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It was, until now, not entirely clear how the nervous system attains
its cellular phenotypic diversity and wired complexity during
development. Here we describe how environmental interactions
alone can modify the development of neurogenic precursor cells.
Upon evaluating distinct growth-permissive substrates in an em-
bryonic stem cell-neurogenesis assay, we found that laminin,
fibronectin, and gelatin instruct neural fate and alter the functional
specification of neurons when applied at distinct stages of devel-
opment. Changes in phenotypic, electrophysiological, and molec-
ular characteristics could resemble cellular events and interactions
in the early embryonic brain and may explain why these extracel-
lular matrix components transiently demarcate certain developing
brain structures.
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he extracellular matrix (ECM) assembles three-dimensional

templates around functional units of developing brain and
spinal cord before neurons complete their final positioning and
alignment. These structures contain large numbers of extracellular
molecules that disappear soon after synaptic stabilization (1, 2). It
is believed that transient ECM molecules act as “boundaries” that
instruct afferent fiber ingrowth through adhesive and repulsive cues
and thus play a significant role during CNS pattern formation (3).
The function of the ECM might extend beyond morphogenetic
effects, because loss or disarrangement of boundaries is observed in
CNS diseases and malformations (1, 4—6) and because the ECM is
involved in regulating synaptic plasticity in the adult (7). However,
early embryonic lethality in some animal knockout models (8, 9)
and only minor phenotypic abnormalities in others (10) puzzles the
study of individual matrix molecules and their receptors during
critical periods of neural development in vivo. ES cells used as a
model system for neurogenesis offer an alternative approach in
vitro. Neural differentiation of pluripotent ES cells can be directed
in culture mimicking the entire temporal sequence of CNS devel-
opment (11-13). Series of defined media and growth factors yield
highly enriched multipotent precursors, and, in subsequent culture
steps, a variety of molecules and growth factors influence neural
subtype specification. For instance, morphogenetic factors [e.g.,
sonic hedgehog (SHH), FGF8, FGF4, and retinoic acid] direct the
differentiation of different rostral and caudal CNS neuron groups
(14-16). The focus of the present study was on potential roles for
ECM and cell-substrate interactions during fate specification and
differentiation of ES cell-derived neural precursors (ESNPs).

Results

In an attempt to optimize the efficacy of generating neurons and
glia from ES cells in vitro, we compared distinct growth-permissive
dish coatings in a controlled four-step neural induction protocol. In
this paradigm, ES cells grow attached to culture dishes in step III
(generation of neural precursors) and IV (maturation of neural
phenotypes), thus permitting the selective exposure to substrates in
early and late developmental stages (Fig. 1a, see also Materials and
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Methods). At the end of culture step III, we noted the highest
densities of neural precursors on laminin substrates used with
laminin poly-L-ornithine (LPO). More nonneural phenotypes were
present on plastic (PL), gelatin (GL) (a mixture of water-soluble
collagen components), and fibronectin (FN) (Fig. 1b). “Homo-
topic” transfer of precursor cells into the same environmental
condition in culture step I'V further accelerated the differences of
neural lineage enrichment. Interestingly, however, substrate-
specific neuronal morphologies developed with time of differenti-
ation in step IV (Fig. 5, which is published as supporting informa-
tion on the PNAS web site). In contrast, “heterotopic” transfer of
step III PL, GL, and FN populations to LPO conditions in culture
step IV resulted in a robust increase of BIII tubulin™ cells (2.3, 4.7,
and 5.9%, respectively), which were morphologically indistinguish-
able from one condition to another (Fig. 1c). These findings
provided evidence for the common view that laminin enhances
adhesion and survival of most types of neurons and glia. However,
quantification of newborn neurons and glia on LPO in culture step
IV revealed that, additionally, lineage decisions of neural precur-
sors were influenced by substrate exposure in culture step III. LPO
significantly increased the yield of BIII tubulin® cells, and GL
induced an exclusive, 2-fold rise of glial cell commitments (Fig. 1d).
These findings, in combination with the apparent flexibility of
neural cell morphologies, indicated that cell-substrate interactions
in early stages of neurogenesis could influence neural fate, chal-
lenging a detailed analysis of substrate-specific cell development in
protracted stages of differentiation.

To evaluate the consequences of altered fate decisions, sub-
strates were modified in culture step III, and neural cells were
analyzed on LPO in step IV (Fig. 1a). Gradual maturation of
neural phenotypes was observed in each condition, with neuro-
nal commitment preceding glial differentiation. At 5 days,
immunofluorescence analysis revealed distinct populations of
young BIII tubulin® neurons and immature nestin* neuroepi-
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Fig. 1. Culture step Ill substrate modifications. (a) Experimental layout. (b)
Phase-contrast images of cells at the end of step IIl. Note the nearly pure ESNP
populations on LPO (arrowheads point to ESNP islands in GL and FN condi-
tions). (c and d) Developing neurons appear morphologically uniform after
transfer of step-Ill cells onto LPO in step VI (c), but quantification of neuronal
and glial phenotypes reveals that, in step lll, LPO increases neuronal and GL
induces glial fate decisions (d). (e) Quantification of nestin and NeuN expres-
sion reveals a similar developmental time course in all investigated cell pop-
ulations. (1) Single-cell patch-clamp analysis of differentiating neurons dem-
onstrates typical progression of functional properties. (g) Stereotypic
development of neuronal membrane biophysics on LPO, regardless of sub-
strate pretreatment in culture step lll. **, P < 0.001. (Scale bars, 150 um.)

thelial phenotypes coexisting with a small number of glial
fibrillary acidic protein-expressing radial glia-like cells (<4% per
condition; data not shown). At 10 days, immature neuroepithe-
lial rosettes had disappeared, most neurons expressed NeuN,
and nestin was found in low levels restricted to young glial
fibrillary acidic protein* type I astrocytes (Fig. 6, which is
published as supporting information on the PNAS web site).
Only a few oligodendrocytes appeared on any substrate [<1%
O4* or 2',3'-cyclic nucleotide-3'-phosphodiesterase (CNPase)*
cells; data not shown]. Quantification of decreasing nestin
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expression and increasing NeuN expression showed a similar
developmental time course for all substrate-specific cell popu-
lations (Fig. 1e). We then used electrophysiology at 5 and 6, 9 and
10, and 14-16 days to additionally investigate the progression of
neuronal membrane properties. Similar to previously reported
findings in ES cell-derived neurons after transplantation (17, 18),
over time, a gradual increase of voltage-dependent outward
potassium (IK) and inward sodium (INa) current amplitudes was
noted, as well as increasing numbers of action potentials (APs)
in response to current injection (Fig. 1f). In vitro patch-clamp
recordings were performed blinded to substrate conditions
(5-13 cells per time point and condition; n = 129 cells) and
revealed a remarkable stereotypy of developing biophysical
profiles in all four groups of neurons. IK, INa, resting membrane
potentials (RMPs), capacitances, input resistances, and maxi-
mum AP numbers were not significantly different at any stage of
maturation (Fig. 1g). Thus, phenotypic and functional anal-
ysis alike suggested that, although substrates could alter neuro-
nal vs. glial lineage decisions at early stages of developm-
ent, the subsequent course of precursor cell maturation remai-
ned unaffected.

We were next curious to isolate the influence of cell-substrate
interactions in later stages of neurogenesis. Neural precursors were
generated on LPO in culture step III and then exposed to either
LPO or FN in culture step IV (Fig. 2a). After 14-16 days of
maturation, substrate-specific neuronal cell morphologies became
apparent. In both conditions, neurons possessed polarized cell
bodies with ramified microtubule-associated protein (MAP)-2*
dendritic trees but, consistent with previous reports (19, 20),
enhanced outgrowth and branching of growth-associated protein
(GAP)-43* axons were observed on LPO substrates (Fig. 2b).
Whole-cell patch-clamp recordings further revealed differences of
intrinsic membrane characteristics at this stage. Neurons develop-
ing on FN showed a significant, ~68%, increase in sodium channel
densities but lacked the repetitive firing patterns typically observed
in LPO conditions (Fig. 2c). Only 1/16 FN neurons fired more than
five APs in response to 300-ms current injection, in comparison with
9/26 LPO neurons with repetitive discharge behaviors. These
distinct functional and morphological profiles could not simply be
attributed to different levels of cellular maturity. We examined this
possibility and found that neuronal differentiation proceeded with-
out significant difference on LPO and FN substrates. Within 4 or
5 and 9 or 10 days after plating in either condition, BIII tubulin*
cells demonstrated similar increasing levels of NeuN-expression
(from ~40% to >85%, respectively) and decreasing uptake of
BrdU (from ~15% to <7%, respectively) (data not shown). Also,
at 14-16 days of maturation, developmentally regulated biophysical
membrane characteristics (IK, RMPs, capacitances, and input
resistances) were similar for FN and LPO neurons (Table 1).
Furthermore, analysis of inhibitory postsynaptic currents (IPSCs)
and excitatory postsynaptic currents (EPSCs) at this stage demon-
strated that neurons on LPO (n = 10) and FN (rn = 12) matured
and successfully established functional GABAergic and glutama-
tergic synaptic transmission (Fig. 2d). However, these examinations
exposed an additional remarkable finding. Spontaneous NMDA-
mediated, tetrodotoxin-sensitive burst-like events were commonly
observed in FN neurons plated at 7.5-10 X 10* cells per cm?. Similar
activity in LPO conditions required 1.5-2 times more plated cells
(=15 X 10* cells per cm?). Immunofluorescence analysis tied this
finding to a substrate-induced alteration of neuronal subtype spec-
ification. Fourteen to 16 days of exposure to LPO increased the
number of cholinergic and glutamate decarboxylase 65 (GAD65)-
expressing inhibitory cells significantly in comparison with FN
conditions at comparable cell densities (10° cells per cm?) (Fig. 2 e,
g, and h), and because similar quantities of vesicularglutamate
transporter 1 excitatory neurons were generated in either condition,
the ratio of glutamatergic/ GABAergic cells was altered from 1:1.6
on FN to 1:5.2 on LPO substrates. Differentiation into other
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Fig. 2.  Culture step IV substrate modifications. (a) Experimental layout. (b) Axo-dendritic appearance of neurons on FN vs. LPO substrates. (c) Whole-cell
patch-clamp recordings reveal repetitive firing behavior of LPO neurons and significantly increased Na™ currents and singular APs on FN substrates. Images reflect
biocytin immunofluorescence of individual recorded cells. (d) Analysis of spontaneous synaptic activity demonstrating ubiquitous excitatory [combined
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)- and NMDA-mediated EPSCs (Left); isolated NMDA components (Center)] and inhibitory events
(Right). Note that 2-amino-5-phosphonovaleric acid (APV) blocks NMDA-mediated burst-like activity (lower EPSC traces). (e) Quantification of substrate-specific
neuronal subtype antigen profiles. (f~h) Fluorescence photomicrographs depict transmitter antigens (green) of phenotypes without () or with (g and h)
differential neuronal fate choice in LPO vs. FN conditions. Note varicosities that may represent GABAergic boutons arising from a GAD65" cell as marked by the
arrow (g Left). (i) Semiquantitative RT-PCR demonstrates a selective increase of the transcription factors Nkx2.1 and Isl-1 on LPO substrates. **, P < 0.001. (Scale
bars: in b and f-h, 50 um; in ¢, 30 um.)

neurotransmitter phenotypes was not substrate-dependent. Propor-  exclusive increase in the expression of Nkx2.1 and Isl-1 on LPO

tions of tyrosine hydroxylase dopaminergic and 5-hydroxytrypta-
mine catecholamine/serotoninergic neurons were not significantly
different (Fig. 2f).

Semiquantitative RT-PCR was used to additionally compare
the expression of a broad list of transcription factors known to
represent distinct developmental regions in the maturing CNS
(21-24). At 14-16 days of differentiation, we found a surprisingly

substrates, whereas other intrinsic regulators of neural develop-
ment along the dorsoventral and rostrocaudal axes seemed
unaffected (Fig. 2i). Interestingly, levels of Nkx2.1 and Isl-1
remained low when cells grew in the presence of LPO in culture
step III and then were transferred onto FN in step IV. In
contrast, Nkx2.1 and Isl-1 expression was strong when FN was
present in step III and LPO was present in culture step I'V (Fig.

Table 1. Comparison of neuronal membrane properties after substrate-dependent maturation for 14-16 days

INa, nA IK, nA Cm, pF RMP, mV Rin, GQ Ra, MQ No. of APs
LPO 0.79 = 0.1 21)* 1.35 + 0.2 (21) 34.0 = 1.5 (26) —37.2 £ 1.4 (26) 1.36 = 0.1 (26) 10.8 + 0.8 (26) 4.3 *= 0.6 (26)
FN 1.33+£0.2(14) 1.58 + 0.2 (14) 34.5 + 1.3 (16) —-39.1 £ 1.1 (16) 1.35 = 0.1 (16) 12.4 = 3.1 (16) 2.7 £ 0.3(16)
P value 0.0064" 0.4857 0.8101 0.3516 0.9567 0.073 0.0496"

INa, maximum sodium currents; IK, maximum potassium currents; Cm, capacitance; RMP, resting membrane potential; Rin, input resistance; Ra, series
resistance; AP, maximum number of action potentials in response to 200 ms of current injection.

*The number of recorded cells is listed in parentheses.
Significantly different.
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Fig. 3. Evaluating mechanisms for differential neuronal fate choice in
culture step IV. (a) Ratio of propidium iodide (Pi)/Hoechst indicates levels of
dead cells at certain time points of in vitro differentiation. (b) Evaluation of
BrdU uptake indicates no substrate-specific selective proliferation of ChAT* or
GADG65" precursors throughout culture step IV. (c and d) Developmental
profile of Isl-1 expression in LPO vs. FN conditions (c) and examples of Isl-17/BlIlI
tubulin® cells at 14-days differentiation (d). (d Inset) Isl-1* /ChAT* neurons. (e
and f) Similar profile and examples of Nkx2.1-expressing cells (arrow in f
points to one of these cells). (f Inset) Nkx2.1"/ChAT" neurons. (g) Blocking
SHH pathways with cyclopamine (CYCL) in LPO conditions significantly de-
creases the quantity of Isl-1*, Nkx2.1%, ChAT*, and GAD65" neurons com-
pared with control levels [tomatidine (TOM), a structural homologue of
cyclopamine] without SHH-inhibiting activity. *, P < 0.05. **; P < 0.01. (Scale
bars: d and f, 50 um; Insets, 25 pum.)

7, which is published as supporting information on the PNAS
web site). Thus, stimulation of Nkx2.1 and Isl-1 expression
critically depends on the timing of LPO application in later
stages of neural precursor cell development.

To evaluate potential mechanisms for differential neuronal fate
choice in culture step I'V LPO conditions, we first determined the
levels of dying cells at various time points during substrate-specific
differentiation (Fig. 3a). A significantly increased presence of
propidium iodide* cells in LPO was noted at 3 days of differenti-
ation, indicating a selection process at this time. Continuous BrdU
application, however, did not reveal a substrate-specific prolifera-
tion of either GABAergic or cholinergic cell populations (Fig. 3b).
Fig. 3 c—f shows a characteristic developmental progression of Isl-1
and Nkx2.1 neuronal phenotypes with significant substrate-specific
differences occurring not earlier than 7 days of in vitro differenti-
ation. This finding suggests that induction in addition to selection
is responsible for differential neuronal fate choice under LPO
growth conditions. Colabeling studies at 14 days of differentiation
in culture demonstrated that most Nkx2.1- and Isl-1-expressing cells
are choline acetyltransferase (ChAT)™* cholinergic neurons (84 *
7% and 83 * 2%, respectively; see Fig. 3 d and f Insets). Finally, to
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evaluate a potential mechanism of LPO-mediated modulation (e.g.,
increase) of SHH signaling as seen in vivo (21), pharmacological
blockade of SHH pathways was found to significantly reduce all
phenotypes that we observed to increase in LPO conditions
(Fig. 3g).

All of these data together support a notion that differentiating
neural progeny might be influenced by LPO conditions in a
temporally restricted manner to induce characteristic cellular phe-
notypes as seen in the developing medial ganglionic eminence, as
discussed below.

Discussion

It is generally accepted that phenotypic diversity is established
during development as the result of a combination of genetic and
epigenetic factors (25). However, little is known about environ-
mental interactions during CNS development. Extracellular
signaling is not essential to acquire neural identities (26), but
interactions with ECM through integrin receptors can determine
the developmental fate of pluripotent cells (27). On these
grounds, we investigated underlying principles of transiently
expressed ECM in the embryonic brain by using an in vitro model
of ES cell-derived neurogenesis. We show here that, by modi-
fying culture dish coating protocols from those originally de-
scribed by Okabe et al. (11), one can indeed affect neural fate
choice and that the effects of environmental signaling strongly
depend on the developmental stage of immature neural cells.
When multipotent precursors are generated in our culture step
I1, substrates such as GL and LPO influence glial vs. neuronal
fate decisions. Our evaluations demonstrate that these early
interactions do not affect later stages of differentiation. Regard-
less of pretreatment in step III, developing neural progeny
display similar characteristics during maturation on LPO. In
contrast, we demonstrate that neural subtype specification can
be altered when substrates interact with developmentally more
committed precursor cells; two distinct neuronal cell populations
appear as result of exposure to FN or LPO in culture step I'V.

These molecules represent prominent members in the family of
developmentally regulated ECM components, and some of our
findings can be correlated with cellular events and interactions in
the early embryonic brain. During formation of the telencephalon,
transient expression of FN, and distribution around radial glia in the
preplate was suggested to serve as positional cues for young neurons
that form the cortical plate (28). Interestingly, and similar to
developing cortical plate cells in vivo (29), patch-clamp recordings
of culture step-IV FN neurons demonstrate a remarkable increase
of Na channel densities upon maturation. These neurons also show
restricted axonal outgrowth and branching resembling patterns
present in the subplate, where FN helps determine whether afferent
fibers have to wait or can pass through into the cortical plate (30).
In contrast, LPO substrates stimulate the functional maturation of
GADG65" neurons in our neurogenesis assay. It is tempting to
speculate that this specific phenotypic induction observed in vitro
corresponds to a prominent early population of GABAergic cells
(31) appearing simultaneously with a transient laminin expression
in the subplate (32). However, the unexpected selective increase of
Nkx2.1 and Isl-1expression levels and the concomitant increase of
ChAT™" cholinergic neurons might indicate a previously underes-
timated, temporally restricted phenotypic induction of, e.g., medial
ganglionic eminence identity that is mediated through LPO con-
ditions. It is extremely tempting to speculate that the GABAergic
neuronal phenotypes observed under our LPO growth conditions
reflect a medial ganglionic eminence origin. However, at present,
we do not have enough data to support such a hypothesis. Among
the potential mechanisms that might underlie a role for an ECM
molecule during the induction of forebrain identity, the results from
cell death and cell birth studies, along with SHH pathway blockade,
together teach us that both selection and induction must take place.
Although the precise sequence of cellular events and interactions

Goetz et al.
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during formation of the forebrain remains to be resolved (33), it
appears that transient patterns of ECM could encrypt substrate-
and time-specific cues for fate and function of developing neural
precursor cells in vitro and in vivo. It is known that ECM interacts
with, binds to, and helps present growth factors to neurons and their
precursors (3), and ECM could thus potentially select desired
phenotypes by promoting their proliferation or by eliminating
unwanted progeny. Although direct evidence is lacking that lamin-
in—receptor (e.g., integrin) interactions with SHH is involved in
forebrain cell fate decisions, it is known that SHH does bind to
laminin and depends on I integrin expression (34). Furthermore,
there are findings that suggest a possible link between ECM and
SHH during ventral patterning throughout the neuraxis (35).

In conclusion, the presented evidence for morphogenic roles of
ECM during ES cell-derived neural and neuronal subtype and fate
specification now further supports a notion that surface does
matter. In the advent of stem cell technology, large-scale assays (36,
37) could soon reveal other morphogenic adhesion molecules and
further propel the exciting new perspective of directing ES cell
differentiation toward highly specified neural lineages under the
control of extracellular cues.

Materials and Methods

Cell Culture. Experiments were performed using R1 mouse ES cells,
and findings were verified by using ubiquitously GFP- and YFP-
expressing R1 ES cells (A. Nagy, University of Toronto, Toronto,
Canada), and r EGFP knockin J1 ES cells (K. L. Tucker, University
of Heidelberg, Heidelberg, Germany) (data not shown). Controlled
neural differentiation was achieved by adopting a common four-
step culture protocol (11) (Fig. 4). Undifferentiated ES cells (62.5 X
103 cells per cm?) were expanded on mitomycin C-inhibited (10
pg/ml for 2.5 h; ICN) embryonic fibroblasts and subsequently on
GL (0.1% precoating, 30 min) in culture step I before differenti-
ation was induced in step II by aggregating 20 cm? cells (90%
confluent) to free-floating embryoid bodies (EBs) (in 8 X 6-cm
nonadhesive dishes; Nunc 4034). In step I1I, EB-derived cells grow
surface-attached until neural precursors appear. Regardless of
which culture dish coating was used, 5 ug FN per milliliter of culture
media (ITSFn) (see Supporting Appendix, which is published as
supporting information on the PNAS web site) was present in all
experiments in culture step III. Cells are trypsinized, triturated
through flame-polished Pasteur pipettes, and exposed to a second
substrate in culture step IV. Because FGF-2 (10 ng/ml) was
recently shown to induce ventral phenotypes in cultured neural
precursors during prolonged exposure (=3 days) (38, 39), FGF-2
application in culture step I'V was limited to the first 24 h. FGF-2
withdrawal initiated the final stages of differentiation (designated
as day 1). Media were changed every other day in all steps of the
protocol (for more details and media formulations, see Supporting
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Appendix). Media, supplements, and growth factors were obtained
from Invitrogen, Sigma, and R & D Systems.

Surface and substrate conditions were standardized. Falcon
plasticware (Becton Dickinson) was used in step IIT (#353803) and
IV (#353002). LPO coating included incubation in 140 ul/cm?
LPO solution (15 pg/ml; P-3655; Sigma) at 37°C for 96 h followed
by washes in Ca?*/Mg?*-free PBS and in DMEM/F12 before cells
were plated in the presence of 1 pg/ml laminin-1 (23017-015;
Invitrogen). Thus, our LPO coating varies from the originally
described technique (11) in which dishes are precoated with
mixtures of polyornithine and laminin before cells are plated in
media with laminin. FN coating was carried out with 50 ul/cm? FN
(50 pg/ml; 33010-018; Invitrogen) at 37° for 1 h. Dishes were
washed three times in DMEM/F12 before cell seeding. GL coating
was performed for 30 min at room temperature by using 140 ul/cm?
GL (0.1%; G-1890; Sigma). GL was removed before the plating of
cells. Proliferating cells were labeled with either 48-h pulses of 10
M or 2 uM BrdU (Sigma) applied throughout the differentiation
period in step IV. Cell death analysis was performed in living
cultures, with 1 pg/ml propidium iodide (Sigma) for labeling dead
cells and 1 pg/ml Hoechst 33342 (Sigma) for labeling living and
dead cells. SHH blocking experiments required 10 uM cyclopamine
(LC Laboratories, Woburn, MA) or 10 uM tomatidine (Sigma) (a
structural homologue of cyclopamine not inhibiting SHH signaling)
applied throughout culture step I'V.

Electrophysiology. Culture dishes were transferred to the stage of an
upright, fixed-stage microscope (Axioskop FS; Zeiss) and perfused
with artificial cerebrospinal fluid (1-2 ml/min, saturated with 95%
0,/5% CQOy) containing 124 mM NaCl, 26 mM NaHCO3, 1.25 mM
NaH,POy, 2.5 mM KCl, 2 mM CaCl,, 2 mM MgCl,, and 10 mM
glucose (pH 7.4). Cells with typical neuronal morphology (i.e.,
large, triangular soma, single apical dendrite, located in a substan-
tial neuritic network of neighboring cells) were targeted by using a
X40 water-immersion objective and infrared differential interfer-
ence contrast microscopy optics. Immunocytochemistry was used in
nine independent experiments to verify neuronal identity of re-
corded cells. All cells (n = 18; identified with fluorophore-
conjugated avidin) expressed neuronal antigens (MAP-2 or BIII
tubulin) and were negative for glial antigens (glial fibrillary acidic
protein or S1008). Whole-cell recordings were obtained at room
temperature (22°C) by using an Axopatch 1D amplifier (Axon
Instruments, Foster City, CA). Patch electrodes had a resistance of
7-8 M when filled with internal solution. The pipette solution
contained 125 mM K-gluconate, 8 mM NaCl, 10 mM Hepes, 2 mM
MgATP, 0.3 mM Na3GTP, 0.2 mM EGTA and 0.1% biocytin (pH
7.3, adjusted with KOH; 290-300 mOsm) for recording EPSCs and
sodium and potassium currents, or 130 mM CsCl, 10 mM Hepes,
2 mM MgATP, 0.3 mM Na;GTP, 0.2 mM EGTA, and 0.1%
biocytin (pH 7.3, adjusted with CsOH; 290-300 mOsm) for IPSCs.
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Neurons were voltage-clamped at —65 mV for both EPSC and
IPSC recording. Series resistance was similar in all evaluated cells
(8-18 M), and recordings were rejected if series resistance
changed >10%. NMDA receptor-mediated spontaneous EPSCs
were evaluated at a holding potential of +40 or +50 mV by using
Cs-gluconate internal solution in the presence of picrotoxin (50
uM) to block GABA-mediated synaptic responses. IPSCs were
recorded in the presence of 2,3-dihydroxy-6-nitro-7-sulfamoylben-
zo[f]quinoxaline (10 uM) and 2-amino-5-phosphonovaleric acid (50
uM) to block glutamatergic synaptic transmission. Chemicals were
purchased from Sigma unless stated otherwise. For characterizing
spiking properties, a series of current pulses (from —50 to +150 pA,
in 50-pA increments) was applied in current-clamp mode, and
maximum numbers and amplitudes of APs were valued. Ampli-
tudes of maximum INa (occurred at +5 or +30 mV) and the steady
(sustained) component of IK (at +55 mV) were determined by
applying a series of voltage steps (from —80 to +50 mV, in 15-mV
increments) under voltage-clamp mode.

Data were acquired and saved by using PCLAMP 8 (Axon
Instruments) and analyzed by using CLAMPFIT 8 and ORIGIN 6
software. Values are expressed as the mean = SEM. Student’s
t test was used for evaluation of statistical significance.

Immunocytochemistry. Cells were fixed for 30 min with 4% para-
formaldehyde. The basic immunolabeling buffer contained PBS
(Invitrogen), 10% FCS, and for intracellular antigens additionally
0.1% Triton X-100 (Sigma). After blocking unspecific antibody
activity for 20 min in 5% goat serum, primary antibodies (see Table
2, which is published as supporting information on the PNAS web
site, for details) were applied 1-4 h at room temperature or
overnight at 4°C. BrdU detection required pretreatment for 2 h in
SSC-formamide, 3 X 10 min washes in SSC, 30 min in 2M HCI, and
10 min in 0.1 M borate buffer. Antigens (including biocytin) were
visualized by using corresponding secondary antibodies (Jackson
ImmunoResearch or Molecular Probes). Cell nuclei were labeled
for 10 min with either 0.8 ug/ml DAPI (Sigma) or green nucleic
acid stain (Sytox green; 1:50,000; Molecular Probes). Fluorescence
microscopy was performed on a Leica (Bannockburn, IL) DMLB
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upright microscope and images were captured with a Spot RT Color
CCD camera (Diagnostic Instruments, Sterling Heights, MI). To
quantify and compare antigen expression, cell counting was per-
formed in three or four culture dishes (6-cm diameter) per condi-
tion from at least two independent experiments. At least 1,000 total
cells (mean = 3,497 = 1,915) were evaluated per dish for antigen
expression from 15 separate, randomly chosen X40 visual fields.
Data are expressed as mean = SEM, and Student’s ¢ test was used
for statistical evaluation.

RNA Extraction and RT-PCR Analysis. Total cellular RNA was isolated
by using the RNeasy Mini Kit (Qiagen, Valencia, CA), with DNase
I treatment on the column. Eluted RNA was subjected to a second
DNase I treatment using the Turbo DNA-free kit (Ambion,
Woodward, TX). Total RNA concentration was measured by using
a UV spectrophotometer (SmartSpec 3000; Bio-Rad). Isolated
RNA had an A260/A280 ratio of 2; 3 ug total RNA per condition
was used to synthesize cDNA according to the instructions of the
SuperScript III reverse transcriptase kit (Invitrogen). cDNA sam-
ples were normalized based on GAPDH as a reference gene. PCRs
were performed by using Platinum 7aq polymerase (Invitrogen).
The total number of cycles varied between 15 and 39, depending on
the abundance of particular mRNA. The number of cycles was
chosen on the linear portion of the reaction curve avoiding “satu-
ration effects” of PCR. Single bands of the amplification products
were confirmed in a 2% agarose gel (Invitrogen) containing
ethidium bromide for visualization. Minus RT reactions were set
up, and PCR negative controls were run for each pair of primers.
Primer sequences, length of amplified products, and PCR condi-
tions are summarized in Table 3, which is published as supporting
information on the PNAS web site.
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