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Recruitment and Activation of PTPI C in Negative 
Regulation of Antigen Receptor 

Signaling by Fcy RllBl 
Daniele D'Ambrosio, Keli L. Hippen, Stacey A. Minskoff, 

Ira Mellman, Giovanni Pani, Kathy A. Siminovitch, 
John C. Cambier* 

Coligation of the Fc receptor on B cells, FcyRIIBl, with the B cell antigen receptor (BCR) 
leads to abortive BCR signaling. Here it was shown that the FcyRllBl recruits the phos- 
photyrosine phosphatase PTPl C after BCR coligation. This association is mediated by 
the binding of a 13-amino acid tyrosine-phosphorylated sequence to the carboxyl- 
terminal Src homology 2 domain of PTPl C and activates PTPI C. lnhibitory signaling and 
PTPI C recruitment are dependent on the presence of the tyrosine within the 13-amino 
acid sequence. lnhibitory signaling mediated by FcyRllBl is deficient in motheaten mice 
which do not express functional PTPI C. Thus, PTPI C is an effector of BCR-FcyRIIBl 
negative signal cooperativity. 

F o r  decades it has been known that im- 
mune complexes consisting of antigen and 
immunoglobulin G (IgG) antibodies are po- 
tent inhibitors of humoral immune respons- 
es ( I ). Immune complex-mediated inhibi- 
tion of antibody poduction has been shown 
to depend on  coligation of BCR and the 
receptor for the Fc region of IgG (FcyRIIBl) 
and does not result from independent liga- 
tion of the FcyRIIBl (2). Studies indicate 
that FcyRIIBl coligation aborts the immune 
response at the level of BCR signal trans- 
duction. BCR signal transduction is med- 
iated by the rapid activation of Src and Syk 
family tyrosine kinases ( 3 ) ,  augmented pro- 
tein tyrosine phosphorylation (4), phospho- 
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inositide hvdrolvsis. and elevation of the , , ,  
cytoplasmic free calcium concentration 
([Caz+],), which result in B cell prolifera- 
tion, differentiation, and antibody secretion 
(5). Coligation of BCR and FcyRIIBl leads 
to the premature termination of inositol 
trisphosphate (IP3) production (6), inhibi- 
tion of the extracellular Ca2+ influx (7) ,  
and blockade of blastogenesis (8). 

FcyRIIBl is the only receptor for IgG Fc 
domains that is detectable on  the surface of 
B lymphocytes (9). Mutational analysis of 
this receptor has revealed that a 13-amino 
acid motif in  the cvtonlasmic domain is , A 

required for negative signaling (1 0). Muta et 
al. showed that this 13-amino acid se- 
quence mediates inhibitory signaling when 
it is expressed in an inert receptor context, 
that phosphorylation of Tyr30"n this 13- 
amino acid "inhibitor" sequence follows 
BCR coligation, and that this tyrosine is 
essential for FcyRIIBl-mediated inhibitory 
signaling (1 1).  Although this sequence has 
only been described in a single receptor, it is 
operationally termed ITIM (immune recep- 
tor tyrosine-based inhibitor motif) in this 
report. It seemed plausible, given the doc- 

umentation in many systems of protein 
phosphotyrosine interaction with SH2 do- 
mains (12), that this inhibitory signaling 
might be mediated by FcyRIIBl recruit- 
ment of one or more effectors which bind 
by means of their SH2 domains to the 
p h ~ s p h o r ~ l a t e d  Tyr309 in the ITIM. 

T o  identify such a hypothetical effector 
we used synthetic nonphosphorylated and 
tyrosine-phosphorylated (designated by the 
prefix "p") ITIM peptides with the se- 
quence EAENTIT(p)YSLLKH to isolate 
binding proteins in lysates of [35S]methi- 
onine-labeled A20 cells (13). Three pro- 
teins, of 160, 70, and 65 kD, bound to 
pITIM but not to nonphosphorylated ITIM 
(Fig. IA).  These proteins were purified 
from 5 X lo9 A20 cells by pITIM affinity 
chromatography and subsequent elution 
with p-nitrophenyl phosphate (pNPP is a 
phosphotyrosine analog), followed by SDS- 
polyacrylamide gel electrophoresis (PAGE) 
fractionation and membrane transfer as de- 
scribed (14), and subjected to sequence 
analysis. The  NH,-terminal 17-amino acid 
sequence of the 65-kD protein was found to 
be a perfect match for the phosphotyrosine 
phosphatase PTPlC,  also known as HCP, 
SHP, or SH-PTPl (15). W e  confirmed the 
identity of the protein by immunoblotting 
with antibody to P T P l C  (anti-PTPlC) 
(Fig. 1B). Equal amounts of P T P l C  were 
present in pITIM peptide adsorbates of un- 
stimulated A20 cells, A20 cells stimulated 
with rabbit antibody against membrane im- 
munoglobulin (mIg), and A20 cells stimu- 
lated with F(abl), fragments of the antibody 
(Fig. IB). This suggests that the association 
of P T P l C  with FcyRIIBl does not require 
BCR-induced modification of the enzyme. 

T o  address the physiological relevance of 
the FcyRIIBI-PTPIC interaction, we deter- 
mined whether this association occurs in 
cells. Using the monoclonal antibody 2.462 
we immun~preci~i tated FcyRIIBl from un- 
stimulated A20 cells and from A20 cells 
that had been stimulated with intact or 
F(abl), rabbit anti-mIg (1 6). Sequential im- 
munoblotting of SDS-PAGE-fractionated 
material with anti-FcyRIIB, anti-phospho- 
tyrosine, and anti-PTPlC showed inductive 
FcyRIIBl tyrosine phosphorylation (Fig. 
1C) and P T P l C  co-immunoprecipitation 
(Fig. 1E) only in cells stimulated with intact 
anti-mIg. Stimulation had no effect on  the 
amount of FcyRIIBl immunoprecipitated 
(Fig. ID). The stimulation with F(abt), an- 
ti-mIg did not induce FcyRIIBl tyrosine 
phosphorylation or P T P l C  association (Fig. 
1, C and E). In similar experiments per- 
formed with IIA1.6 cells [an FcyRIIBl-neg- 
ative variant of the A20 cell line (17)] 
neither tyrosine-phosphorylated protein nor 
P T P l C  coprecipitation with the 2.462 an- 
tibody was detected (18). These data dem- 
onstrate that BCR-FcyRIIB1 coligation is 
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necessary for FcyRIIBl tyrosine phosphoryl- 
ation and association with PTPlC, and 
therefore suggest that tyrosine phosphoryl- 
ation of FcyRIIBl leads to the recruitment 
of PTPlC to the activated BCR complex. 

Having identified the tyrosine-phospho- 
rylated ITIM as the FcyRIIBl binding site 
for PTPlC, we next investigated the site 
within PTPlC which mediates this interac- 
tion. PTPlC contains two adjacent SH2 
domains (15) (herein referred to as NH2- 
and COOH-terminal) which could mediate 
pITIM binding. Association of this phos- 

phatase with tyrosine-phosphorylated c-Kit 
and with the p chain of the interleukin-3 
(IL-3) receptor via the interaction of the 
NH2-terminal SH2 domain with phosphoty- 
mine has recently been reported (19, 20). 
To map the PTPlC binding site for the 
pITIM, we used g1utathione-S-transferase 
(GST) fusion proteins of the PTPlC SH2 
domains expressed together or separately to 
adsorb lysates of A20 and IIA1.6 cells that 
were unstimulated or stimulated with intact 
or F(abl), anti-mIg. Immunoblotting with 
anti-phosphotyrosine revealed that a num- 

Fig. 1. Association of PTPl C Umt. Anti-mlg Unst. Anti-rnlg 
with tyrosine-~hosphorylat- A ' Y n t a c t  F(abU), ' B ' " -- Intact F(ab8), ' 
ed FcyRIIB1 mM. A20 B -- 

I ~ M  p l n ~  ~TIM ~ ~ T I M  ~TIM ~ ~ T I M  i n ~  p i n ~  I ~ M  ~ ~ T I M  ~TIM ~ ~ T I M  
lymphoma cells were cul- 215 
turd or F(abl), stimubted without rabbit stimulus with antibody intact (unst.) to or 105-r:i71 
mlg (anti-mlg). (A and B) Ly- 71 2 ~ 7 0 -  
sates of [j5S]methiiine- p65 * 
labeled A20 cells were incu- 43 
bated with nonphosphory- 
lated m M  and tyrosine- 
phosphorylated plTlM pep- 
tide. (C -to E). FC~RIIEI  28L (FcR) was immunoprecipi- - 4  I 

135S1Methionine 
tated from A20 cell lysates. Anti-PTPlC 

The peptide adsorbates Unst. Anti-mlg 
were eluted with SDS re- 
ducing sample-buffer, frac- 
tionated by SDS-PAGE, Unst. Anti-rnlg 
and transferred to Immo- E - 
bilon-P membranes, and 105 ..Cg 
then the membranes were - 
subjected to autoradiogra- 
phy (A) or immunoblotting 
with anti-PTP1 C (B). Immu- 
noprecipitates were eluted 43 Anti-PTP1 C 
with formic acid and simi- Anti-FcR 
larly fractionated and trans- 
ferred to membranes that 
were subjected to sequen- 
tial immunoblotting with an- Anti-pTyr 
ti-phosphotyrosine (anti- 
pTyr) (C), anti-FcyRIIB (D), and anti-PTPlC (E) (74). Arrows indicate the positions of prrlM peptide 
adsorbed proteins of 160, 70, and 65 kD in (A), and the positions of FcyRIIB1 , PTPlC, and the light 
chain (L) of the precipitating antibody in (C) to (E). Positions of molecular size markers are indicated to 
the left in kilodaltons. 

Fig. 2 Interaction of PTPlC with tyrosine- , N-C.SH2 N-S~GSH;  NZ-SHZ 

phosphorylated FcyRIIB1 is mediated by the m 

COOH-terminal SH2 domain of PTP1 C. Glu- 
tathione Sepharosebound GST fusion pro- 
teins containing the PTPlC NH,- and 
COOH-terminals (N-SH2 C-SH2) or only the 
NH2- or the COOH-terminal SH2 domains 
(N-C-SH2) were used to adsorb detergent 
lysates of A20 cells that had been cultured 
without stimulus or stimulated with intact or 
F(abl), anti-mlg (left panel). Alternatively, the - - -  
tandem SH2 domain fusion protein was 
used to adsorb lysates of 11141.6 cells which Anti-pTyr Anti-pTyr 
had been cultured without stimulus or stim- 
ulated with intact anti-mlg (right panel) (27). All adsorbates were fractionated by SDS-PAGE and trans- 
ferred to Immobilon-P membranes which were subjected to anti-phosphotyrosine (anti-pTyr) immuno- 
blotting. The arrow indicates the position of FqRIIB1. Positions of molecular size markers are indicated 
to the I& in kilodaltons. 

ber of tyrosine-phosphorylated proteins were 
precipitated (Fig. 2). FcyRIIBl was precipi- 
tated by fusion proteins containing both 
SH2 domains, or the COOH-terminal but 
not the NH2-terminal SH2 only, after BCR- 
FcyRIIBl coligation in A20 but not in 
IIA1.6 cells. Binding studies with pITIM 
peptide and PTPlC fusion proteins also 
showed direct binding to the COOH-termi- 
nal SH2 domain of PTPlC (18). 

FcyRIIBl may mediate inhibitory signal- 
ing by modulating PTPlC activity or by 
translocating active enzyme to the BCR 
complex, or by both means. Studies of the 
related phosphHtase PTPlD have shown that 
its activity can be regulated by tyrosine phos- 
phorylation of the enzyme (21) as well as by 
binding of the NH2-terminal SH2 domain to 
phosphotyrosine pTyrlOOg within the plate- 
letderived growth factor (PDGF) receptor 
(22). Although PTPlC is reportedly ty- 
rosine-phosphorylated as a result of c-Kit 
ligation, colony-stimulating factor 1 (CSF-1) 
stimulation, and C W  or CD8 cross-linking 
on thymocytes (1 9,23), we have not detect- 
ed consistent tyrosine phosphorylation of 
PTPlC in response to BCR-FcyRIIBl coli- 
gation. To examine the effect of receptor 
coligation on PTPlC activity, we first as- 
sayed the phosphatase activity of PTF'lC 
immunoprecipitated from unstimulated A20 
cells and A20 cells stimulated with intact or 
F(abl), anti-mIg. There was no significant 
modulation of the phosphatase activity upon 
stimulation. These findings suggested that 
PTPlC activity may not be regulated by 
BCR-FcyRIIBl coligation-dependent sig- 
naling. However, it seemed possible that po- 
tential regulation resulting from the binding 
of SH2 to phosphotyrosine might be lost 
during immunoprecipitation because of com- 
plex dissociation (24). 

The activity of isolated PTF'lC was as- 
sayed in the presence or absence of pITIM 
peptide by measuring the release of 32P from 
the phosphorylated Fyn autophosphoryl- 
ation site peptide. PTPlC was isolated by 
pITIM peptide affinity chromatography and 
elution with pNPP. After removing pNPP by 
dialysis, we incubated PTPlC with nonphos- 
phorylated or tyrosine-phosphorylated ITIM 
or control peptides. The pITIM peptide 
caused more than a fivefold increase in the 
specific activity of the enzyme (Fig. 3). The 
nonphosphorylated ITIM did not affect ac- 
tivity, whereas other tyrosine-phosphorylat- 
ed peptides [Iga and FcERI-P immune re- 
ceptor tyrosine-based activation motifs 
(ITAMs)] significantly inhibited the release 
of 32P, presumably by means of substrate 
competition (Fig. 3). The lack of a substrate 
competition effect by the pITlM peptide is 
consistent with the finding that thii peptide 
acted as a poor PTPlC substrate in paral- 
lel experiments. Thus, the association of 
PTPlC with the tyrosine-phosphorylated 
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FcyRIIBl is potentially important not 
only for recruitment of the phosphatase to 
the FcyRIIBl, but also for regulation of its 
activity. 

It has been reported that phosphoryl- 
ation of the tyrosine in the ITIM is required 
for FcyRIIBl inhibitory signaling (1 1 ), 
which would be consistent with an essential 
role for PTPlC in this function. To extend 
this correlation, we investigated the bind- 
ing of PTPlC to a mutated FcyRIIBl which 
lacks the ITIM tyrosine. Truncated 
FcyRIIBl receptors retaining the wild-type 
ITIM (CT314 WT) or with a tyrosine-to- 
alanine (Y+A) substitution in the ITIM 
(CT314 Y309A) were expressed in IIA1.6 
cells (Fig. 4, A to C), and tyrosine phos- 
phorylation, PTPlC binding, and the abil- 

Fig. 3. Up-regulation of PTPlC act~ty by the 
tyrosine-phosphorylated FcyRllBl mM. Sepha- 
rose beads conjugated to synthetic tyrosine- 
phospholyhted plTlM peptide were used to ad- 
sorb lysates of A20 cells. The pNM-bound 
PTPlC was eluted with pNPP in phosphatase 
buffer, and pNPP was removed by dialysis. The 
Fyn autophosphorylation site peptide [RRLIED- 
NE(p)MARQGA] was used as the substrate in the 
phosphatase assay. The release of 32P from the 
substrate was determined (29) in the absence or 
presence of various amounts of nonphosphoryl- 
ated or tyrosine-phosphorylated FcyRllB ITlM 
peptide, or tyrosine-phosphorylated Ig-a and 
FceRI-f3 ITAM peptide (28), respectively, with the 
amino acid seauences ENL(dYEGLNLDDC- 

ity of these transfected receptors to inhibit 
Ca2+ mobilization after coligation with the 
BCR was assessed. Stimulation with F(abl), 
anti-mIg of IIA1.6 cells expressing the 
CT3 14 WT induced a prolonged increase of 
[Ca2+],, which was significantly reduced in 
duration when stimulation was performed 
with intact anti-mIg (Fig. 4, D and E). 
These results indicated that the truncation 
does not significantly impair the previously 
described FcyRIIBl inhibition of extracel- 
lular Ca2+ influx (7). This Fc receptor was 
tyrosine-phosphorylated (Fig. 4F, panel a) 
and bound PTPlC (Fig 4F, panel c). In 
contrast, IIA1.6 cells expressing CT3 14 
Y309A showed similar late phase Ca2+ mo- 
bilization after stimulation with intact or 
F(abl), anti-mIg (Fig. 4, D and E), indicat- 

0 2,500 5,000 7,500 10 
a2P release (cpm) 

ing that the tyrosine of the ITIM is essential 
for complete inhibition of Ca2+ mobiliza- 
tion. However, a modest inhibition of Ca2+ 
mobilization was still detectable in response 
to BCR coligation with the CT314 Y309A 
mutant (Fig. 4E), suggesting that other re- 
gions within the cytoplasmic domain may 
play a role in FcyRIIB1-mediated negative 
signaling. Alternatively, the nonphospho- 
rylatable ITIM may still interact to some 
degree with PTPlC or other effectors. The 
CT314 Y309A receptor was not phospho- 
rylated and did not bind PTPlC after BCR 
coligation (Fig. 4G). These data indicate 
that tyrosine phosphorylation of the ITIM 
is important for PTPlC association as well 
as FcyRIIB 1 -mediated negative signaling, 
suggesting that PTPlC action is necessary 
for FcyRIIBl function. However, on the 
basis of the data presented above, it is still 
possible that the requirement for Ty209 
may reflect a need to interact with some 
other pITIM binding proteins, for example, 
the 160- or 70-kD proteins. This question 
can only be addressed by analysis of 
FcyRIIBl function in a PTPlC-negative 
cellular context. 

A complete or partial lack of expression 
of PTPlC has been reported in the moth- 
eaten (me/me) and the motheaten viable (mev/ 
mev) mouse, respectively, where it appears 
to constitute the molecular basis of the 
immune system dysregulation (25). The 
mechanism by which the lack of PTPlC 

SM(p)YEDI and DRL(~)YEELNHV(~)YSPI(~)YSEL. The data are representative of three independent causes aberrant immune function in the 
experiments performed in duplicate. The bars reflect the range of the values obtained in a represen- motheam mouse is obscure, but studies de- 
tative experiment. scribed here suggest that a deficiency of 

IIM .6 nntnnrlse(rd B IlAl.6 m l 4  Wr c 1141.6 CT314 Y3WA G 

FcyRIIB1 axpmctlon (flwrsror~ce Intantlty: 4 decades log t a l a )  

Fig. 4. Correlation of 
FqRIIB1 inhibitory function 
with tyrosine phosphoryla- 
tion of the FcyRIIB1 lTlM and 
association with PTPlC. 
Cell surface expression of Anli-PTPIC 

,C" 

FcyRllBl (Ato C) and induc- ,_ i 

tion of cytoplasmic Ca2+ 
mobilization by F(abl), 
(- - - -) or intact (-) 

anti-mlg stimulation (vertical 0 15 0 15 
arrow) (D and E). llA1.6 cells nmr (min) 
were either untransfected (A) 
or transfected with FcyRIIB1 bearing a cytoplasmic tmncation at amino acid Formic acid-eluted FcyRIIBl immunoprecipitates were fractionated by SDS- 
residue 31 4 (CT314 WT) (B and D) or transfected with FcyRllBl bearing a PAGE and transferred to Immobilon-P membranes which were then subjected 
cytoplasmic truncation at amino acid residue31 4 and in which t h e T y  of the to immunoblotting with anti-phosphotyrosine (anti-pTyr) (panel a), anti- 
rrlM was substituted with alanine (CT314 Y309A) (C and E) (30). CT314 WT (F) FcyRllBl (anti-FcR) (panel b), and anti-PTP1 C (panel c) as described for Fig. 1. 
and CT314 Y309A (G) FcyRllBl were immunoprecipitated from IIA1.6-trans- The positions of FcyRIIB1 and PTPl C are indicated by arrows. The positions of 
fected cells unstimulated (Unst.) or stimulated with intact or F(abl), anti-mlg. molecular size markers were indicated to the left in kilodaltons. 
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P T P l C  could exert its effects by impairing 
FcyRIIB1-mediated negative regulation of 
B cell function. The  hyperimmunoglobu- 
linemia and production of multiple autoan- 
tibodies reported in the motheaten mouse 
suggest that the immune system fails to 
control B cell activation ( 2 6 ) ,  which is 
consistent with a deficit in negative regula- 
tion via FcyRIIBl. 

T o  analyze the function of FcyRIIBl in 
the motheaten mouse, we isolated splenic B 
cells and measured Ca2+ mobilization in 
response to BCR ligation or BCR-FcyRIIB1 
coligation. These experiments revealed that 
B cells from motheaten mice were greatly 
hyporesponsive even to F(abf),-mediated 
BCR ligation when compared with age- 
matched normal littermates. The coligation 
of FcyRIIBl resulted in a diminished Ca2+ 
mobilization in the normal but not in the 
motheaten mouse B cells, consistent with our 
hypothesis. However, the interpretation of 
these experiments was difficult because of 
the reduced Ca2+ mobilization in response 
to all stimuli seen in the motheaten mouse B 
cells. As an alternative approach to analyz- 
ing the role of P T P l C  in FcyRIIBl func- 
tion, we compared the proliferative respons- 
es of normal and motheaten mouse B cells to 
F(abf), and intact anti-mouse Ig. Whereas 
normal B cells (48 hours after optimal stim- 
ulation) exhibited a much reduced response 
to intact antibodies (300 cpm) compared 
with F(abf),  antibodies (3700 cpm), moth- 
eaten B cells (melme) responded equivalent- 
ly to intact antibodies (3000 cpm) and 
F(abf),  (2700 cpm). B cells from moth- 
eaten viable mice (mev/mev) showed a par- 
tial responsiveness to intact antibodies 
(3800 cpm) when compared with F(ab')2 
(4900 cpm). These data confirm that 
P T P l C  is necessary for FcyRIIBl inhibi- 
tion of BCR signal transduction. 

Signaling by the FcyRIIBl is likely to be 
involved in the regulation of antibody pro- 
duction during the course of the immune 
response by virtue of immune complex- 
mediated BCR-FcyRIIB1 coligation. Our 
studies identify the phosphotyrosine phos- 
phatase P T P l C  as a mediator of FcyRIIBl 
function. P T P l C  appears to be recruited 
and activated by means of COOH-terminal 
SH2 domain-mediated binding to the ty- 
rosine-phosphorylated FcyRIIBl ITIM. Our 
results also suggest that the immune dys- 
function reported in the PTPlC-deficient 
motheaten mouse is, at least in part, the 
result of impaired FcyRIIBl function. The  
mechanism of action of P T P l C  and its 
complex role in the regulation of immune 
functions are only beginning to yield to 
investigation. Further studies will be re- 
quired for identification of the substrates of 
P T P l C  and to address the specific role of 
this enzyme in regulation of the immune 
response. 
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Activi ty-Dependen t Action Potential Invasion and 
Calcium Influx into Hippocampal CAI Dendrites 
Nelson Spruston,* Yitzhak Schiller, Greg Stuart, Bert Sakmann 

The temporal and spatial profile of activity-evoked changes in membrane potential and 
intracellular calcium concentration in the dendrites of hippocampal CAI pyramidal neu- 
rons was examined with simultaneous somatic and dendritic patch-pipette recording and 
calcium imaging experiments. Action potentials are initiated close to the soma of these 
neurons and backpropagate into the dendrites in an activity-dependent manner; those 
occurring early in a train propagate actively, whereas those occurring later fail to actively 
invade the distal dendrites. Consistent with this finding, dendritic calcium transients 
evoked by single action potentials do not significantly attenuate with distance from the 
soma, whereas those evoked by trains attenuate substantially. Failure of action potential 
propagation into the distal dendrites often occurs at branch points. Consequently, neigh- 
boring regions of the dendritic tree can experience different voltage and calcium signals 
during repetitive action potential firing. The influence of backpropagating action potentials 
on synaptic integration and plasticity will therefore depend on both the extent of dendritic 
branching and the pattern of neuronal activity. 

T h e  prevailing view of how neurons func- threshold value were used, the site of action 
tion in the central nervous system is that potential initiation shifted into the proxi- 
synaptic potentials propagate passively to mal dendrites. Therefore the usual site of 
the soma, where thev summate and, if the 
resulting depolarization is large enough, an 
action potential is initiated in the axon 
( 1-5). In hippocampal CAI pyramidal neu- 
rons, however, evidence exists both for so- 
matic (3) and dendritic action potential 
initiation (6, 7). Once initiated, the extent 
to which action potentials depolarize the 
dendritic tree could influence neuronal 
function in a number of ways-for example, 
by summating with excitatory postsynaptic 
potentials (EPSPs) or by shunting the den- 
dritic membrane. In CAI pyramidal neu- 
rons, action potential-mediated depolariza- 
tion can also result in the elevation of 
dendritic intracellular calcium concentra- 
tion ([Ca2+],) (8, 9), which is important for 
the induction of long-term changes in syn- 
aptic strength (10-1 2) .  

Simultaneous somatic and dendritic re- 
cordings (13) revealed that both the inflec- 
tion point and the peak of action potentials 
evoked by threshold synaptic stimulation 
(Fig. 1A) or somatic or dendritic current 
pulses always occurred first at the soma (Fig. 
1B). Similar results were observed for syn- 
aptically evoked action potentials recorded 
extracellularly in cell-attached patches 
(14). In a few cases, however, when synap- 
tic stimulus intensities several times the 
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tetrodotoxin (TTX)-sensitive action poten- 
tial initiation in CAI  pyramidal neurons is 
near the soma (presumably in the axon) 
(3), but may shift into the proximal den- 
drites under some conditions (15). Such a 
shift may explain some previous reports of 
dendriric action potential initiation (6), but 
it is urlclear whether such large, synchro- 
nous synaptic activation nornlally occurs in 
vivo. 

The average conduction velocity of ac- 
tion propagating from the soma 
back into the proximal 260 pm of the api- 
cal dendrites was 0.24 m/s (Fig. 1B). In the 
most distal simultaneous recordings (-300 
p,m from the soma), a longer latency was 
usually observed than would be expected 
from linear extrapolation of the closer 
points. This was due to a second inflection 
on the rising phase of the dendritic action 

(Fig. lB,  inset). Action poten- 
tials in axons have a similar form when 
propagating close to threshold for failure of 
active propagation ( 1  6). 

The amplitude of single action poten- 
tials measured with dendritic recordings at 

Fig. 1. Action potentials A 
are initiated near the 
soma and actively invade 
the dendrites of CAI py- 
ramidal neurons. (A) Ac- 
tion potentials recorded 
simultaneously from the 
soma (thinner line) and 
apical dendrite (thicker 
line) in response to syn- 0 100 200 300 400 
aptic stimulation. Note Distance from soma (pm) 
that the action ~otential 
occurs first in the' somatic 
recording. The inset 
shows a camera lucida 
drawing of the neuron 
from which the recording 
was made at the loca- 
tions indicated (lower pi- 

\control AP 

Simulated AP ( T X )  

120 m" 

pette, soma). (B) Plot of 20 
the latency from the peak c - -  
of the somatic action PO- $ loo 200 300 400 
tential to the peak of the 2 

Distance from soma (pm) 
dendritic action potential 
as a function of distance of the recording site from the soma for all double recordings. Action potentials 
were evoked either by synaptic stimulation (filled circles) or current pulses (open circles). The straight 
line is a linear regression fit (forced to pass through the origin) to all points up to 264 p+m from the soma, 
which indicates to a conduction velocity of 0.24 m/s. The inset (1 05 mV, 20 ms) shows the data for the 
indicated point. (C) Plot of spike amplitude (measured from the inflection point to the peak) as a 
function of distance of the recording site from the soma for action potentials evoked by either synaptic 
stimulation (filled circles) or dendritic current pulses (open circles). The somatic action potential 
amplitude is indicated by a single point (mean i S D ,  n = 30). The smooth line is an exponential fit to 
the data (somatic point weighted accordingly) with a distance constant of 170 p+m, (D) Comparison of 
the amplitude of a simulated action potential (in the presence of 1 pM TTX) and a control action 
potential measured at the same dendritic location (210 pm). The simulated action potential was 
produced by using the action potential measured at the soma as a voltage-clamp command during 
somatic whole-cell voltage clamp (73). 
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