
between a p*" mosaic revertant and a non-
revertant p“"/p*” mouse. These mice can be

Fig. 1. Genome-scanning Southern blot of Apa
I-digested DNA from individual mice homozy-
gous for various p alleles hybridized to IAP DNA
(20). An autoradiogram representing a 24-cm
portion (0.88 kb to 3.4 kb) of a hybridized filter
is shown (21). Lane 1, male revertant p***; lane
2, female revertant p“**V; lane 3, male revertant
p*"*¥, lane 4, female revertant p*"*7; lanes 5 and
6, female p*”; lanes 7 and 8, male p*”; lane 9, male
wild type; lane 10, female wild type. Fragments
enhanced in female DNA are indicated as bands I
(3.3 kb), IT (3.1 kb), and IV (2.6 kb). A fragment
unique to male DNA is labeled V (0.9 kb). The
fragment displaying enhanced hybridization in p*"
DNA is band III (2.9 kb). Sizes of the indicated
fragments were based on the migration of marker
fragments, two of which are shown: closed trian-
gle (comigrating with band III), 2.9 kb; open
triangle, 2.4 kb.

used to establish homozygous revertant lines
3.

The molecular basis of the high frequency
of p*" reversion has remained an enigma
until now, although several hypotheses have
been advanced (4, 6). Only one mouse
mutation with a detectable reversion fre-
quency, d (dilute), has been examined in
detail at the molecular level. The d mutation
was caused by the insertion of a murine
leukemia provirus in the d locus, and rever-
sion from d to wild type is accompanied by
loss of this retrovirus (7). However, because
the reversion frequency of p*” is three orders
of magnitude greater than that of d, the p*”
mutation and reversion may be the result of
a different process. Rates of genetic change
of the same magnitude as the p*” reversion
frequency are observed for DNA sequences
repeated in tandem (8, 9), suggesting that
the p*" mutation might similarly involve
tandem repeats of DNA.

We have termed the method we used to
identify sequence alterations associated with
p"" DNA, “genome scanning.” This method
is similar to the DNA fingerprint assay (9)
and, like DNA fingerprinting, is based on
Southern hybridization (10) with the use of
an interspersed repetitive DNA sequence as
a hybridization probe. However, because
our method uses a repetitive DNA probe of
much higher copy number than that used in
conventional DNA fingerprinting (~1000
copies per genome rather than ~60 copies
per genome), a larger fraction of the genome
can be scanned for sequence differences re-
lated to a mutant locus. In this type of
approach, large net sequence differences
(such as large duplications or deletions)
have a greater chance of being detected than
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