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Neuronal Domains in Developing Neocortex

Rafael Yuste,* Alejandro Peinado, Lawrence C. Katz

The mammalian neocortex consists of a mosaic of columnar units whose development is
poorly understood. Optical recordings of brain slices labeled with the fluorescent calcium
indicator fura-2 revealed that the neonatal rat cortex was partitioned into distinct domains
of spontaneously coactive neurons. In tangential slices, these domains were 50 to 120
micrometers in diameter; in coronal slices they spanned several cortical layers and re-
sembled columns found in the adult cortex. In developing somatosensory cortex, domains
were smaller than, and distinct from, the barrels, which represent sensory input from a
single vibrissa. The neurons within each domain were coupled by gap junctions. Thus,
nonsynaptic communication during cortical development defines discrete multicellular

visualize multicellular patterns of spontane-
ous activity in these slices.

Optical recordings (7) were carried out
in 12 coronal (across layers) and 12 tangen-
tial (parallel to the layers) slices obtained
from somatosensory, visual, and frontal cor-
tices of rats during postnatal days (PND) 0

Table 1. Total number of domains recorded
and the instances of recurrences in 24 tangen-
tial (t) and coronal (c) cortical slices from PND
0 to 7 rats. PND 0 is the day of birth.

patterns that could presage adult functional architecture.

In mammalian neocortex, local circuits are
preferentially organized in a radial direc-
tion, forming a modular architecture of
columnar units (I). At least two possible
developmental mechanisms, not mutually
exclusive, could generate cortical columns.
By analogy with the formation of ocular
dominance stripes or clustered horizontal
connections (2), columns could arise by
activity-dependent formation, selection, or
enhancement of connections in the vertical
dimension. A different explanation—the
“radial unit” hypothesis—has been formu-
lated by Rakic (3). According to this the-
ory, polyclones of developing neurons mi-
grate to the cortex along radial glial fibers
and, based on their migratory history, form
radial units, which subsequently differenti-

Department of Neurobiology, Box 3209, Duke Univer-
sity Medical Center, Durham, NC 27710.

*To whom correspondence should be addressed.

ate into adult columns. Both hypotheses
require the presence of some type of mech-
anism, early in cortical development, to
inform neurons that they are members of a
distinct radial group. By visualizing pat-
terns of multicellular activity, we have
revealed the existence of one such possible
mechanism.

To study the behavior of cortical net-
works as local microcircuits emerge, we
used optical recordings with the Ca?*-sen-
sitive indicator fura-2 (4) in slices of devel-
oping rat cortex. Because neuronal activity
is associated with presynaptic and postsyn-
aptic Ca?* influx (5), imaging of neuronal
populations labeled with Ca?*-sensitive in-
dicators offers a sensitive method for optical
recording of both suprathreshold and sub-
threshold events. Fura-2 can be used in
slices of developing neocortex to reveal
transmitter-induced Ca** changes in neu-
rons (6); we have applied this approach to
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Age N;g: Re- Ng’g:'
(PND), of cording of
orien- do- time recur-
tation mains ) rences
4, ¢ 61 9596 16
5, ¢ 38 8018 2
5c 37 8008 6
4, ¢c 37 5604 5
4,1 35 5876 3
5,t 35 7928 9
5,¢c 35 7216 3
3,¢c 34 10624 3
5t 33 1200 3
4, ¢ 27 4808 8
5t 18 4800 1
4, t 16 1220 1
6, Cc 16 6192 0
4, ¢ 15 3504 0
0,c 15 1396 0
5,t 13 8052 0
6,t 11 2812 1
6, t 8 2808 3
1,¢c 8 800 0
5t 7 4472 0
6, t 5 4408 0
51 5 2576 0
1, ¢c 5 4088 0
7.t 3 2300 0
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Fig. 1. Image processing
techniques used to define
neuronal domains. (A)
Fura-2 fluorescence image
(385-nm excitation) at time
0 of a tangential slice of
PND 4 rat somatosensory
cortex. Scale bar, 100 pm.
(B) Fura-2 image 4 s later.
(C) Subtracted image (A —
B) after smoothing with a
15 by 15 pixel Gaussian
kernel. The subtraction of
the two images highlights
areas that change in fluo-
rescence as a conse-
quence of increasing their
[Ca2*]. (D) Area of the
neuronal domain after
background  subtraction
and application of a binary
threshold.

Fig. 2. (A) Map of neuronal
domains in a tangential
slice of PND 4 somatosen-
sory cortex. Twenty-one
domains, recorded over a
period of 30 min, have
been image-processed,
color coded, and superim-
posed in a map. White in-
dicates areas of overlap
between two or more do-
mains. Domains cover
much of the slice with little
overlap with neighboring
domains. Scale bar, 100
pm. (B) Relation between
neuronal domains and
thalamocortical afferents in
a tangential slice. Superim-
posed map of the outlines
of seven neuronal domains
in a PND 5 layer 4 tangen-
tial slice in which the
thalamocortical  afferents
(barrels) have been la-
beled by a thalamic injec-
tion of TRITC on PND 1.
Barrels are red in the fig-
ure. All domains are small-
er than an individual barrel.
One domain (green out-
line) clearly falls outside
the barrels, and the rest
are primarily confined to
single barrels and subdi-
vide each barrel into sev-
eral coactive zones. One
domain repeats itself three
times (light blue, dark blue,
and pink) at a very similar
location during the course
of the experiment. Scale
bar, 50 pm.
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to 7 (Table 1). These ages correspond to the
critical period of development of the primary
somatosensory cortex in rats (8). When
large areas of cortex (~1 mm?) were imaged,
we observed discrete groups of cells that
spontaneously changed their internal free
Ca’* concentration ([Ca%*],) in synchrony,
thereby defining coactive domains (Fig. 1).
Domains appeared spontaneously in every
slice at random intervals, with an average of
4 min between individual occurrences (517
domains in 32 hours of optical recordings).
The spontaneous activation of any one zone
had no relation to the activation of other
nearby domains. The resulting elevations of
[Ca?*]; ranged from approximately 100 to
350 nM (from 50 = 9 to 206 + 24 nM,
mean = SD, n = 43), rising to peak levels in
less than 1 s and persisting for 4 to 20 s (10.9
* 4.9 s, n = 43). In tangential slices that
included layers 2/3 to 4, these roughly cir-
cular domains, approximately 75 pum in
diameter, had areas of 4426 + 4105 wm? (n
= 128). Each domain had discrete borders
and contained 5 to 50 coactive cells in the
plane of focus; fluorescence from out-of-
focus cells also changed in synchrony with
the visible cells. We found no differences in
the size, shape, or frequency of domains in
different cortical areas.

Oscillations and transient elevations in
Ca’* concentrations with complex spa-
tiotemporal characteristics have been de-
scribed in glial cultures (9). Several lines of
evidence, however, indicate that the do-
mains described here consist of neurons.
First, the morphologies of the fura-2-la-
beled cells that formed the domains were
clearly neuronal, as evidenced (in coronal
sections) by their apical dendrites and large
cell bodies (6). Second, differentiated as-
trocytes are uncommon during the first
postnatal days in rat cortex (10). Finally,
five additional optical recording experi-

Table 2. Computer simulation of four maps
obtained from tangential slices from PND 4 to 6
rat cortex. We simulated experiments on a
Macintosh llci by assigning random positions to
the domains and placing them in an area equal
to the minimum rectangle that enclosed the
actual map. The actual maps occupied 35 to
48% of rectangle area. Overlap was defined as
the percentage of the area of the map occupied
by more than one domain. The overlap of the
random maps followed a Gaussian distribution.
The first experiment (4, t) is the map illustrated
in Fig. 2A.

Age Overlap
(PND), (%)
orien-  actual
tation map

Overlap (%)
random maps P<
(mean = SD, n)

4,1 95 26.8=*54 n=1006 0.001
5t 4.6 198 £ 7.6, n=3129 0.05
6, t 102 245 *6.2, n=15655 0.05
6, t 78 20665 n=2726 0.05




ments were done in slices in which neu-
rons had been retrogradely labeled by in-
jections of fluorescent microspheres (11)
in the contralateral cortex. In these re-
cordings, retrogradely labeled neurons ex-
hibited spontaneous [Ca?*], transients and
belonged to domains.

When all the domains obtained from a

Fig. 3. Columnar domain in
a coronal slice. (A) Image
resulting from subtracting
two 385-nm fluorescent im-
ages, 4 s apart, in a coronal
slice of PND 3 rat soma-
tosensory cortex. (B) Su-
perposition of the outline of
this domain with the antero-
grade staining of thalamo-
cortical afferents. Pial sur-
face indicated by arrow.
Tetramethylrhodamine iso-
thiocyanate was injected at
PND 1 in the ventrobasal
thalamus and stains three
red bands in the cortex:
layer 1 (superficial band on
top), layer 4 (middle band,
between arrowheads), and
layer 6 (visible at the bot-
tom left of the domain). This
domain extends throughout
the radial thickness of the
cortex. Scale bar, 100 pm.

Fig. 4. Coupled clusters of neu-
rons in developing cortex. (A)
High-magnification view of a clus-
ter of coupled neurons in a coro-
nal slice of PND 7 cortex. The
darker cell, marked with an arrow,
was injected intracellularly with
Neurobiotin, which stains its soma
and dendrites. Nearby coupled
neurons have more faintly stained
cell bodies and processes. Scale
bar, 50 pm. (B) Camera lucida
reconstruction of all the neurons
in a Neurobiotin-labeled cluster
from a coronal slice of PND 5 rat
cortex. Neurons in this cluster are
distributed in a column extending
from layer 2 to layer 6. Scale bar,
50 pm.

tangential slice were superimposed, they
covered the surface of the slice and formed
maps (Fig. 2A). In these maps, domains
abutted each other with little overlap, giv-
ing the map a highly organized appearance.
To determine whether the spatial organiza-
tion of maps could result from spatially
random events, we performed computer

¥
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simulations of four experiments (Table 2).
We first determined the amount of overlap
between domains in the real map. Each
domain was then assigned a random posi-
tion and the amount of overlap in the
“random maps” was calculated. In all cases,
the average overlap of the random maps was
significantly different from that of the real
maps (P < 0.05); in the experiment in Fig.
2A, the actual degree of overlap did not
occur in any of the 1006 random maps
generated. Thus, the spatial distribution of
domains is not random but probably relates
to some underlying organization in the
slice. Consistent with this idea, 64 of 517
domains reappeared at the site of a previ-
ous domain and covered 70 to 100% of its
area. These recurrences were relatively
infrequent and the interval between them
was highly irregular (Table 1). In this way,
they differ markedly from the relatively
regular waves of activity described in fetal
retina (12).

Because the tangential organization of
the domains resembled cortical maps, we
explored the possible relations between
these coactive regions and known features of
cortical architecture. A prominent feature of
the primary sensory cortex is the segregation
of thalamocortical afferents into discrete ter-
ritories (13). To test whether domains were
related to patterns of thalamic innervation,
we combined fura-2 imaging with fluores-
cent anterograde labeling (14) of thalamo-
cortical afferents in nine tangential slices
of somatosensory cortex. Tetramethylrhoda-
mine isothiocyanate (TRITC) was injected
into the ventrobasal nucleus of the thala-
mus of PND 1 rats. Tangential slices
through layer 4 prepared at PND’s 4 to 6
produced the expected pattern of barrels;
this enabled us to simultaneously image
domains and barrels in the same slice (Fig.
2B). Individual domains were invariably
smaller than single barrels (average barrel
area, 42,765 = 14,483 wm?; range, 15,830
to 79,652 um? n = 14; average domain
area, 4,426 * 4,105 wm?; range, 589 to
12,952 pm?; n = 128) and were located
both inside (34 out of 78) and outside (44
out of 78) the barrels, subdividing them
into several coactive zones. The relation of
the domains to the borders of barrels was
difficult to establish because of the lack of
complete segregation of the afferents at
these ages (15).

In coronal slices, domains were colum-
nar. Nine domains (out of 219) clearly
extended from layer 6 to layer 1 and
spanned the entire thickness of the cortex
(Fig. 3). The remaining domains were
ovoid, approximately 50 by 200 wm, and
their longer axes were oriented radially,
crossing at least two layers. Of these 210
remaining domains, 62 were centered in
layer 2/3, 133 in layer 4, and 15 in layers 5
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and 6. Because the loading of neurons by
fura-2 is poor in the lower layers (6),
domains in these layers were more difficult
to resolve (16). The shape of the coronal
domains strongly suggests the columnar
units of visual and somatosensory cortex (1)
and the proposed radial units associated
with radial glial fibers (3).

To elucidate the mechanisms responsible
for the coactivation of cells within a do-
main, we imaged slices perfused with the
Na* channel blocker tetrodotoxin (TTX),
which prevents Na*-based action poten-
tials. In previous control experiments, 1 uM
TTX blocked all stimulus-evoked synaptic
activity and all synaptically induced Ca?*
influx. In all cases (13 slices), 5 uM TTX
failed to prevent the appearance of domains,
indicating that the coactivation of neurons
in domains did not require Na*-based action
potentials or the synaptic events they could
trigger. This persistence of the domains in
TTX suggested that cells within a domain
might be coupled by gap junctions because
gap junctions are permeable to small ions,
including Ca** (17). We probed for the
presence of gap junctions by intracellular
injections of Neurobiotin (biotin ethylene-
diamine, Vector Labs), a small diffusible
tracer that labels coupled neurons in the
retina (18). In 14 out of 24 cases, injection
of a single cell in coronal slices from PND 5
to 10 somatosensory cortex resulted in label-
ing of a cluster of 15 to 78 cells (35 = 17, n
= 14) located in the immediate vicinity of
the injected cell (Fig. 4A). Control injec-
tions into the extracellular space produced
no labeling. Most labeled cells had pyrami-
dal-shaped cell bodies and apical dendrites;
none of the labeled cells resembled glia.
Clusters were ovoid (124 = 35 by 299 + 155
wm, n = 14), radially oriented, and spanned
several layers. In five of seven cases at PND
5, clusters formed columns stretching from
layer 6 to the top of layer 2 (Fig. 4B). In all
clusters the dendrites of the injected cell
intersected cell bodies or apical dendrites of
distantly labeled cells, suggesting dendro-
dendritic or dendro-somatic coupling. The
spatial similarities between the Neurobiotin
clusters and the optically recorded domains
strongly suggest that both methods reveal
the same organization.

The existence of coupled cells in cortical
slices has been described in studies that
used Lucifer yellow as a tracer. Injections
with microelectrodes (19) showed small
numbers of coupled cells (three to seven) in
neonatal rat and guinea pig cortex, whereas
injections with whole-cell electrodes re-
vealed clusters of coupled neuroblasts in the
embryonic ventricular zone that disap-
peared in the more mature cortical plate
(20). Our experiments with microelectrode
injections of Neurobiotin revealed exten-
sive coupling in all cortical layers through-
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out the first two postnatal weeks. The
differences from previous studies are proba-
bly attributable to the different tracers used:
Neurobiotin (molecular weight 323) is
smaller than Lucifer yellow (molecular
weight 457) and should cross different class-
es of gap junctions more readily.

Cellular communication by means of
gap junctions is found during pattern for-
mation in vertebrate and invertebrate de-
velopment (21). How this coupling is es-
tablished and regulated in the mammalian
neocortex remains unclear. During early
cortical development, synapse number is
low (22), synaptic activity is sparse, and
neurons are difficult to stimulate (23). Gap

junctions could enable developing cortical .

neurons to interact by a more direct, non-
synaptic mechanism. Our results indicate
that this coupling underlies the coactiva-
tion of neurons within a domain. Because
domains have similar sizes and discrete bor-
ders, they may represent modular function-
al units in developing cortex (24). Their
radial arrangement is consistent with the
radial unit hypothesis (3). In addition,
although cells in a domain seem to behave
independently of conventional synaptic
transmission, their electrical coupling could
influence subsequent synaptic rearrange-
ments. If synapses are formed, retained, or
modified by activity-dependent mecha-
nisms (2, 25), selective synapse formation
could occur among members of a domain,
resulting in an adult column. Thus, the
patterning of neonatal cortex into coupled
neuronal domains may represent a develop-
mental blueprint for the adult functional
architecture.
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Chloride-Dependent Cation Conductance Activated
During Cellular Shrinkage

Hsiao Chang Chan and Deborah J. Nelson*

A chloride (Cl~)-dependent, nonselective cation conductance was activated during cellular
shrinkage and inhibited during cellular swelling or by extracellular gadolinium. The shrink-
ing-induced, nonselective cation conductance and the swelling-induced anion conduc-
tance appear to function in the regulation of cell volume in airway epithelia. The shrinking-
induced cation conductance had an unusual dependence on Cl~: partial replacement of
extracellular Cl~ with aspartate reduced the magnitude of the shrinking-enhanced current
without accompanying changes in the reversal potential. The Cl~ dependence of the
nonselective cation conductance could provide a mechanism that tightly regulates Cl~

secretion and sodium reabsorption in cells under osmotic stress.

Exposure of cells to anisosmotic (hypo-
tonic or hypertonic) media drives water
into or out of the cell, resulting in acute
swelling or shrinking (I). Many cells re-
spond to these volume changes by modulat-
ing membrane conductance pathways as
well as metabolic pathways that alter the
concentration of intracellular solutes,
thereby restoring cell volume to its original
value. The cellular regulatory processes
elicited after osmotic swelling or shrinkage
are termed “regulatory volume decrease”
(RVD) and “regulatory volume increase”
(RVI), respectively. Regulation of cell vol-
ume is critical in certain pathological states
such as ischemia and disturbances in cellu-
lar metabolism that are accompanied by
swelling of cells. Even under physiological
conditions, cells in the renal medulla and
the intestine are subjected to osmotic stress
induced by increased osmolarity in the ex-
tracellular fluid and the circulating blood
plasma. Most actively transporting epithe-
lial cells also experience osmotic variations
as a result of the accumulation of osmoti-
cally active solutes within the cells and
therefore must adapt to survive in environ-
ments both higher and lower in osmolarity
than that of plasma.

Ion channels have been reported to par-
ticipate in cell volume regulation by selec-
tively governing the movement of ions into
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and out of cells. Both K* and Cl~ channels
can be activated after a hypo-osmotic chal-
lenge, thereby initiating RVD. The in-
crease in K* or Cl™ conductances, or both,
results in the loss of KCI from the cell and
a parallel reduction in cell volume. The
extent of the reduction in cell volume is
limited by the maintenance of a cellular
membrane potential that favors the efflux of
both ions (2, 3). The activation of ion
channels in response to a hyperosmotic
challenge has not been demonstrated, al-
though the participation of Na* or nonse-
lective cation channels in RVI has been
proposed (4). This study demonstrates the

Fig. 1. Relation between whole-cell current (at
50 mV) and bath osmolarity. Experiments were
performed on cultured, dissociated human air-
way epithelial cells with the use of the whole-
cell patch-clamp technique. The pipette solu-
tion contained 40 mM NaCl, 100 mM NMDG-
aspartate, 10 mM Hepes, 5 mM EGTA, 0.5 mM
CaCl,, and 1 mM MgCl,, pH 7.2. The bath
solution contained 140 mM NaCl, 10 mM
Hepes, 2 mM CaCl,, and 1 mM MgCl,, pH 7.2.
Extracellular solutions were made hypertonic
by the addition of sucrose (standard bathing
solution osmolarity was 280 mOsM). The rela-
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activation of a Cl™-dependent, nonselec-
tive cation conductance during cellular
shrinkage. Cultured, dissociated human air-
way epithelial cells were studied with the
whole-cell patch-clamp technique (5).

Activation of a current with a relatively
linear current-voltage (I-V) relation oc-
curred after exposure of a cell to a hypertonic
bathing solution (6). The magnitude of the
current increased as the osmotic pressure
difference across the cell membrane was
increased by the addition of sucrose to the
external solution, suggesting that the cur-
rent was associated with cellular shrinkage
(Fig. 1). Current activation was reversed by
decreasing the osmolarity of the bathing
solution so that it was hypo-osmotic to the
intracellular (pipette) solution. Isotonicity
between cell interior and exterior was ob-
tained when the bathing solution was made
hypotonic by 30 mOsM to the intracellular
solution, as determined by the absence of
current activation under these conditions.
Representative whole-cell currents after cel-
lular shrinkage in response to step changes in
membrane potential between —110 and
+100 mV can be seen in Fig. 2, A and B. In
these experiments, Na* and Cl~ were the
major permeant ionic species, and current
separation was made on the basis of shifts in
reversal potential (7). The equilibrium po-
tentials for a perfectly cation- or anion-
selective conductance were +31 and —31
mV, respectively. Shrinking-induced cur-
rent activation was associated with a depo-
larizing shift in current reversal potential
(+26 = 1 mV, n = 14) close to the
predicted equilibrium potential for Na*, in-
dicating that the current was predominantly
cation-selective.

The cation to anion selectivity was deter-
mined for the shrinking-activated conduc-
tance from current reversal potentials ob-
tained when NaCl in the intracellular solu-
tion was substituted in various amounts with
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tive current magnitude was determined as the ratio of the current for a test solution osmolarity to the
average current value recorded in cells exposed to a bathing solution of 230 MOSM (hegy osmotarty/
lrao mosm)- The mean current amplitude in cells exposed to the 230-mOsM bathing solution was 61
+ 7 pAat +50 mV (n = 4). Current magnitudes recorded under hypotonic conditions (bath solution
<280 mOsM) were obtained after the cells had been exposed to hypertonic bathing solutions
(solutions =280 mOsM). Inactivation of the shrinking-induced currents occurred at about 250
mOsM, as deduced from extrapolation of the curve (which corresponds to a difference of 30 mOsM
between pipette and bath solutions).
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