
9. R. S. Sloviter and G. Nilaver, J. Comp. Neurol. 
256, 42 (1987). 

10. Extracellular potassium in the cortex could reach 12 
mM during seizure activity [H. D. Lux, U. Heinemann, 
I. Dietzel, in Advances in Neurology: Basic Mechanisms of 
the Epilepsies, A. V. Delgado-Escueta, A. A. Ward, D. 
M. Woodbury, R. J. Porter, Eds. (Raven, New York, 
1986), vol. 44, pp. 619-639. 

11. T. Kosaka, J-Y. Wu, S. Benoit, Exp. Brain Res. 71 , 
388 (1988). 

12. R. A. Nicoll, R. C. Malenka, J. A. Kauer, Physiol. 
Rev. 70, 513 (1990). 

13. GAB A application activates GABAA receptors and 
elicits depolarizing and hyperpolarizing responses in 
the dendrites and somata, respectively, of pyramidal 
cells [P. Andersen et at., J. Physiol. (London) 305, 
279 (1980); B. E. Alger and R. A. Nicoll, ibid. 328, 
125 (1982)]. Some studies suggest that both re­
sponses are mediated by an increase in Cl~ conduc­
tance and the difference in polarity is caused by a 
difference in intracellular Cl~ concentration in the 
soma and dendritic segments (12). However, other 
data show that low concentrations of GABA elicit 
hyperpolarizing responses in dendrites and somata 
[R. K. S. Wong and D. J. Watkins, J. Neurophysiol. 

48, 938 (1982)]. Increasing concentrations of ap­
plied GABA elicited the depolarizing response first 
in the dendrites and then in the soma. These data 
suggest that the depolarizing and hyperpolarizing 
responses are mediated by different receptors and 
that there is a higher density of receptors mediating 
the depolarizing response in the dendrites than in 
the soma. 

14. The results further suggest that if such a group of 
presynaptic cells exists, they would excite interneu-
rons without affecting principal cells because appli­
cation of picrotoxin abolished synchronized IPSPs 
in principal cells without revealing any residue exci­
tatory events. Large amplitude, synchronized IPSPs 
are also recorded in a majority of pyramidal cells 
when low dosages of penicillin or picrotoxin are 
added to the hippocampus [R. Miles and R. K. S. 
Wong,y. Physiol. (London) 388, 611 (1987)] or 
neocortex [Y. Chagnac-Amitai and B. W. Connors, 

J. Neurophysiol. 62, 1149 (1989)], respectively. 
These events are probably initiated by the synchro­
nized discharge of a small group of pyramidal cells 
through their glutamatergic connections, and the 
synchronized IPSPs arise from the feedback activa­
tion of inhibitory interneurons [R. D. Traub et at., 

Science 243, 1319 (1989)]. This initiation mechanism 
cannot account for synchronized events reported here 
because we added EAA blockers at a concentration 
sufficient to block EPSPs evoked at stimulus strengths 
that were four times as high as threshold (5). 

15. If a subset of cells presynaptic to the interneurons were 
synchronized, driving the interneurons in synchrony to 
produce a synchronized IPSP, then the addition of 
picrotoxin to the bath would block the synchronized 
IPSP by blockade of postsynaptic GABAA receptors. 
However, the interneurons would continue to burst. 
On the other hand, according to the second hypothesis, 
picrotoxin would block the recurrent excitatory synaptic 
transmission between the interneurons, thereby block­
ing the burst event and the postsynaptic synchronized 
IPSPs in principal cells. 

16. R. K. S. Wong and R. D. Traub, Science 216, 745 
(1982). 

17. We thank R. Traub and A. Kay for critical reading of 
the manuscript. Supported by a grant from NIH (to 
R.K.S.W.) and sponsored by a grant from the Amer­
ican Epilepsy Foundation with support from the 
Milken Medical Family Foundations (to H.B.M.). 

19 February 1991; accepted 19 June 1991 

Negative Regulation of CD45 Protein Tyrosine 
Phosphatase Activity by Ionomycin in T Cells 
HANNE L. OSTERGAARD* AND IAN S. TROWBRIDGE 

CD45 is a leukocyte-specific, transmembrane protein tyrosine phosphatase (PTPase) 
required for T cell responsiveness. How the activity of PTPases is regulated in vivo is 
unclear. Treatment of murine thymocytes arid a variety of murine T cell lines with the 
calcium ionophore ionomycin decreased CD45 PTPase activity. Ionomycin treatment 
also led to a decreased phosphorylation of serine residues in CD45. These results 
indicate that increased intracellular calcium modulates CD45 PTPase activity, dem­
onstrating regulation of CD45 PTPase activity in vivo, and also implicate serine 
dephosphorylation as a possible mechanism. 

CD45 *(KNOWN AS LC-A, T200, 
B220, or Ly-5) is a family of high 
molecular mass glycoproteins rang­

ing from 180 to 220 kD that is expressed 
exclusively on nucleated hematopoietic cells 
(1, 2). CD45 has a large, conserved cyto­
plasmic domain that contains two subdo-
mains with similarity to a placental PTPase 
domain (3) and has intrinsic PTPase activity 
(4, 5). PTPases can be classified into two 
major groups (6): cytoplasmic PTPases with 
one PTPase domain, exemplified by human 
placental PTPase IB (3), and transmem­
brane PTPases that generally contain tan­
dem cytoplasmic PTPase subdomains. The 
transmembrane PTPases have all the hall­
marks of receptors analogous to the growth 
factor receptors of the protein tyrosine ki­
nase (PTK) family. CD45 is a member of 
this group and may be a cell-surface receptor 
although its ligand has not been identified. 
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ego, CA 92186. 

*To whom correspondence should be addressed at De­
partment of Immunology, University of Alberta, Ed­
monton, Alberta, Canada T6G 2H7. 

Little is known about how PTPases are 
regulated. The COOH-terminal region o f 
the cytoplasmic T cell PTPase is involved in 
the regulation of PTPase activity and sub­
cellular localization (7). Because CD45 is 
abundantly expressed on the cell surface, has 
high specific activity (#), and is constitutive-
ly active (4, 5), it is likely that the CD45 
PTPase activity is subject to negative regu­
lation in vivo. We now demonstrate that an 
increase in intracellular free Ca2 + concentra­
tion ([Ca2+]i) induced by ionomycin leads 
to a decrease in CD45 PTPase activity. 

When most mouse T cell lines were treat­
ed with ionomycin, CD45 PTPase activity 
decreased 50 to 90%. The mouse T helper 
hybridoma AODH 7.1 was maximally in­
hibited at 1 to 2 |xM ionomycin (Fig. 1A). 
The inhibition was reproducible, and in 
some cell lines, it was observed at concen­
trations as low as 0.2 |xM. This is the 
concentration range of ionomycin that is 
required, in the presence of 12-O-tetrade-
canoyl phorbol-13-acetate (TPA), for opti­
mal stimulation of T cells for proliferation 

(9). 
To distinguish whether ionomycin treat­

ment reduces the specific activity of CD45 
PTPase or decreases the amount of CD45 
isolated, we immunoblotted immunopre-
cipitates of CD45 with a rabbit antiserum to 
the cytoplasmic domain of mouse CD45. 
No difference was detected in the amount of 
CD45 present in the immunoprecipitates 
from treated or untreated cells (Fig. IB); 
exposure to ionomycin is not therefore af­
fecting either the solubility or antigenicity of 
CD45. Cell viability, measured by Trypan 
blue exclusion, did not decrease during the 
assay period. Identical results were observed 
after treatment with another Ca2 + iono­
phore, A23187, implying that the inhibition 
was not a nonspecific effect of the ionomy­
cin. When T cells were treated with ionomy­
cin in the presence of the Ca2 + chelation 
agent EGTA, CD45 PTPase activity did not 
decrease, providing further evidence that 
this effect is due to the Ca2 + flux (Fig. 1C). 
Thus, these results implicate a Ca2 + flux as a 
regulatory event for CD45 PTPase activity. 

To determine if inactivation of the CD45 
PTPase occurs in normal lymphoid cells, we 
treated thymocytes or spleen cells with ion­
omycin and measured the CD45 PTPase 
activity (Fig. 2A). When thymocytes were 
treated with ionomycin, PTPa§e activity was 
almost completely inhibited; thus, CD45 
PTPase activity is regulated by a Ca2^ flux 
in a normal lymphoid cell population. How­
ever, ionomycin had little effect on the ac­
tivity of spleen cells. One possible explana­
tion for this difference in CD45 PTPase 
regulation between the thymic- and splenic-
derived cells is that only a small subpopula-
tion of spleen cells are affected. CD45 
PTPase activity could be regulated different­
ly in T cells versus B cells or at different 
stages of maturation. Ionomycin treatment 
resulted in reduced CD45 PTPase activity in 
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most T lymphomas, as well as a number of 
CD4+ or CD8+ immunocompetent T cell 
lines, suggestingthat CD45 PTPase activity 
is not restricted to immature T cells. An 
increase in [Ca2+Ii does not result in a 
decrease of CD45 PTPase activity in some 
murine T cell lines, suggesting that Ca2+ 
flux is not sdcient for inactivation of 
CD45 and that additional factors are in-
volved. 

When cells are treated with ionomycin, 
there is an almost instantaneous influx of 
Ca2+ (10); however, the decrease in CD45 
PTPase activity was not detectable until 
about 5 min after ionomycin treatment of 
thymocytes and was not maximal until 30 to 
40 min after treatment (Fig. 2B). Similar 
resultswere seen in all the T cell lines tested. 
The slow kinetics of the ionomycin effect 
suggests that the decrease in CD45 PTPase 
activity is not directly due to Ca2+and that 
the Ca2+ flux induces a cascade of events 
that ultimately result in diminished CD45 
PTPase activity. In addition, Ca2+has little 
to no dec t  on the PTPase activity when 
added d i d y  to the assay (8, 11). Taken 

together, these results suggest that the Ca2+ 
flux induces secondary events that lead to 
CD45 inactivation. 

Because the activity of a number of PTKs 
is known to be regulated by phosphoryla-
tion (12), the possibility that changes in the 
phosphorylation of CD45 may be involved 
in the loss of PTPase activity was examined. 
Thymocytes were labeled with 32Pi and 
treated with either TPA,ionomycin, or both 
in combination. CD45 was immunoprecip 
itated from each of the thymocyte popula-
tions, and the irnmunoprecipitates subjected 
to SDS-polyacrylamide gel electrophoresis. 
Phosphorylation of CD45 decreased signif-
icantlyafter treatment with ionomycin alone 
and with TPA and ionomycin in combina-
tion (Fig. 3A). No change in phosphoryla-
tion was seen after TPA treatment alone. 
Immunoblotting of the same filter with an-
tiserum to CD45 confirmed that each of the 
immunoprecipitates contained similar 
amounts of CD45 (Fig. 3B). The decrease 
in phosphorylation correlated with the loss 
of CD45 PTPase activity because it was not 
observed in cell linesin which CD45 PTPase 

Fig. 1.Ionomycin treatment 
of cell lines results in de-
creased CD45 PTPase activ-
ity that can be reversed by

$ 40 EGTA. The mouse T helper 
s 
Q. hybridoma AODH 7.1 (23);:20 
C 

(5 x 10" cells per milliliter) 
was treated with ionomycin:0ilH0 2 4 6 8 1 0 0 2 4 6 ~ 1 0 1 2for(>98%20 pure,min Calbiochem)at 37°C in 

Time (rnln) Hepes-buffered Dulbecco's 
2 7 0.5 0.25 o modified Eagle's medium 

(pH 7.2).The cells were lysed in 1% NP-40 in TN buffer (20 rnM 
tris, pH 7.5, and 150 mM NaCl), and CD45 was immunoprecip-
itated by incubation for 1 hour on ice with 1312.3 (24, 25). The 
precipitates were washed two times with 0.5% NP-40 in TN,two 

times with TN alone, and then once with PTPase buffer [25 mM Imidazole (pH 7.2), 5 mM EDTA, 
and 0.1 mM dithiothreitol]. Equal amounts of the immunoprecipitates (2 x 10' to 5 x lo5 cell 
equivalents) were then assayed for rrPase activity with phosphorylated angotensin (lo7cpm/pmol; 
4nM) as a substrate (5).(A) AODH 7.1 cells treated with either 2 p M  (A), 1 p M  (W), 0.5 @I(O), 
0.25 pM ( a ) ,  or no ionomycin (0).(B) Irnrnunoblot of CD45 irnmunoprecipitates used in (A). The 
immunoprecipitates were separated by electrophoresis on a 7.5% gel, transferred to Immobilon-P 
(Millipore), blotted with a rabbit antiserum to the cytoplasmic domain of recombinant mouse CD45 
that was produced in a baculovirus system (2, 5),and then visuali7nd with a horseradish peroxidase-
conjugated goat antibody to rabbit immunoglobulin (Cappel). Micromolar concentrations of ionomy-
cin are indicated at top. (C)AODH 7.1 cells were treated with 2 pM ionomycin ( a ) ,  2 p.h4 ionomycin 
in the presence of 5 mM EGTA (A), 5 mM EGTA alone (A), or left untreared (0).All of the 
experiments have been petformed at least three times with similar results. 

Fig. 2. Ionomycin treatment 
of m o w  thymocytes and 
spleen &. (A) Freshly iso- 0 m 
lated BALB/c thymocytes 'ti 
(cirdes) or spleen C~IIS(mi- 2 
angles) were treated with 2 = 404pA4 ionomycin for 20 min 
at ~ T C(dostxis y m ~ )or 9 
I& untreated (open sym- 8 0,
bols) and the CD45 assayed 10 P O l O P 9 0 4 0 b O  

n m (min)
for PTPase activity as in Fig. 
1.(B)Thymocytes were treated for various times with 2 pMionomycin and then lysed; CD45 was then 
immunoprecipitated, and thymocytes were assayed for PTPase activity as in Fig. 1. 

activitywas not reduced after treatment with 
ionomycin. Results of phosphoamino acid 
analysis suggest that the reduced labeling 
w i6  32Pimust be the result of a decrease in 
serine phosphorylation because the trace 
amounts of phosphotyrosine and phospho-
threonine in CD45 remain unchanged after 
ionomycin treatment. Two-dimensional 
tryptic peptide maps of CD45 from cells 
metabolically labeled with 32Pi and either 
left untreated or treated with ionomycin 
indicated that the labeling of two minor 
phosphopeptides was decreased relative to 
the others (Fig. 3C); in this experiment, but 
not others, a smaller decrease in the labeling 
of the major phosphopeptide was also seen. 
Thus, ionomycin treatment selectively de-
creases serine phosphorylation of CD45 at 
specific sites, which may in turn regulate 
CD45 PTPase activity. In contrast to pub-
lished results with human peripheral blood 
lymphocytes (PBh) (13, 14), we did not 
observe any effect of TPA treatment on 
CD45 phosphorylation or PTPase activity 
in mouse thymocytes, T cell lines, or human 
Jurkat cells. Although Yamada and co-work-
ers (14) reported a decrease in PTPase activ-
ity of CD45 isolated fiom TPA-treated hu-
man PBLs, the relative amounts of CD45 
immunoprecipitated from TPA-treated and 
untreated cells were not determined. In ad-
dition, when human CD45 is treated with 
protein kinase C (PKC) in vitro, there is no 
detectable change in PTPase activity (8). 
PKC is probably not mediating the decrease 
in PTPase activity because the e f f a  is seen 
with ionomycin treatment alone but not 
with TPA. 

These data show that CD45 PTPase ac-
tivity can be regulated by Ca2+ in T cells. 
Modulation of CD45 PTPase activity may 
occur by this mechanism when T cells are 
activated with specific antigen or by anti-
bodies to some cell surface antigens, because 
of the transient increase in [Ca2+],that is 
induced (15). CD45 can regulate the tyro-
sine phosphorylation and the kinase activity 
of the m-related PTK ~ 5 6 ~ ~(5, 16). Fur-
ther, tyrosine phosphorylation is not in-
duced in CD45- variantsof Jurkat cellsafter 
activation (17). Thus during T cell activa-
tion, CD45 may initially dephosphorylate 
PTKs, such as p56kk, to induce an initial 
surge in tyrosine phosphorylation. Subse-
quently, CD45 PTPase may be inactivated 
in response to the Ca2+flux so that tyrosine 
phosphorylationof secondary substrates can 
be maintained; as the [Ca2+Ii returns to 
basal levels, CD45 PTPase activitywould be 
restored allowing further antigen stimula-
tion. Thismodel is consistent with the ob-
servation that CD45- cell lines cannot be 
activated (17, 18) and with our data. 

Our results show that CD45 PTPase ac-
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flg. 3. Ionomycin treatment 1 2 3 4  
of mouse thymocytcs de- 
creases the level of phos- A ( 0 
phorylation of CD45. Thy- 
m o v e s  were labeled for 5 
hours with 3 2 ~ i .  The cells 
were then either untreated 
(lane 1 )  or treated with 2 B 
p M  ionomycin (lane 2), 
TPA (10 nglml) (lane 3), or 
2 @I ionomycin and TPA(10 nglml) (lane 4) for 20 min at 
37°C as in Fig. 1. The cells were lysed in the presence of 20 mhl 
EDTA and 0.5 mhl sodium vanadate, and CD45 was immuno- 
precipitated. The precipitates were subjected to electrophoresis 
on a 7.5% polyacrylamide gel and transferred to Immobilon-P. 
The filter was analyzed by autoradiography (A). The relative 
intensities from a densitometric scan of the autoradiograph were 
as follows: no treatment, 1.0; ionomvcin, 0.73; TPA, 1.1 1; and 
TPA and ionomycin, 0.64. (B) The same filter was then 
immunoblotted with antiserum to CD45 as in Fig. 1. The 
experiments have k e n  repeated three times with thymocytes 
and various times with four different T cell lincs with similar 
results. (C) Immobilin-P filters of CD45 were prepared from 
thymocytes as in (A). The bands were excised and digested with 
N-tosyl-L-phenylalanine chloromethyl ketone-mrpsin (Wor- 
thington Biochemical). The peptides were separated by electro- 
phoresis at pH 8.9 in the first dimension and ascending chro- 
matography in the second dimension (5). The two minor CD45 
phosphopeptides that show decreased labeling in cells treated 
wtth ionornycin are indicated by the arrows. Two other exper- 
iments gave similar results except that the decrease in the 
labeling of the major phosphopeptide was not always detected. 

tivity can be regulated in vivo and suggest 
that dephosphorylation of specific serine res- 
idues is involved. However, neither the sites 
of phosphorylation nor the enzymes in- 
volved have been identified. Several calmod- 
ulin-dependent protein Ser-Thr kinases 
could indirectly modulate the level of phos- 
phorylation of CD45 by acting on other 
kinases or phosphatases (19, 20). Alterna- 
tively, protein Ser-Thr phosphatases of the 
PP-2B type have an absolute requirement 
for Ca2+; activation of such a phosphatase 
after ionomycin treatment could directly 
lead to dephosphorylation of CD45 (21). A 
Ca2+-calmodulin dependent phosphatase 

No treatment 

associates with the membrane of Jurkat cells 
and of normal human T lymphoblasts (22) 
and codd be involved in regulating CD45 
MTase activity. It will be important for 
investigators to determine the specific serine 
residues in CD45 that are dephosphorylated 
after treatment with ionomycin and to iden- 
tify the enzymes involved. 
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