(Figs. 1A and 2). The a4-B6 loop is in close
proximity to the COOH-terminus of «5.
The contact is stabilized by insertion of
Met*®¢ into a hydrophobic pocket formed
by the NH,-terminal residues of 35 and 6.
Together, the a4-B6 loop and the a5 helix
form a plane on the back side of G, that
may interact with receptors (29-31). In
contrast, the corresponding a5 helix in G,
(as visualized in the structures of the
G.'GDP-B,v, and G,,,“GDP-AlF,~RGS4
complexes) is relatively straight and ex-
tends away from the central B sheet of the
Ras-like domain (Fig. 2). The relative po-
sition of the a4-B6 loop of G, also differs
from that of the cognate loop of G,,. The
divergence of these two structural elements
from those of G, and G, may therefore
contribute to receptor selectivity.
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Mediation of Sonic Hedgehog—-Induced
Expression of COUP-TFIl by a
Protein Phosphatase
Venkatesh Krishnan, Fred A. Pereira, Yuhong Qiu,

Chien-Huan Chen, Philip A. Beachy, Sophia Y. Tsai,*
Ming-Jer Tsai*f

A Sonic hedgehog (Shh) response element was identified in the chicken ovalbumin
upstream promoter-transcription factor Il (COUP-TFII) promoter that binds to a factor
distinct from Gli, a gene known to mediate Shh signaling. Although this binding activity
is specifically stimulated by Shh-N (amino-terminal signaling domain), it can also be
unmasked with protein phosphatase treatment in the mouse cell line P19, and induction
by Shh-N can be blocked by phosphatase inhibitors. Thus, Shh-N signaling may result
in dephosphorylation of a target factor that is required for activation of COUP-TFII-,
Islet1-, and Gli response element-dependent gene expression. This finding identifies
another step in the Shh-N signaling pathway.

COUP-TFs belong to the orphan receptor
subfamily within the steroid—thyroid hor-
mone receptor superfamily and are found in
all vertebrate species examined (1). In the
mouse there are two COUP-TF members,
COUP-TFI and COUP-TFII. Both are ex-
pressed in the neural tube during embryonic
development; however, COUP-TFII is
highly expressed and displays a restricted
expression pattern that is coincident with
motor neuron differentiation (I). Trans-
plantation of a notochord to the dorsal side
of the chick neural tube results in ectopic
expression of COUP-TFII that coincides
with the appearance of motor neuron mark-
ers such as Isll and SC-1 in these regions

(2).
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Sonic hedgehog (Shh) is a vertebrate
homolog of the Drosophila segment polarity
gene hedgehog (Hh) (3). The secreted Shh
protein (Shh-N) from the notochord is re-
quired for induction of floor plate cells,
motor neurons, and other axial midline
structures (4—7). To investigate whether
Shh activates COUP-TFII expression, we
asked whether purified recombinant Shh-N
expressed in FEscherichia coli can induce
COUP-TFII expression in P19 cells (8).
Increased COUP-TFII expression is ob-
served at Shh-N concentrations as low as
0.2 nM (Fig. 1A, lane 2). This concentra-
tion is similar to the amount that is required
for regulating other Shh-N target genes (3,
9) and for binding to its putative receptor,
patched (ptc) (10, 11).

To identify the target element or ele-
ments for Shh-N signaling, we used dele-
tion analysis and identified a sequence be-
tween —1316 and —1298 nucleotides in
the COUP-TFII promoter that increases re-
porter gene activity when linked to a het-
erologous herpes simplex virus thymidine
kinase (tk) promoter (12) (Fig. 2). Point
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mutations introduced within this element
completely abolished the activation by
Shh-N. Therefore, we defined this region
as a Shh response element (ShhRE). Next,
we examined whether this element could
bind any factor or factors in response to
Shh-N treatment. Nuclear extracts were
prepared (13) from untreated P19 cells or
from P19 cells treated with Shh-N and
used in an electrophoretic mobility-shift
assay (EMSA) (14). Shh-N treatment re-
sulted in the enrichment of two specific
complexes (Fig. 1B, lanes 1 and 2), which
were blocked by excess ShhRE (lanes 7 to
9). Hence, Shh-N enhances the binding of
a factor or factors to the ShhRE in the
COUP-TFII promoter. Recent reports have
identified a response element on Hh-in-
duced target promoters that are bound by a
member of the Ci/Gli family of transcription
factors (15). The ShhRE in the COUP-
TFII promoter does not resemble a Gli
response element (GliRE). As expected,
the GLRE is unable to compete for bind-
" ing to the ShhRE in the COUP-TFII pro-
moter (Fig. 1B, lanes 3 through 6). In
contrast, in vitro translated human Glil
can bind to the radiolabeled GliRE (16).
Therefore, Shh signaling may not be re-
stricted to the Ci/Gli family of transcrip-
tion factors. The ShhRE includes an AT-
rich motif followed by a GC core, and
both are important for Shh-mediated ac-
tivity. Because the binding site in the
ShhRE has a TAAT motif, we predict that
this element could bind to transcription
factors containing a homeobox domain.
Unlabeled oligonucleotide containing the
Sox-9 recognition sequence is able to
compete for binding to the ShhRE (16).
Sox-9 belongs to a family of SRY-box—
containing transcription factors that func-
tion in determining important cell fates
during differentiation (17).
To address the direct or indirect nature
of this Shh-mediated target response at the
ShhRE, the Shh-N-induced activity of the

Fig. 1. Shh-induced COUP-TFIl A
mRNAin P19 cells. (A) P19 cells
were treated for 24 hours with
0.2 (lane 2), 0.5 {lane 3), and 1
{lane 4) nM Shh-N; total RNA
was obtained for a ribonuclease
protection assay as described
(73). Murine cyclophilin A was
used as a control. (B) P19 cells
were treated with or without
Shh-N for 24 hours and nuclear
extracts were used in an EMSA
(20). Different amounts of unla-
beled GIIRE or ShhRE (lanes 3
and 7, 100-fold excess; lanes 4
and 8, 50-fold excess; lanes 5
and 9, 25-fold excess; lane 6,
10-fold excess) were used as a competitor.

Shh (nM)
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ShhRE-linked reporter was determined in
the presence or absence of cycloheximide
(Chx). The Shh-induced increase in report-
er mRNA synthesis was not altered by the
presence of Chx (Fig. 2, compare lanes 2
and 4). In contrast, reporter enzyme activ-
ities were both inhibited (16). Thus, the
factor(s) that binds to and activates the
ShhRE is a primary target of the Shh-N
signal pathway, and its activation does not
require protein synthesis.

Adenosine 3’,5'-monophosphate-acti-
vated protein kinase A antagonizes Hh sig-
naling in Drosophila (1) and in vertebrates
(18-21). Also, the product of a Drosophila
gene, fused (fu), a serine-threonine kinase,
is a downstream target of Hh and is required
for Hh signaling (20, 22). These results
suggest that phosphorylation may be re-
quired for the Hh signaling pathway. There-
fore, we incubated a nonspecific calf intes-
tinal phosphatase (CIP) with both induced
and uninduced nuclear extracts (Fig. 3A,
lanes 5 to 8). Although incubation of CIP
with Shh-N-treated extracts did not alter
binding to radiolabeled ShhRE (compare
lanes 7 and 8), CIP treatment of uninduced
extracts was able to mimic the binding ac-
tivity induced by Shh-N (compare lanes 1
and 5). Thus, the factor or factors that bind
to this ShhRE are present in the nuclear
extracts of untreated P19 cells, and Shh-N
treatment specifically alters its ability to
bind DNA by dephosphorylation.

To characterize the protein phosphatases
that might mediate this activity, we used the
phosphatase inhibitors okadaic acid (OA)
and calyculin A (CyA) (23). OA is a potent
inhibitor of serine-threonine-specific pro-
tein phosphatases such as PP1, PP2A, PPV,
and PPV, but it has no effect on PP2B and
PP2C. OA or CyA, when treated along with
Shh-N (Fig. 3B, lanes 4 and 6), resulted in
complete inhibition of the induced COUP-
TFII mRNA (8). In contrast, the inactive
congener norokadone (NoA) was unable to

inhibit this induction (Fig. 3B, lane 8). Sim-

ShhRE
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Shh - + 4+ + + + + + +

—ar "-g'-""-
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ilarly, OA and CyA treatment abolished the
Shh-induced binding to radiolabeled ShhRE
(16). Finally, Shh-N-mediated induction of
ShhRE reporter gene activity was also shown
to be completely blocked by treatment with
OA (16). Thus, OA and CyA specifically
inhibit binding of a transcription factor to
the ShhRE that results in lowered promoter
activity and leads to decreased COUP-TFII
transcripts. To assay the direct involvement
of the type of protein phosphatase in the
Shh signaling pathway, we used a phospha-
tase assay system that quantitates the PP1
and PP2A enzyme activity in control and in
Shh-N-treated nuclear extracts in the ab-
sence or presence of OA. There is a net
increase (twofold) in phosphatase activity
after Shh treatment that was completely
abolished by OA treatment (Fig. 3C). In
contrast, cotreatment with Inhibitor-2 (I-2),
a specific inhibitor of PP1, does not decrease
the Shh-induced phosphatase activity. Thus,
it is likely that a serine-threonine phospha-
tase such as PP2A, PPIV, or PPV is involved
in the Shh-N signaling pathway.

We tested the role of specific protein
phosphatases in this pathway by transfect-
ing P19 cells with the ShhRE-luciferase
(LUC) reporter plasmid along with expres-
sion plasmids that overexpress the catalytic
subunits of PP1, PP2A, PPIV, or PPV. The
catalytic subunit of PP2A, when overex-
pressed, can mimic the activity of Shh in
untreated cells [compare lanes cytomegalo-
virus (CMV) and PP2A in Fig. 3D] (24). In
contrast, neither PP1, PPIV, nor PPV could
mimic this activity. Thus, a PP2A-like
phosphatase can mediate this Shh-induced
increase in target factor activity in vivo.

To determine whether phosphatase-me-
diated Shh signaling extends to genes other
than COUP-TFII, we analyzed Shh activa-
tion of Isll in the presence of OA (25). P19
cells treated with Shh-N induced Isll
mRNA (Fig. 4A, lanes 1 and 2), and this
induction was completely blocked by treat-

ment with OA (Fig. 4A, lanes 3 and 4).

Chx - -
Shh.wlid =) dbine

CAT -

LUC -

12 R BB T B

Fig. 2. ShhRE-mediated activity is a direct result
of Shh-N signaling. P19 cells were cotransfected
with either three copies of the ShhRE (lanes 1 to 4)
or mutant ShhRE (lanes 5 to 8) tk-CAT along with
tk-LUC plasmid as an internal control. Total RNA
was obtained from cells pretreated with 50 pM
Chx for 2 hours before addition of 1.0 nM Shh-N
and harvested 12 hours later. Sixty micrograms of
total RNA from these cells was used in a ribonu-
clease protection assay.
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Furthermore, 9.5 days postcoitum (dpc)
mouse neural tube explants incubated with
OA exhibited decreased amounts of immu-
nodetectable Isll protein (Fig. 4B) (26).
However, this concentration of OA had no
effect on the neurofilament (NFL) staining
within the neural tube. Finally, the involve-
ment of protein phosphatases in GliRE-me-
diated activation by Shh was tested with the
GIiRE reporter from the hepatocyte nuclear
factor 3B 3’ enhancer (27). As expected, in
P19 cells, the GIliRE-chloramphenicol

Fig. 3. Role of phospha- A

used in a ribonuclease protection assay (73). (C) Nuclear extracts from

acetyltransferase (CAT) reporter was en-
hanced in the presence of Shh expression
plasmid (Fig. 4C). This enhanced activity
was also sensitive to OA treatment. These
results suggest a general role for protein
phosphatase in the Shh signaling pathway.

Our results indicate that the Shh-medi-
ated mechanism of activation of the COUP-
TFII gene may involve dephosphorylation of
a factor that leads to increased binding to the
ShhRE in the COUP-TFII promoter. This

increase in binding resulted in enhanced

EC
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P19 cells treated with or without 1 nM Shh for 36 hours were used in a

protein phosphatase assay system (Life Technologies, Bethesda) to quantitate the phosphatase activity
with radiolabeled phosphorylase used as a substrate. In the case of inhibitors, 2 nM OA or 4 nM |-2
protein was incubated with the cells for 15 min at 30°C. (D) P19 cells were cotransfected with the
ShhRE-SV40LUC and an expression plasmid for PP1, PP2A, PPIV, and PPV. In addition, an empty
pBKRSV (RSV) or pCMV5 (CMV ) vector was also cotransfected in the control wells. Cells treated with
or without 1 nM Shh were harvested after 36 hours and assayed for LUC activity as described.
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Fig. 4. Effect of phosphatase inhibitors on Isl1 expression
and GIiIRE-mediated activity. (A) RNAs were isolated for
reverse transcriptase (RT)-PCR analysis from P19 cells as
described (Fig. 1A). A complementary RNA internal control

(Int. std.) was used to standardize for RT activity. (B) Mouse c.
embryos (8.5 to 9.0 dpc) were isolated and the neural

plates were cultured in Matrigel in the absence (untreated) 0
or presence (treated) of 5 "M OA as described (26). Whole-
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mount immunostaining (29) with Islet1 or NFL antibodies was used to analyze changes in Islet1 and NFL
expression. (C) P19 cells were cotransfected with pBKCMV-Shh expression plasmid and a GIIRE-CAT
reporter plasmid (1 .g) as described (30). Cells cotransfected with pBKCMV-Shh (S) or pBKCMYV (C)
plasmid (200 ng) were treated with or without 5 nM OA for 14 hours.
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COUP-TFII promoter activity. Also, the
phosphatase that mediates this dephospho-
rylation in response to Shh-N treatment is
PPZA or is like PPZA. This particular re-
sponse is channeled through a protein with
DNA binding activity apparently unrelated
to that of the Ci/Gli family of transcription
factors previously implicated in Hh signal-
ing. A similar protein phosphatase activity is
also required in the Ci/Gli-mediated branch
of the Drosophila Hh signaling pathway (28).
Thus, activation of specific protein phospha-
tase activity appears to be a general feature of
Hh signal transduction.
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region to the first segmenting somite in the caudal
region. Neural tubes were cultured for 24 hours dor-
sal side down on Millicell-CM membranes and over-
laid with Matrigel containing 10 ng of NT-3 per milli-
liter, with L15 air medium (4) in the presence or ab-
sence of 5 nM OA. The explants were subjected to
whole-mount immunostaining with a monoclonal an-
tibody raised against mouse Islet1 (39.4D5) or NFL
(2H3) as described (29).
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velopment 124, 1313 (1997).
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Spike Synchronization and Rate Modulation
Differentially Involved in Motor Cortical Function

Alexa Riehle,* Sonja Griin, Markus Diesmann, Ad Aertsen

It is now commonly accepted that planning and execution of movements are based on
distributed processing by neuronal populations in motor cortical areas. It is less clear,
though, how these populations organize dynamically to cope with the momentary com-
putational demands. Simultaneously recorded activities of neurons in the primary motor
cortex of monkeys during performance of a delayed-pointing task exhibited context-
dependent, rapid changes in the patterns of coincident action potentials. Accurate spike
synchronization occurred in relation to external events (stimuli, movements) and was
commonly accompanied by discharge rate modulations but without precise time locking
of the spikes to these external events. Spike synchronization also occurred in relation to
purely internal events (stimulus expectancy), where firing rate modulations were distinctly
absent. These findings indicate that internally generated synchronization of individual spike
discharges may subserve the cortical organization of cognitive motor processes.

The classical view of neural coding has
emphasized the importance of information
carried by changes in the neurons’ spike
discharge rates (I). Thus, relating rate
changes of individual neurons to cognitive
and motor functions has yielded remarkable
insights into neuronal mechanisms of sen-
sory (2) and motor (3) processing. In par-
allel, however, the concept emerged that
computational processes in the brain could
also rely on the relative timing of spike
discharges among neurons within function-
al groups (4)—commonly called cell assem-
blies (5). Indeed, it has been argued that
the synaptic influence of multiple neurons
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converging onto others is much stronger if
they fire in coincidence (6), making syn-
chrony of firing ideally suited to raising the
saliency of responses and to expressing re-
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lations among neurons with high temporal
precision (4). For this temporal scheme to
work, correlations in spike timing must re-
flect cooperative interactions among the
neurons constituting an assembly. More-
over, to permit neurons to participate in
different cell assemblies at different times,
depending on the present stimulus context
and behavioral demands, these correlations
should be dynamic. Indeed, such predicted
stimulus- and behavior-dependent modula-
tions of spike correlations with differing
degrees of temporal precision were observed
in various sensory cortical areas, particularly
visual (7), auditory (8), somatosensory (9),
and frontal (10) areas. However, very little
is known about the possible functional role
of action potential timing in the motor
cortex (11), in spite of the fact that this part
of the brain directly governs overt behavior.
We present evidence for the hypothesis
that precise synchronization of individual
action potentials among selected groups of
motor cortex neurons is involved in dynam-
ically organizing the cortical network dur-

Fig. 1. (A) Two macaque monkeys were trained to touch atarget A

presented on a video display equipped with a capacitive touch e

screen. To start a trial, the animal had to hold down a switch.

After a constant delay of 1 s (PreD), a PS forming an open circle PS  ESIES2ES3 RS
(diameter, 3 cm) appeared on the screen, indicating the upcom- \ /

ing target position. After a second delay of variable duration (PP), — M Lever
the RS, indicated by filling the circle, instructed the animal to § 1 Touch
move its hand to the target and touch it. The PP could last 600, PreD| PP | RTIMT! Epochs
900, 1200, or 1500 ms; these intervals were presented in ran- B

dom order and with equal probability. Thus, from one possible 450

PP duration (and, hence, ES) to the next, the conditional prob- +\

ability for the RS to occur increased, reaching values of 0.25, 400 Monkey 1

0.33, 0.5, and 1. RT and movement time (MT ) were recorded in
each trial. Criteria for obtaining the reward were (1) to keep the
switch pressed during the PP, (2) to move to and touch the
target after RS, and (3) to perform the movement so that neither
RT nor MT exceeded 1 s. (B) Behavioral results. For each mon-
key, mean RTs and standard error in relation to PP duration are
shown as recorded during the last training sessions (monkey 1,
N = 35; monkey 2, N = 59) when they performed the task with

Monkey 2

™
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more than 90% correct trials. By using a two-factor (PP duration X training session) analysis of variance,
changes in RT were found to be highly significant for both monkeys [monkey 1, F(3,102) = 38.19, P <

0.001; monkey 2, F(3,174) = 157.81, P < 0.001].
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