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A mechanism by which members of the ciliary neurotrophic factor (CNTF)-leukemia in- 
hibitory factor cytokine family regulate gliogenesis in the developing mammalian central 
nervous system was characterized. Activation of the CNTF receptor promoted differen- 
tiation of cerebral cortical precursor cells into astrocytes and inhibited differentiation of 
cortical precursors along a neuronal lineage. Although CNTF stimulated both the Janus 
kinase-signal transducer and activator of transcription (JAK-STAT) and Ras-mitogen- 
activated protein kinase signaling pathways in cortical precursor cells, the JAK-STAT 
signaling pathway selectively enhanced differentiation of these precursors along a glial 
lineage. These findings suggest that cytokine activation of the JAK-STAT signaling path- 
way may be a mechanism by which cell fate is controlled during mammalian development. 

T h e  cells of the  central nervous system 
( C N S )  are thought to arise from multipo- 
tential precursor cells whose developmental 
potential becomes progressively restricted 
(1-8). Environmental cues may have a crit- 
ical role in determining the  fate of neuro- 
epithelial precursor cells. However, the  na- 
ture of the  extracellular agents that drive 
orecursor cells toward a soecific cell fate 
and the  intracellular mechanisms by which 
these extracellular agents promote such a 
fate are not  well understood. 

T h e  ligand-binding subunit of the  C N T F  
receptor a (CNTFRa)  is expressed in the ern- 
bryonic cortical ventricular zone, where the  
fate of uroliferatine neuroeuithelial Drecursor 

cells (1 1) .  T h e  cortical precursors were de- 
fined further as cells that fail to express 
markers of differentiated neurons and glia. 

Cortical precursors exhibit distinct bio- 
logical responses to various extracellular 
stimuli. Precursor cells that maintain cell- 
cell contact proliferate when exposed to the 
mitogen basic fibroblast gro~vth factor 
(bFGF) (1 2). By contrast, cortical precursors 
differentiate into neurons when they are 
dissociated into single cells or exposed to 
neurotrophin-3 (NT-3)  or platelet-derived 
growth factor (PDGF) (1 2-1 4) .  Unlike 
bFGF, NT-3, and PDGF, C N T F  did not 
promote proliferation of cortical precursor 

cells or their differentiation into neurons. 
Rather, as recently demonstrated for embry- 
onic rat hippocampal stem cells (14),  CNTF 
triggered the differentiation of cortical pre- 
cursors Into astrocvtes, as indicated bv the 
expression of the  astrocyte-specific prGtein 
glial fibrillary ac id~c  protein (GFAP) (Fig. 
I A ) .  T h e  GFAP-positive cortical cells dis- 
played astrocytic morphological features, in- 
cluding a flat or a stellate appearance (Fig. 
I A )  (15). T h e  proportion of cortical precur- 
sor cells that differentiated into astrocytes 
upon exposure to C N T F  increased at E l 7  
compared with E l 4  (Fig. 1B) (16).  T h e  in- 
crease with aee in C N T F  resnonsiveness of " 
the  cortical precursor cells parallels the de- 
velopment of astrocytes in vivo, which oc- 
curs after neurogenesis. Although the  expo- 
sure of E l 4  and E l 7  cortical cultures to 
C N T F  resulted in a laree increase in the " 
number of astroc\ tes, C N T F  had n o  appar- 
ent  effect on the surv~val or ~roliferation of 
either precursor cells or astrocytes (Table I ) .  
This suggests that CNTF is not actlng selec- 
tively on a small proportion of cortical pre- 
cursors or astrocytes by specifically stimulat- 
ing their proliferation or survival; rather, it is 
induc~ng differentiation of a stable popula- 
tion of cortical precursors along a glial lin- 
eage. Expression of GFAP was maintained in 
the newly generated astrocytes 6 days after 
removal of CNTF,  which suggests that 
C N T F  triggers long-lasting phenotypic 
changes in cortical precursors (15). T h e  cor- 
tical precursor cells and the newly generated 
astrocytes did not express galactocerebroside 
or the A2B5 surface marker (15), which 
suggests that C N T F  is not acting o n  oligo- 

cells is betermineh(9).  TO betermine ~vhe th -  
er actiT,atioll of the CNTFR in cerebral Table 1. Effect of CNTF on El 4 and El 7 cortical cultures. Results are mean i SEM (n = 3). DV, days 

in vitro; BrdU, bromodeoxyurd~ne; N D ,  not determned. 
tical orecursor cells influences their nrolifer- 
ation, differentiation, or survival, we added Cells (% total) 
C N T F  to primary cultures of cortical precur- 
sors that were derived from embryonic day El 7 El 4 
14 (E14) or E l 7  rat embryos and assessed 
the  effects of C N T F  o n  vaiious cellular pa- 
rameters (10).  Cortical precursor cells Ivere 
defined as activelv oroliferatine cells that , L " 
express the intermediate filament protein 
nestin, a n  in vivo marker of neuroepithelial 
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0 DIV 3 DIV 
0 DIV 4 DIV 

C o n t r o l  control CNTF Contra control CNTF 

Nest~n-posltlve 32.0 i- 5.6 25.0 i- 6.7 25.3 i- 5.8 71.4 i- 5.9 55.0 i- 7.3 58.5 1- 11.5 
BrdU* 10.2 i 1.2 15.0 i 3.5 16.9 2 3 . 2  32.8 i 3.6 47.0 i 8.7 43.3 i 7.4 
Neurons 67.5 i 10.5 59.7 i 6.5 64.0 i 7.6 ND 30.8 i 7.3 33.5 i 10.7 

'A pulse of BrdU was added to the cor tca  cultures shortly before fxation to assess rate of cell proliferation. 

Table 2. Cellular compos~t~on of P-gaactosldase-expressng clones. Results are mean i- SEM (n = 3). 

Clones (%) 

Precursor Neuronal Astrocyt~c Mxed 

Control 43.0 i 5.1 56.3 i 4.7 0.3 i 0.3 0.3 i 0.3 
CNTF 21.7 i 0.3* 18.0 i- 3.2* 52.7 i- 2.2" 7.7 i 1.9" 
PDGF 31.3 i 4.4 67.7 i 5.4 1.0 i- 1.0 0 

'Treatment of cultures w t h  CNTF, compared w t h  control cultures, reduced sgnifcanty the number of precursor and 
neuronal clones and Increased sgnfcanty  the number of astrocgc and mxed clones (analysis of variance, P < 0.01). 
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dendrocyte precursor cells to induce the dif- 
ferentiation of type 2 astrocytes. Rather, 
CNTF appears to promote differentiation of 
cortical neuroepithelial precursor cells into 
type 1 astrocytes. 

We carried out clonal analysis of El4 cor- 
tical cultures to determine whether CNTF 
promotes astrocytic differentiation of precur- 
sor cells that are already committed to the 
glial lineage or whether CNTF also acts on 
cells that have the potential to differentiate 
into both neurons and astrocytes. Proliferat- 
ing cortical precursors were mfected with a 
replicationdefective retrovirus expressing P- 
galactosidase. The cellular composition of the 
P-galactosidase-expressing clones was then 
analyzed by indirect immunofluorescence 
(Table 2) (17). Control cultures contained 
43% precursor clones and 56% neuronal 
clones but essentially no astrocytic clones. 
Treatment of cultures with CNTF reduced 
dramatically the percentage of precursor and 
neuronal clones and led to the appearance of 
astrocytic clones, which accounted for >52% 
of the clones. In contrast to CNTF, treatment 
of cortical cultures with PDGF increased the 
proportion of neuronal clones to 68% and 
failed to generate astrocytic clones. The sim- 
plest interpretation of these results is that at 
least 29% of the proliferating El4 cortical 
precursor cells at the time of plating have the 
capacity to differentiate into neurons or astro- 
cytes (17) and that CNTF drives these pre- 
cursors to become astrocytes. To rule out the 
possibility that, by the process of clonal selec- 
tion, CNTF promotes survival of astrocytes or 
precursors committed to the glial lineage 
while killing precursors committed to the 
neuronal lineage, we carried out clonal anal- 
ysis of El4 cortical cultures with a retrovirus 
expressing green fluorescent protein (GFP) to 
allow the continuous monitoring of individual 
cells. The survival rate of the clones that were 
followed in this way until 4 days in vitro 
(DIV) was >94%, and this rate was not al- 
tered by CNTF treatment. Analysis of the 
cellular composition of the GFP-expressing 
clones revealed that they behaved similarly to 
the P-galactosidase-expressing clones. CNTF 
treatment increased dramatically the number 
of astrocytic clones and reduced the number 
of neuronal clones (17). These data indicate 
that clonal selection cannot account for 
CNTF-induced astrocytic differentiation or 
for CNTF inhibition of neuronal differentia- 
tion. Taken together, these results indicate 
that CNTF promotes gliogenesis at least in 
part by instructively driving multipotential 
precursor cells along the astrocytic glial lin- 
eage. The possibility remains that CNTF can 
also induce cells already committed to the 
glial lineage to differentiate into astrocytes. In 
addition, although CNTF inhibits neuronal 
differentiation of cortical precursor cells, 
members of the CNTF-leukemia inhibitory 

factor (CNTF-LIF) family may promote neu- 
ronal differentiation of precursor cells in other 
regions of the developing CNS such as the 
spinal cord (18). 

The biological effects of CNTF on respon- 
sive cells are mediated by CNTFRa, which, 
once bound to CNTF, triggers sequential het- 
erodimerization of the two signal-transducing 
(P) subunits of the CNTFR-LIF receptor P 
(LIFRP) and gp130 (130-kD glycoprotein) 
(1 9, 20). The differentiation-promoting ef- 
fects of CNTF on cortical precursor cells were 
mediated by both P subunits of the CNTFR. 
Addition of the CNTF-related cytokine inter- 

leukin-6 (IL-6) together with the soluble IL-6 
receptor (sIL-6R), which act solely through 
gp130, triggered astrocytic differentiation 
(Fig. 1B). These results suggest that ho- 
modimerization of gp130 in cortical precursor 
cells mimics the effects of the intact CNTFR. 
The CNTF-related cytokine LIF, which sig- 
nals through gp130 and LIFRP but does not 
use CNTFRa, also enhanced differentiation 
of cortical precursors into astrocytes (15). 
CNTF did not promote astrocytic differentia- 
tion of cortical precursor cells derived from 
mice in which the LIFRP gene was disrupted 
(LIFRP-I-) (Fig. 1C). By contrast, the 
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LIFRP-/- cortical precursor cells were re- 
sponsive to the addition of IL-6 and sIL-6R 
(Fig. 1C). These results suggest that gp130 
and LIFRP both contribute to CNTF induc- 
tion of astrocyte differentiation in vitro. 

CNTF and LIF can also induce astro- 
cytic differentiation of precursor cells de- 
rived from embryonic mammalian spinal 
cord (15, 18). The amount of GFAP ex- 
pression was reduced in LIFRP-/- mice 
compared with wild-type or heterozygous 
mice (15). The number of astrocytes in 
histological sections of the developing spi- 
nal cord of LIFRP-1- mice is also reduced 
(21 ). Thus, CNTF-related cytokines that 
act via LIFRP appear to contribute to the 
generation of astrocytes in the developing 
mammalian CNS. 

We investigated the mechanism by 
which CNTFR stimulation initiates the 
process of astrocyte differentiation. CNTF 
binding to CNTFRa induces sequential 

heterodimerization of LIFRP and gp130, 
which leads to tyrosine phosphorylation 
and activation of associated JAK tyrosine 
kinases (22-25). Once activated, the JAKs 
stimulate phosphorylation of the two P sub- 
units of the CNTFR on specific tyrosine 
residues, which then serve as docking sites 
for Src homology 2-containing signaling 
proteins including the STAT1 and STAT3 
transcription factors and the tyrosine phos- 
phatase SHP-2 (26). When phosphoryl- 
ated, four tyrosines within the COOH-ter- 
minus of gpl30 (Tyr767, Tyr814, Tyr905, and 
Tyr915) and three tyrosines within the 
COOH-terminus of LIFRP (Tyr981, TyrlOol, 
and Tyrlo2') bind to STAT3. Phosphoryl- 
ated Tyr759 within gp130 associates with 
SHP-2. Once associated with the CNTFR, 
the STAT proteins and SHP-2 become phos- 
phorylated and activated (26, 27). 

We determined the tyrosine residues 
within the p subunits of the CNTFR that 

are critical for the CNTF-induced differen- 
tiation response. The CNTFR was reconsti- 
tuted in cortical precursor cells by express- 
ing chimeric proteins that contain cytoplas- 
mic sequences of the p subunits of the 
CNTFR fused to the extracellular domains 
of receptor tyrosine kinases. We then deter- 
mined the effect on astrocyte differentia- 
tion of mutations of the specific SHP-2- or 
STAT-activatine tvrosine residues within - ,  

the cytoplasmic component of these chi- 
meric proteins. 

Chimeric proteins containing the cyto- 
plasmic domain of gp130 or LIFRP fused to 
the extracellular domain of the epidermal 
growth factor receptor (EGFR) or the NT-3 
receptor TrkC (28) were expressed in cor- 
tical precursor cells, and the ability of each 
chimeric protein to trigger astrocyte differ- 
entiation in response to EGF or NT-3 was 
assessed. The abilitv of these chimeric Dro- 

3 .  

teins to mediate ligand-induced activation 

Fig. 4. Requirement of the STAT-activating tyrosine residues within the f3 subunits of the CMFR for B 
CNTFR inchlbn of gliogenesis. (A) Reqlllrement of the STAT-dvathgj tyraaine resickres wiWn the $ 
su~oft t re~fwgpl90~dsstrocytedi f ferentSatkn.Cort icalculRres(E14+3DN) 9 
w s r e ~ e d ~ ~ l h e f f i ( e d ) a t h e E G d Y 2 - 5  (gh)plesmidtogetherwifhtth3cytomegelavirus 
( C M v ) - g - g a k t ~  plasrnld and then treated with EGF for 24 hours. CMtum were then analyzed 
by indirect irnmuno&(orescence for the pmmce of three antigens: p- @, c, f, d g), 
nestin (a c, e, and g), and GFAP (d and h) (40). The EG and the EGdY2-5 protehs medlgted EGF 
i m o f m e  ' ' of. , D l . O a n d 1 . 3 % o f ~ ~ c e l l s . T h e  " 
TG. TGdY2-5, ad TGY= = induaim ofastmyte MmntWm d, f 
ly,50,O,and55.3%ofbansfectedprearrsorcslls.TheELendudV35protelns~~ 
indwtimof- * of 58.5 and 6.7%dtmsfwW precmwcs9ls. The Hit end EGtY4 
p r o t e i n s ~ e d E G F ~ ~ ~ o f 9 . 5 e n d 9 0 . 4 % o f ~ e d ~  ' a -6 TG TGdms 
c&. (6) Requirement OftheSTAT~tIng tymdrw witMn the 8 subunits ofthe chm;RforCFmfdd 
i n d u c t i o n o f t h e G F A P ~ ~ . C o r t l c a l ~ ( E 1 7 + 3 D N ) w e r e ~ w i t h t h e h d i c a t e d  
chimericreoeptwstcrgetherw#htheGFAP~~~~gsneandthe~CATplesmidtoserveas 
an internal control for t w  effidency (41). The dY2-5 mutation si@hrW reduced the ebDay of 
theEG(n = 3 ; t W ,  P<O.O5)andTG(n = 8; ttest, P<O.Ol)prot&stornediate,respectively, EGF 
and NT-3 induction oftheGFAPpmmoter.ThedY3-5 rnutatbnalsoredumdtheabilityof EL@ = 3;t 
test, P c 0.05) to mediate EGF inc!wtbn of the GFAP promoter. The Y4 maW bxxaesed the a M y  of the 
EGt protein to tned&te EGF induction of the GFAP pfcmotw ( f ~  = 4, P < 0.01). 
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of a GFAP-reporter gene was also tested in entiation of precursor cells into astrocytes. mining the effects of two distinct dominant 
transient expression assays. The EG We tested the importance of the STAT interfering forms of STAT3 on CNTF-in- 
(EGFR-gpl30), EL (EGFR-LIFRP), and proteins in CNTF-induced differentiation duced astrocyte differentiation. The 
TG (TrkC-gpl30) chimeric receptors me- of cortical precursor cells directly by deter- STAT3F mutant protein can associate with 
diated astrocytic differentiation of trans- 
fected precursor cells (Fig. 2A) and activat- 
ed the GFAP promoter (Fig. 2B) in re- ng. Requirwnent for the 
sponse to the appropriate ligand (EGF or M-STAT signaling path- 
NT-3). Thus, when activated, each P sub- wa/ fw CMFR induction of 
unit of the CNTFR is capable of inducing GFAP ex~ressb in 
differentiation of cortical precursors into m c e l l s .  0 Tyrosine 
astrocytes. W o f J A K l .  190- 

tkaiysb of tyrosinephos- Substitution of Phe for Tyr759 (Yl-F) JAKl in 
within the gp130 component of the TG E17 cul- 
protein, which selectively impairs its ability tures were unstjmu- 
to activate SHP-2 in cell lines, did not latd me 1 ) ~ -  
impede astrocyte differentiation triggered CNTF(IOO ng/ml) for 10 min 
by TG (Fig. 2A). By contrast, the EGdY2-5, (lane2)(42).Nun1b~~cnleff 
TGdY2-5, and ELdY3-5 proteins in which are ~~~. (6) Tyrosine 
the four STAT-activating tyrosines within of STAT1 

gp130 or the three STAT-activating ty- ("1 and STAT3 F3) in 
sponse to CNTFR sthnula- rosines within LIFRP were deleted failed to m. LysatBS of wrtical trigger differentiation of cortical precursor that were leff un- 

cells into GFAP-positive astrocytes and wed 4) 
failed to stimulate the GFAP promoter ef- were with 
fectively (Fig. 2, A and B). Another EG ( 1 ~ @ m 1 f w 1 5 m i n ; ~  
chimeric protein (EGt) failed to mediate 2and5) orll-6 + slL-6R@O 
astrocytic differentiation of cortical precur- and 25 Wml for 15 M; 
sor cells because of a truncation of gp130 b 3 d 6 ) m s e p e r e t -  
that removed all five COOH-terminal ty- ed by pro* 
rosine residues. However, appending a sin- were im- with 

an antisem to @mphy- gle STAT-activating gp130 tyrosine motif lated STAT1 
with the sequence Tyr-Leu-Pro-Gln to the lanes to (37) or 
EGt protein conferred to the chimeric pro- 3 ~ ~ 3  (43) 
tein the ability to mediate EGF-dependent (1 :7500; lanes 4to q. ~nt i -  
astrocytic differentiation of cortical precur- body b ~ n g  wtrs 
sors and to activate the GFAP promoter ash  w. (C) cubed a@i- 
(Fig. 2, A and B). These findings suggest cal w r w  a El4 + 
that the STAT-activating tyrosines within 3 w) - left 
the p subunits of the CNTFR are necessary (a and b, or were stirnu- 
to promote differentiation of cortical pre- lated with CNTF (1 00 nghl 

cursor cells into astrocytes. 
for 15 min; c to e) &' 
~ t o i n d i r e c t b r m u -  

CNTF induced tyrosine phosphorylation Muo. with anti- 
of JAK1, an event that correlates with its b e  to phospholykded 
activation (Fig. 3A). CNTFR stimulation . ~ A T I  (1 :1000; a, c, ande) 
also induced rapid tyrosine phosphorylation and a monoclonal antibody 
of both STATl and STAT3 (Fig. 3B). to nestin (1 : 1 W  b, d, and I 
Consistent with the idea that CNTF acts el (4 45). (D) The m~~ ligand-s~edfic Mu&n E !p'!p! 

' . E 1 7 t m t i c a l ~ w e r e M e d  
- '- '. * 

directly on cortical precursor cells, CNTF- OfSTAT- .4 

induced tyrosine p ~ o s p ~ o ~ ~ a t i o n  of a =a to c) the ~ 2 - 5  (d to f)  1 
protein together with a p-galactmidm expm&m @amid. Tramfded STATl and STAT3 occurred in a large with H;F(30 mlb mh)and thsn 

fraction (30 to 60%) of cells expressing by indirect immunoRuorescence with to -d 
markers of cortical precursor cells but not in  STAT^ (1 : 1 ~ ;  a, ,-., d, and f) a a n t j w t o  p w e  
neurons (Fig. 3C). The ability of the vari- am) (1 : 300; b, c, e, andf). point tocellsthat d i y  
ous chimeric receptors to elicit astrocyte -ed STAT3 and p - d  immunoffuwescence. AI 

ability to trigger STAT tyrosine phospho- cur= cells. S h k r  re&s obtained d b c d k ~  to phosphoryl- 
differentiation correlated directly with their cells that contdned phoq&qMed STAT3 eipwsed markets of pre a 

were localized predominantly in the nucleus 

t 
rylation in transfected cortical precursor atd STAT1. F l ~ ~  of mM.- ~Jrfferentiati0i-1 by 8 a 
cells (Fig. 3D). Phosphorylated STATs intm of STAT3. arm were trans- 

fected wkh a control vector plasmid (EF-CAT) or an (qx&cr~ plasmid 
containing STAT3, STAT3F, or STAT30 togelhar with the CMV-pgalac- of CNTF-treated cortical precursor cells, tosidase Culhlres were traed with CMF (100 @,,,, fw 24 

which suggests that they are capable of how. fixed and as in F ~ ~ .  2~. STAT3F and I L  CaMfd STAT3 STAl3F S T m  
activating transcription. These results sug-  STAT^^ reduced s i g m w  = 3; MA, p < 0.05) m m  
gest that the JAK-STAT signaling pathway diffemiath of transfected preaKsor cells. For consbucts in the absence of CNTF t r w m  ~ 5 %  of the 
has an important role in promoting differ- M t e d  precursor C M I C W - I ~  into astncyta. 
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the tyrosine-phosphorylated CNTFR but is 
not phosphorylated or activated because of 
the substitution of Tyr705 with Phe (29). 
STAT3F is thus thought to interfere with 
CNTFR activation of endogenous STATs 
by inhibiting their recruitment to the P 
subunits of the CNTFR. STAT3D contains 
a mutation in its DNA-binding domain 
that inhibits its binding to specific DNA 
sequences (29). Therefore, STAT3D inter- 
feres with the action of endogenous STATl 
and STAT3 by forming heterodimers with 
these proteins, which then fail to bind their 
cognate DNA-binding sites within CNTF- 
responsive genes. Both STAT3F and 
STAT3D blocked significantly the ability 
of CNTF to induce astrocytic differentia- 
tion of cortical precursor cells and to acti- 
vate the GFAP promoter (Fig. 3E) (15,30). 
These results indicate that activation of the 

JAK-STAT signaling pathway is critical for 
the ability of the CNTFR to promote dif- 
ferentiation of cortical precursor cells into 
astrocytes. 

We also investigated the mechanism by 
which tyrosine-phosphorylated STATs in- 
duce cortical precursor cells to differentiate 
into astrocytes. Because CNTF induction of 
STAT tyrosine phosphorylation occurred 
with rapid kinetics that preceded CNTF- 
induced expression of GFAP protein and 
mRNA (Fig. 4, A and B), and because the 
GFAP promoter is responsive to CNTF, we 
considered the possibility that the GFAP 
gene might contain STAT-binding sites 
within its regulatory region (31 ). We iden- 
tified a potential STAT-binding site (TTC- 
CGAGAA) in both the rat and human 
GFAP promoters (32, 33); 5' deletion anal- 
ysis revealed that a 204-base pair region of 

the GFAP promoter encompassing the po- 
tential STAT-binding site has a critical role 
in mediating CNTFR-induced transcription 
of the GFAP gene (Fig. 4C). A protein 
complex that binds this fragment of the 
GFAP promoter was identified in nuclear 
extracts of CNTF-treated cortical cultures 
but not of untreated cultures (Fig. 4D). The 
complex was supershifted by monoclonal 
antibodies to STATl or STAT3. A muta- 
tion in the STAT DNA-binding sequence 
that disrupted the binding of STATl and 
STAT3 (Fig. 4D) blocked completely the 
ability of CNTF to activate GFAP promot- 
er-driven reporter gene expression (Fig. 
4C). Thus, CNTF induction of GFAP tran- 
scription is mediated by STATs binding to 
a specific site within the GFAP promoter. 

In addition to activating the JAK-STAT 
signaling pathway in cortical precursor 
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Fig. 4. Activation of transcription of the GFAP A CNTF (mln) B 
gene by STAT1 and STAT3. (A) STAT tyrosine 0 5 15 30 60 120 360 CNTF CNTF (hours) 
phosphorylation occurred with rapid and pro- .-..~ ~- ~ 

- 0 2 4 6  
longed kinetics in cells treated with CNTF that 
preceded expression of GFAP mRNA and protein 
shown in (B). Lysates of El7 cortical cultures that 89- 

were untreated or stimulated with CNTF for the 
indicated times were separated by PAGE and pro- 'I2- 77- 
teins were immunoblotted with the antiserum to C 

phosphorylated STATl (1 : 10,000) or a rabbit an- -PSTATI 61- , ~ F A P  -GFAP 

tiserum that recognizes STATl regardless of its 8g 
tyrosine phosphorylation status (27) (1 : 5000). An- 
tibody binding was detected by ECL (Amersham) 41- 
with a secondary antibody conjugated to horse- -STAT1 1 2  
radish peroxidase. (B) CNTF induced the expres- 
sion of GFAP protein and mRNA. Lysates of El 7 8 6  
cortical cultures that were unstimulated (lane 1) or 1 2 3 4 5 6 7  -GAPDH 
treated with CNTF (100 ng/ml for 3 days; lane 2) 
were separated by PAGE and proteins were im- 
munoblotted with a monoclonal antibody to GFAP 
(BMB) diluted 1 : 1000. Antibody binding was de- 
tected by ECL with a secondary antibody conju- 
gated to horseradish peroxidase, RNA was isolat- l 5 O C  
ed from cortical cultures that were unstimulated or 
treated with CNTF forthe indicated time (right) and 2 - 1.25 analyzed by Northem blot analysis (46) with a 
GFAP cDNA probe or a glyceraldehyde-6-phos- 
phate dehydrogenase (GAPDH) cDNA probe. (C) - 

1 2 3 4  

D 
CNTF 

- + + + + +  - + 

n a 
- 4 4  

I I F ~ G G  I I 

n .- . - 3l 
- 

-C 
Deletion analysis of activation of the GFAP pro- ~1 A7 ~6 A5 ~3 ~2 AI  MU^ b k -C.Ab w 
moter (shown as fold induction). Cortical cuttures -C 

were transfected with the wild-type A1 GFAP lu- -1876 -1546 -1342 -1049 -384 -106 
A 1 5 '  ; 

ciferase reporter gene, with the indicated mutant 
I- , LUC (deletions A7 to A2) or with the A1 Mut plasmid bf4 1 1-7 

together with the EF-CAT plasmid. CNTF activa- , Luc 
1 i, 

A5 1-n tion of the GFAP promoter was reduced signifi- 
cantly with A6, A5, A3, A2, or the Almut (n = 3; 
ANOVA, P < 0.01) compared with A1 . (D) Binding 

A1 Mul 
of CNTF-activated STAT1 and STAT3 to a specific 
site within the GFAP promoter (47). The -1 546 to 
- 1342 fragment of the GFAP promoter was incubated with nuclear extracts prepared from cortical 
cultures that were left untreated (lanes 1) or treated with CNTF (100 ng/ml, 15 min; lanes 2 to 6). 

@ C )  -p 

Reaction mixtures also included an antibody to STAT1 (S1 Ab) (lane 5; Transduction laboratories), an 
antibody to STAT3 (S3 Ab) (lane 6; Transduction laboratories), excess unlabeled wild-type (WT) probe 7 8 
(100 times the labeled probe; lane 3), or the probe with the mutation (Mut) in (C) (lane 4). The mutant 
probe was also incubated with nuclear extracts of untreated or CNTF-treated cortical cultures (lanes 7 4.) * .) -P 

and 8). The specific protein-DNA complex C, the supershifted C complex (C.Ab), and the probe (P) are 
indicated. 1 2 3 4 5 6  



cells, CNTF also stimulated tyrosine phos- 
phorylation of mitogen-activated protein 
kinase (MAPK) in cortical cultures (Fig. 
5A), an event that correlates with its acti- 
vation. However, inhibition of CNTF in- 
duction of MAPK by expression of a dom- 
inant interfering form of MAPK kinase 
(MKK,,,) actually augmented CNTF in- 
duction of the GFAP promoter (Fig. 5B). 
These results suggest that CNTFR activa- 
tion of the Ras-MAPK signaling pathway 
opposes the JAK-STAT signaling pathway 
in promoting gliogenesis and raise the pos- 
sibility that the Ras-MAPK signaling path- 
way may be important for proliferation of 
cortical precursor cells or their differentia- 
tion into neurons. 

The findings presented in this study in- 

- - 3 PMAPK 
39.5 - 

Vec*or control AIKK,,,. 

Fig. 5. CNTF-activated MAPK inhibits CNTF in- 
duction of GFAP expression. (A) CNTF induces 
tyrosine phosphorylation of MAPK. Lysates from 
cultures of El 7 cortical cells that were unstimu- 
lated (lane I), treated with CNTF (1 00 ng/rnl for 30 
min; lane 2), or treated with NT-3 (50 ng/rnl for 30 
min; lane 3) were separated by PAGE and imrnu- 
noblotted with a rabbit antiserum that recognizes 
p42 or p44 MAPK that is phosphorylated at Tyr204 
(NEB) at a dilution of 1 : 1000. Antibody binding 
was detected by ECL (Arnersham) with a second- 
ary antibody that was conjugated to horseradish 
peroxidase. Numbers on left are kD. (B) A dorni- 
nant interfering form of MAPK kinase (MKK) aug- 
ments CNTF induction (fold) of the GFAP prornot- 
el. Cortical cultures (El7 + 3 DIV) were trans- 
fected with A1 GFAP luciferase reporter gene and 
an expression plasrnid containing a dominant in- 
terfering form of MKK ( M K L , , )  or the parent 
pcDNA3 expression vector. Transfected cultures 
were left untreated or treated with CNTF (1 00 ng/ 
rnl for 12 hours). MKK,,, increased significantly 
the ability of CNTF to stimulate reporter expres- 
sion (P < 0.05; n = 3). 

dicate that CNTFR stimulation contributes 
to gliogenesis in the developing mammalian 
CNS. The importance of GFAP expression 
for astrocyte differentiation was demon- 
strated in mice in which the GFAP eene 
was disrupted. These mice display abnor- 
malities in develo~ment of the blood-brain 
barrier and white matter; they also manifest 
deficient adaptive responses of the nervous 
system (34-36). In addition to GFAP, 
CNTFR-activated STATs may stimulate 
expression of other genes that contribute to 
the differentiation of astrocytes. Because 
activation of the STAT proteins does not 
elicit astrocyte differentiation in proliferat- 
ing cells outside the nervous system, STAT 
proteins may cooperate with other tran- 
scri~tion factors that are s~ecificallv ex- 
pressed in cortical precursor cells to initiate 
a program of gene expression that promotes 
gliogenesis. 
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Peripheral and Cerebral Asymmetries in the Rat 
Nicholas P. LaMendola and Thomas G. Bever* 

Rats learn a novel foraging pattern better with their right-side whiskers than with their 
left-side whiskers. They also learn better with the left cerebral hemisphere than with the 
right hemisphere. Rotating an already learned maze relative to the external environment 
most strongly reduces right-whisker performance; starting an already learned maze at 
a different location most strongly reduces left-whisker performance. These results sug- 
gest that the right-periphery-left-hemisphere system accesses a map-like representa- 
tion of the foraging problem, whereas the left-periphery-right-hemisphere system ac- 
cesses a rote path. Thus, as in humans, functional asymmetries in rats can be elicited 
by both peripheral and cortical manipulation, and each hemisphere makes qualitatively 
distinct contributions to a complex natural behavior. 

Cerebral and peripheral sensory-motor asym- 
metries in humans have been a central theo- 
retical tonic in coenitive neuroscience for 

0 

more than a century. Today's theories of 
asvmmetries converge on three main ideas. " 

First, asymmetries can involve a general hemi- 
sphere dominance for particular skills (1)  [for 
example, left hemisphere (LH) specialization 
for language and right hemisphere (RH) for 
visionl. Second, asvmmetries involve an  at- 
tentional effect on ;he contralateral periphery 
(2)  (for example, superiority for many lan- 
guage tasks in the right visual field and for 
many visual tasks in the left visual field). 
Third, although one hemisphere may be gen- 
erally dominant for a particular behavioral 
domain, each hemisohere still contributes a 
specific kind of processing to it (3)  (for exam- 
ple, in vision the left hemisphere accesses 
categorical information, and the right hemi- 
sphere accesses metric information). There 

may be a general computational basis for such 
fi~nctional hemispheric asymmetries. Recent 
network models have shomn that computa- 
tional systems perform better 011 complex 
problems if they segregate them into subprob- 
lems that differ in a natural way; this segrega- 
tion occurs automatically in systems mith par- 
tially segregated subsystelns of different com- 
putational configurations (4). 

T h e  general computational view of the  
basis for asymmetries suggests that animals 
other than humans may have behavioral 
and cerebral asymmetries (5). Indeed, some 
birds and simians have unique lnechanis~ns 
for specific communicative behaviors in the  
left hemisphere (6). T h e  rat offers a u s e f ~ ~ l  
case study for research relevant to the gen- 
eral basis for human asymmetries; rats are 
neither as biologically distant from humans 
as birds nor as close as simians. Individual 
rats, i n  fact, exhibit some neurophysiologi- 
cal and hehavioral asymmetries (?);'how&- 
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