Spirochetes were visualized by incubation with
monoclonal antibodies to flagellin (H9724) (30),
Vmp7 (H9236) (37), or Vmp33 (H4825) (37), or a
mouse polyclonal antibedy to Vmp8 (7). This was
followed by incubation with goat antibedy te mouse
immunoglobulin G conjugated with fluorescein iso-
thiocyanate (Kirkegaard and Perry Laboratories,
Gaithersburg, MD).

14. A. G. Barbour, S. L. Tessier, H. G. Stoenner, J. Exp.
Med. 156, 1312 (1982).

15, C. J. Carter, S. Bergstrém, S. J. Norris, A, G. Bar-
bour, Infect. Immun. 62, 2792 (1994).

16. A mouse was infected through I.p. injection with a
freshly thawed sample of blood from a mouse previ-
ously infected with serotype 8. On day 4 after inoc-
ulation, the spirochetemia approached 108 spiro-
chetes per milllliter of blood. Infected blood from this
mouse was cultured in BSK-H medium (Sigma, St.
Louis) at 23° or 37°C until spirochetes reached sta-
tionary phase and then prepared for analysis of
whole-cell lysates.

17. U. K. Laemmli, Nature 227, 680 (1970).

18. T.G. Schwan, K. K. Kime, M. E. Schrumpf, J. E. Coe,

W. J. Simpson, Infect. Immun. 57, 3445 (1989).

18. H.Towbin, T. Staehelin, J. Gordon, Proc. Natl. Acad.
Sci. U.S.A. 76, 4350 (1979).

20. A. G. Barbour, C. C. Carter, C. S. Freitag, T. Kitten,
M. Schrumpf, unpublished data.

21. A. G. Barbour and H. G. Stoenner, In Genome Rear-
rangement, UCLA Symposia on Molecular and Cel-
lular Biology, New Series, |. Herskowitz and M. I.
Slmon, Eds. (Liss, New York, 1985), vol. 20, pp.
123-135.

22. S. F. Poercella, B. J. Hinnebusch, D. E. Andersen Jr.,
T. G. Schwan, unpublished data.

23. R. T. Marconi, D. S. Samuels, T. G. Schwan, C. T.
Garon, J. Clin. Microbiol. 31, 2577 (1993); N. Mar-
golis, D. Hogan, W. Cieplak Jr., T. G. Schwan, P. A,
Rosa, Gene 143, 105 (1994); B. Wilske et al., Infect.
Immun. 61, 2182 (1993).

24. R. S. Lane, J. Piesman, W. Burgdorfer, Annu. Rev.
Entomol. 36, 587 (1991).

25. T.G. Schwan, J. Piesman, W. T. Golde, M. C. Dolan,
P. A. Rosa, Proc. Natl. Acad. Sci. U.S.A. 92, 2909
(1995); J. L. Coleman et al., Cell 89, 1111 (1997).

26. J. Piesman, T. M. Mather, R. J. Sinsky, A. Spielman,

Gating of CaMKIl by cAMP-Regulated Protein
Phosphatase Activity During LTP
Robert D. Blitzer,” John H. Connor, George P. Brown,

Tony Wong, Shirish Shenolikar, Ravi lyengar,
Emmanuel M. Landau

Long-term potentiation (LTP) at the Schaffer collateral-CA1 synapse involves interacting
signaling components, including calcium (Ca?*)/calmodulin-dependent protein kinase
Il (CaMKIl) and cyclic adenosine monophosphate (CAMP) pathways. Postsynaptic in-
jection of thiophosphorylated inhibitor-1 protein, a specific inhibitor of protein phos-
phatase-1 (PP1), substituted for cAMP pathway activation in LTP. Stimulation that
induced LTP triggered cAMP-dependent phosphorylation of endogenous inhibitor-1 and
a decrease in PP1 activity. This stimulation also increased phosphorylation of CaMKII at
Thr28® and Ca?*-independent CaMKI| activity in a cAMP-dependent manner. The block-
ade of LTP by a CaMKII inhibitor was not overcome by thiophosphorylated inhibitor-1.
Thus, the cAMP pathway uses PP1 to gate CaMKIl signaling in LTP.

Multiple signaling pathways participate in
LTP in the CALl region of the hippocampus
at both presynaptic and postsynaptic sites
(1), with the CaMKII pathway playing a
central role in transmitting the postsynaptic
signals required for LTP (2, 3). In contrast,
the role of other signaling pathways is not
yet clear. The cAMP pathway is involved in
LTP and memory in transgenic mice (4). In
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rats, the postsynaptic cAMP pathway is re-
quired for LTP induced by widely spaced
trains of high-frequency synaptic stimulation
(HFS), but activation of the pathway is not
sufficient to induce LTP (5). Thus, the
postsynaptic cCAMP pathway does not trans-
mit the signals for LTP but rather gates the
transmittal pathway. It has been proposed
(5, 6) that the cAMP-operated gate may use
PP1.

The CA3-CA1 synapse of rat hippocam-
pal slices was stimulated with widely spaced
trains of HES (7). The resulting LTP was
blocked by inhibiting postsynaptic cAMP-
dependent protein kinase [protein kinase A
(PKA)] (Fig. 1A) (5). This requirement for
PKA can be overcome by direct inhibition of
postsynaptic phosphatases (5), suggesting
that the cAMP pathway modulates LTP by
blocking phosphatases. Protein phosphatase
inhibitor-1 (I-1) is a candidate for mediating
cAMP inhibition of phosphatase activity.
I-1, upon phosphorylation by PKA at Thr*,
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is a specific blocker of PP1 (8). I-1 mRNA is
expressed in CA1 neurons (9), and I-1 has
already been implicated in plasticity at the
CA3-CA1 synapse (10). We injected re-
combinant purified Thr**-thiophosphoryl-
ated 1-1 (11) into the postsynaptic neuron
and tested its ability to overcome the block-
ade of LTP by the specific PKA inhibitor
Rp-cyclic adenosine monophosphorothio-
ate (cAMPS). Thiophosphorylated [-1 com-
pletely reversed the effect of Rp-cAMPS,
yielding LTP that was indistinguishable from
that of the control (Fig. 1, B and C). In
contrast, mutant [Thr®®> — Ala (T35A)]
nonphosphorylatable 1-1 (11), when inject-
ed postsynaptically, did not reverse the effect
of Rp-cAMPS. Thus, PP1 appears to be the
postsynaptic phosphatase that negatively
regulates LTP, and I-1 activation by PKA
may facilitate LTP by inhibiting PP1.

Next, we determined if LTP-inducing
stimulation results in PKA phosphorylation
of I-1. We examined the phosphorylation
state of [-1 in the CAl region after HFS
(12). The same pattern of synaptic stimula-
tion that induced cAMP-dependent LTDP
also raised the amount of phosphorylated
I-1 in the CA1 region (Fig. 2A). The in-
crease in phosphorylation of [-1 by HFS was
dependent on PKA activity because it was
blocked by the inclusion of Rp-cAMPS in
the superfusate during stimulation (Fig.
2A). We then measured protein phospha-
tase activity in the CA1 region of stimulat-
ed and unstimulated slices (Fig. 2B). Under
our assay conditions (13), greater than 90%
of the phosphoprotein phosphatase activity
in the CAl homogenate was inhibited by
thiophosphorylated 1-1, defining it as PP1.
HFS that activated I-1 also resulted in sig-
nificant inhibition of PPl activity. This
effect was prevented by bath application
of Rp-cAMPS during stimulation, indicat-
ing that PKA mediated the phosphatase
inhibition.
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Fig. 1. Ability of Thr35-thiophosphorylated I-1 to
substitute for CAMP pathway activation in LTP. (A)
Intracellular summary data showing the blockade
of LTP by postsynaptic Rp-cAMPS injection. Data
were taken from the period of 20 to 30 min after
the final train of HFS (consisting of measurements
at three time points), when LTP had stabilized.
Intracellular electrodes contained either no drug
[control (Con), solid column, n = 4} or 10 mM
Rp-cAMPS (hatched column, n = 7). The groups
differed significantly (t test, P < 0.01), indicating
that the postsynaptic CAMP pathway is required
for LTP. (B) Time course of intracellular LTP,
showing reversal of Rp-cAMPS blockade by thiophosphorylated I-1. After
HFS, stable synaptic potentiation was obtained in cells recorded with control
electrodes containing only KCl (triangles, n = 4). LTP was blocked when the
electrode contained a combination of the PKA antagonist Rp-cAMPS (10
mM) and an inactive, nonphosphorylatable (T35A) form of I-1 (10 wM) (open
circles, n = 5). However, when inactive I-1 was replaced by constitutively
active ThréS-thiophosphorylated i-1 (10 wM), the blockade of LTP by Rp-
CcAMPS was overcome (filled circles, n = 8). The Rp-cAMPS + T35A i-1
group differed from the other two groups over the final three time points
(Newman-Keuls test, P < 0.05). (C) Representative intracellular EPSPs (top
row) and field EPSPs recorded simultaneously from the same slices (bottom
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row). Two superimposed traces are shown in each panel, one recorded
during the baseline period and the other, indicated by the arrow, recorded
30 min after HFS. The intracellular recording electrode contained either KCI
only (left traces), the combination of Rp-cAMPS and inactive T35A i-1
(middle traces), or Rp-cAMPS combined with Thr3%-thiophosphorylated
I-1 (right traces). LTP was observed in the field recording despite the
blockade of intraceliular LTP by the Rp-cAMPS + T35A mutant i-1. All
slices used in this experiment showed normal field LTPs, with the EPSP
slope measuring at least 153% of baseline at 30 min after HFS. There were
no group differences in the field LTP. Calibrations, 5 mV intracellular, 250
wV extracelluiar, and 10 ms.

Which PP1 targets are relevant for LTP?
An important and well-established partici-
pant in LTP at the Schaffer collateral-CALl
synapse is CaMKII (14). Expression of con-
stitutively active CaMKII increases synaptic
efficiency and occludes LTP (2). Stimula-
tion that induces LTP also increases Thr?%
phosphorylation and the consequent Ca?*
independent activity of CaMKII in area
CAl by 20 to 50% in a time-dependent
fashion (15, 16). Autophosphorylation of
CaMKII is reversed by PP1 in synaptic mem-
branes (17), and the Thr?®¢ phosphorylation
state of CaMKII plays an obligatory role in
LTP and spatial memory (18). Thus, the
cAMP pathway, through regulation of
PP1, could modulate the phosphorylation
state of Thr’®® and thereby enhance
Ca’*-independent CaMKII activity. If such
a mechanism contributes to LTP, widely
spaced HFS should increase phosphorylation
of CaMKII as well as Ca**-independent
CaMKII activity in a cAMP-dependent
manner. We determined the phosphoryl-
ation state of CaMKII by immunoblotting
with an antibody that specifically recognizes
Thr?®_phosphorylated CaMKII (19). HFS
that induced cAMP-dependent LTP also in-
creased Thr?®-phosphorylated CaMKII in
the CAl region (Fig. 3A). This effect of
HES was blocked by Rp-cAMPS, supporting
the hypothesis that CaMKII phosphoryl-
ation at Thr?8 is sustained in the presence of
cAMP. Ca?*-independent CaMKII activity
in the CAl region was reliably increased by
HES (Fig. 3B) (20), an effect that was
blocked by the inclusion of Rp-cAMPS
during stimulation. Thus, the increase in
autonomous CaMKII activity paralleled its
autophosphorylation at Thr?®® and was me-
diated by a cAMP-dependent mechanism.
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These results establish a locus of interac-
tion between the cAMP and CaMKII path-
ways and indicate that the cAMP-operated
gate in LTP, at least in part, acts at the level
of CaMKII. In this model, if CaMKII activ-
ity were directly inhibited, then HES would
not induce LTP, regardless of phosphatase
regulation. Thus, when LTP is blocked by a
CaMKII inhibitor, the injection of activated
I-1 should not restore LTP. Intracellular re-
cordings were obtained with electrodes con-
taining either a specific CaMKII inhibitor
peptide (21) or a control peptide (Fig. 4).
LTP was almost completely blocked by the
inhibitor peptide, whereas the control pep-
tide had no effect. The inclusion of thiophos-
phorylated I-1 in the recording electrode did

not restore LTP to the control level, al-
though a modest potentiation was obtained.
Thus, the inhibition of PP1 has little effect
on LTP in the absence of CaMKII activity,
suggesting that CaMKII is a critical site for
the cAMP-operated gate. The small recov-
ery of LTP in the presence of thiophospho-
rylated I-1 may reflect incomplete inhibition
of CaMKII by the peptide or an effect of PP1
on some other component of the LTP
signal-transmitring pathway, such as the o-
amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) receptor (16). Al-
though thiophosphorylated I-1 did not re-
verse the effect of the CaMKII inhibitor, it
completely restored LTP in the presence of
a PKA inhibitor (Fig. 1). These results are

A = ﬁ B
A e A
-] k= 5. = x' >
Q -3 =
e T
Q£
Pho‘Pho o _ : % -4
2Lt
=
-]
E
T E c£2L
otal |-1 s =
g ala )
Fig. 2. cAMP-dependent phosphorylation of en- & 0 P
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Tissue homogenates of area CA1 were probed
with antibodies (29) recognizing either the phos-
phorylated form of |-1 selectively (top gel) or both

+ ThioP-I-1
Control
Control

HFS +

Rp-cAMPS

phosphorylated and nonphosphorylated I-1 (bottom gel). HFS increased the amount of phosphorylated
I-1, but this effect was prevented by inclusion of 100 nM Rp-cAMPS during stimulation. Total I-1 was not
affected by either treatment. Similar results were obtained in two other experiments. (B) The superim-
posed columns on the left show that phosphatase activity measured in control CA1 tissue (open region)
was predominantly due to PP1, because it was inhibited over 90% by 100 nM Thr*-thiophosphorylated
inhibitor-1 (hatched column and dashed line). HFS significantly reduced phosphatase activity (center
columns) (P < 0.05, Student'’s t test; indicated by an asterisk), an effect prevented by the inclusion of
100 pM Rp-cAMPS during stimulation (right columns). Results are representative of three independent

assays.
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expected if PP1 is positioned between PKA
and CaMKII.

Complex physiological functions are of-
ten regulated by cooperative interactions be-
tween multiple signaling pathways. We have
proposed that the cAMP pathway uses pro-
tein phosphatases to gate signal flow through
a transmittal pathway (5, 6). Here, we ex-
plicitly established that synaptic stimulation
results in cAMP-dependent activation of I-1

and the concomitant inhibition of PP1, thus
protecting the phosphorylation of CaMKII
on Thr® and maintaining increased
CaMKII activity. Our data, in agreement
with those of others (2, 3), indicate that
CaMKII may be the transmittal pathway for
LTP. Like other protein kinases in diverse
physiological systems (22), CaMKII converts
extracellular signals into physiological
events upon sustained activation. Qur data
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Fig. 3. HFS-induced, cAMP-dependent increase 4 /
in CaMKIl phosphorylation and Ca2*-indepen- Con HFS n‘i’i“gps

dent CaMKI| activity. (A) CA1 homogenates were

probed with an antibody specific for Thr2®8-phosphorylated CaMKII (top gel) or an antibody recognizing
total CaMKII (bottom gel). HFS increased the concentration of Thr2#6-phaosphorylated CaMKIl by 38% as
determined by densitometry, with little or no effect on total CaMKII (center lanes). In tissue stimulated in
the presence of 100 uM Rp-cAMPS, the increase in Thr28-phosphorylated CaMKIl was blocked (right
lane). Results are representative of two independent assays. (B) HFS increased Ca®*-independent
CaMKIl activity. A 22% increase in CaMKI| activity was observed, which was blocked in slices stimulated
in the presence of 100 uM Rp-cAMPS. The asterisk indicates significant difference from other groups
(Newman-Keuls test, P < 0.05). No significant group differences in total CaMKII activity were observed
(control, 37.4 = 11.3 pmol ug~' min~—"; HFS, 43.7 + 2.9; HFS + Rp-cAMPS, 55.5 = 15.2; P > 0.05).
Results are based on data from two independent experiments.
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-15 -10 -5 5 10 15 20 25 30 graph of intracellular EPSP slope. The time of

Time (min relative to HFS) HFS is indicated by the gap in the abscissa. In
control cells recorded with electrodes containing
either KCl alone (filled triangles, n = 4) or 2.5 mM of inactive control peptide (open circles, n = 5), stable LTP
was induced by HFS. However, when the electrode contained 2.5 mM of the CaMKIl inhibitor autocamtide-3
(filled circles, n = 8), HFS did not induce LTP. The addition of Thr35-thiophosphorylated I-1 (10 uM) to
electrodes containing autocamtide-3 (open triangles, n = 7) did not restore LTP to control levels, in contrast
to its effectiveness in reversing the effect of a PKA inhibitor (see Fig. 1). Statistical analyses performed on the
final three time points indicated that the modest reversal of the autocamtide-3 effect by thiophosphorylated [-1
was statistically reliable, whereas both autocamtide-3-treated groups differed significantly from the two
control groups (Newman-Keuls tests, all P < 0.05). (B) Representative intracellular {top) and field (bottom)
traces from slices in which the intracellular electrode contained, from left to right, KCl alone, inactive peptide,
autocamtide-3, or autocamtide-3 combined with Thr5-thiophosphorylated I-1. Two superimposed traces
are shown in each panel, one recorded during the baseline period and the other, indicated by the arrow,
recorded 30 min after HFS. Intracellular and field traces were recorded simultaneously. Normal potentiation of
the field EPSP was obtained in each case. For all slices used in this experiment, the field EPSP was greater
than 145% of baseline at 30 min, and there were no group differences in the field LTP over the final three time
points. Calibrations, 5 mV intracellular, 250 wV extracellular, and 10 ms.
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suggest that phosphatase regulation may be
an important mechanism contributing to
such persistent kinase activation.

Three phases of LTP have been pro-
posed (23, 24). The coordinated actions of
phosphatases, calcineurin and others, have
been implicated in the transition between
these phases (24, 25). Of particular interest
is calcineurin, which may negatively regu-
late the transition between early and late
phases of LTP in a cAMP-dependent man-
ner. Because calcineurin is a likely I-1 phos-
phatase in hippocampal neurons (26),
cross-talk between calcium and cAMP at
this point may be pivotal in synaptic plas-
ticity. In any case, the cAMP pathway may
bridge the early and late phases of LTP and
provide an explanation for the involvement
of cAMP signaling in memory in mice (4)

and men (27).

REFERENCES AND NOTES

1. T. V. Bliss and G. L. Collingridge, Nature 361, 31
(1993); R. C. Malenka and R. A. Nicoll, Trends Neu-
rosci. 16, 521 (1993).

. D. L. Pettit, S. Periman, R. Malinow, Science 266,
1881 (1994); P. M. Lledo et al., Proc. Natl. Acad. Sci.
US.A 92, 11175 (1995).

3. J. Lisman, R. C. Malenka, R. A. Nicoll, R. Malinow,
Science 276, 2001 (1997).

. T. Abel et al., Cell 88, 615 (1997).

. R. D. Blitzer, T. Wong, R. Nouranifar, R. lyengar,
E. M. Landau, Neuron 15, 1403 (1995).

. R. lyengar, Science 271, 461 (1996).

. Dissection and recording methods were similar to
those previously described (5). Intracellular and field
recordings were obtained from area CA1 of hip-
pocampal slices from male Sprague-Dawley rats
(125 to 200 g), with a submersion recording cham-
ber. Slices were superfused at 31°C with a solution
containing NaCl (118 mM), KCI (3.5 mM), MgSO,
(1.3 mM), CaCl, (3.5 mM), NaH,PO, (1.25 mM),
NaHCO, (24 mM), and glucose (15 mM), bubbled
with 95% O, and 5% CO,. Cells in stratum pyrami-
dale were impaled with sharp electrodes containing
3 M KCl [electrode resistance (Re) = 80 to 90 meg-
ohms], and field recordings were made with elec-
trodes (2 M NaCl; Re = 2 to 5 megohms) placed in
stratum radiatum. Thr35-thiophosphorylated -1,
T35A nonphosphorylatable I-1, autocamtide-3 and a
related inactive control peptide (KKALHRQEAVDAL
and KKALHAQERVDAL, respectively; gifts of A. P.
Braun and H. Schulman) (28), and Rp-cAMPS were
applied in the intracellular electrode and allowed to
diffuse into the cell. In these experiments, HFS was
delivered 40 to 60 min after impalement. For exper-
iments in which Rp-cAMPS was applied in the su-
perfusate, slices were exposed to 100 uM Rp-
cAMPS in a maintenance chamber for 2 to 6 hours
before recording. Synaptic stimulation consisted of
monophasic, constant-current pulses of 100-ws du-
ration delivered to the Schaffer collaterals (stratum
radiatum in area CA3). A series of test pulses (four
pulses at 0.2 Hz) was given every 5 or 10 min, and
the excitatory postsynaptic potentials (EPSPs) within
each series were averaged. EPSP amplitude and
maximum initial slope (defined as the greatest slope
within any 1-ms interval between the stimulus artifact
and the EPSP peak) were measured offline for the
averaged waveforms. LTP was induced by three
trains of 100 pulses delivered at 100 Hz, separated
by 10 min. The stimulus intensity used for HFS was
adjusted to produce a 20- to 25-mV intracellular
EPSP when measured from a membrane voltage of
—80 mV, during HFS, the holding current was re-
moved. Data were analyzed with either Student’s ¢
test or analyses of variance followed by Newman-

N

[0

~N O

SCIENCE * VOL. 280 * 19 JUNE 1998 ¢ www.sciencemag.org



14,
15,

16.

19.

Fa

Keuls post hoc comparisons. Summary data are
presented as group means = SEM.

. T. S. Ingebritsen and P. Cohen, Science 221, 331

(1983).

. H. Sakagami, K. Ebina, H. Kondo, Mo!. Brain Res.

25, 7 (1994),

. R. M. Mulkey, S. Endo, S. Shenolikar, R. C. Malenka,

Nature 369, 486 (1994).

. ¢cDNAs enceding wild-type and nonphosphorylat-

able (T35A) human I-1 were subcloned into the
pT7-7 and pT 7-5 vectors, respectively. The vectors
were transformed into Escherichia coli BL21 (DE3).
The recombinant proteins were expressed and puri-
fied by sequential trichloracetic acid (TCA) precipita-
tion with |-1 purified from rabbit skeletal muscle as a
marker. Homogeneously purified 1-1 was obtained
with preparative SDS-polyacrylamide gel electro-
phoresis (PAGE), and the purified proteins were phos-
phorylated with PKA and adenosine triphosphate
(ATP)—y-S [S. Endo, X. Zhou, J. Connor, B. Wang, S.
Shenolikar, Biochemistry 35, 5220 (1996)].

. Field potentials were monitored and HFS delivered

as described (7); 2 to 3 min after, the final train slices
were removed from the recording chamber and
placed on a cold plate. The CA1 region was rapidly
dissected out and frozen at —70°C. Individual CA1
samples were lysed in 100 wl of lysis buffer [50 mM
tris, 4 mM EGTA, 10 mM EDTA, 15 mM Na phos-
phate, 100 mM B-glycerophosphate, 10 mM NaF,
0.1 mM pepstatin, T mM phenylmethylsulfonyl fluo-
ride (PMSF), and 2 mM benzamidine (pH 7.5)] and
ground three times for 30 s with a pellet pestle (Kon-
tes glassware, Vineland, NJ). The resulting lysate
was spun down at 15,000g at 4°C for 10 min, and
the supernatant was then assayed for total protein
concentration. Twenty micrograms of protein from
each sample was run on a 15% SDS-PAGE gel. The
samples were transferred onto a polyvinylidene diflu-
oride membrane overnight (256-mA constant current)
and then blotted with an antibody to either phospho-
rylated DARPP-32/I-1 or recombinant human [-1.
The monoclonal antibody (mAb) to phosphorylated
DARPP-32/1-1 (provided by G. L. Snyder and P.
Greengard) (29) was blotted at 1/1000 dilution into
tris-buffered saline (TBS) + 0.3% Tween 20. It was
probed with a horseradish peroxidase (HRP)-conju-
gated antibody to mouse, diluted 1/2500 in TBS
+ 0.3% Tween. The polyclonal antibody to human
I-1 was blotted at 1/2500 dilution in TBS and probed
with 1/2500 dilution of antibody to rabbit. Both blots
were developed with enhanced chemiluminescence
(ECL), revealing bands at 28 kD, which correspond
to native I-1 in these gels.

. Hippocampal slices were treated and dissected as

described above (7, 12). Individual CA1 regions
were homogenized in 50 mM tris (pH 7.5), 0.2 mM
EDTA, 0.2 MM EGTA, leupeptin (2 pg/ml), aprotinin
(2 ng/ml), and 10 nM okadaic acid. Phosphatase
activity of 20 ng of protein of CA1 homogenate was
measured with the Protein Phosphatase Assay
System (GIBCO BRL) in a final concentration of 3.3
nM okadaic acid. With this method, inclusion of
100 nM thiophosphorylated -1 inhibited >90% of
phosphatase activity, confirming the selectivity of
the system for PP1.

M. B. Kennedy, Trends Neurosci. 20, 264 (1997).
K. Fukunaga, D. Muller, E. Miyamoto, J. Biol. Chem.
270, 6119 (1995); A. P. Braun and H. Schulman,
Annu. Rev. Physiol. 57, 417 (1995).

A. Barria, D. Muller, V. Derkach, L. C. Griffith, T. R.
Soderling, Science 276, 2042 (1997).

. S. M. Shields, T. S. Ingebritsen, P. T. Kelly, J. Neu-

rosci. 5, 3414 (1985); S. Strack, M. A. Barban, B. E.
Wadzinski, R. J. Coloran, J. Neurochem. 68, 2119
(1997).

. K. P. Giese, N. B. Federov, R. K. Filipkowski, A. J,

Silva, Science 279, 870 (1998).

Hippocampal slices were stimulated and field poten-
tials measured, and the CA1 region was dissected
out as described (7, 72). CA1 (2.5 ng) extract from a
single CA1 sample was run on a 10% SDS-PAGE,
transferred to nitrocellulose, and then blotted with a
mAb to Thr288-phosphorylated CaMKIl e subunit
(Affinity Bioreagents, Golden, CO) [B. L. Patton, S. S.

www.sciencemag.org * SCIENCE ¢ VOL. 280 * 19 JUNE 1998

Molloy, M. B. Kennedy, Mol. Biol. Cell 4, 159 (1993)]
or a polyclonal antibody to CaMKIl (Upstate Biotech-
nology, Lake Placid, NY). The mAb to autophospho-
rylated CaMKIl was blotted at 1/2000 dilution into
5% nonfat dried milk, 0.1% Tween, and 1 uM micro-
cystin-LR in phosphate-buffered saline (PBS). It was
probed with an HRP-conjugated antibody to mouse
at 1/3000 dilution into 5% nonfat dried milk and
0.1% Tween in PBS. The polyclonal antibody to
CaMKIl was blotted at 1 pg/ml in 3% nonfat dried
milk in PBS and probed with a 1/3000 dilution of
antibody to rabbit. Both blots were developed with
ECL, revealing a band at ~50 kD (corresponding to
the a subunit of CaMKIl).

20. Homogenates from individual CA1 regions were as-
sayed for CaMKll activity essentially as described [M.
Mayford, J. Wang, E. R. Kandel, T. J. O’'Dell, Cell 81,
891 (1995)]. Tissue was homogenized in a buffer
containing 50 mM Hepes (pH 7.5), 0.5 mM EDTA,
0.5 mM EGTA, 100 mM sodium pyrophosphate, 25
mM NaF, 10 mM sodium-B-glycerophosphate, 1
M okadaic acid, leupeptin (60 wg/ml), aprotinin (60
pug/ml), 0.4 mM dithiothreitol (DTT), and 0.1 mM
PMSF. Protein concentrations were ' assayed by
Bradford assay (Bio-Rad) with bovine serum albumin
(BSA) as the standard. The enzyme reaction mix
consisted of 50 mM Hepes (pH 7.5), 10 mM MgCl,,
BSA (100 wg/ml), leupeptin (200 wg/ml), 0.4 mM
DTT, 0.6 mM EGTA, 0.2 mM EDTA, 2 nM Wiptide
(PKA inhibitor; American Peptide), 2 pM protein
kinase C (PKC) (19-38) peptide (PKC inhibitor;
American Peptide, Sunnyvale, CA), 200 nM ATP,
[y-32PJATP (100 n.Ci/ml), and 20 wM autocamtide-2
(CalBiochem), with either 1 mM CaCl, and calmod-
ulin (6 wg/mi) (total activity) or 2 mM EGTA (Ca2+-
independent activity). Enzyme reactions were carried

out at 30°C for 1 min in a final volume of 50 ul.
Assays were run in quadruplicate. The reaction was
initiated by the addition of 2 ug of CA1 homogenate
and terminated by the addition of an equal volume of
10% ice-cold TCA. The protein was pelleted, and the
supernatant was spotted onto Whatman P81 filter
paper and washed three times for 10 min with water.
The amount of 3?P incorporated into substrate pep-
tide was determined by liquid scintillation counting.

21. A. P. Braun and H. Schulman, J. Physiol. 488, 37
(1995).

22. G. W. Sharp, Annu. Rev. Med. 24, 19 (1973); S.
Traverse, N. Gomez, H. Paterson, C. Marshall, P.
Cohen, Biochem. J. 288, 351 (1992).

23. Y.-Y. Huang and E. R. Kandel, Learning Mem. 1, 74
(1994).

24. D. G. Winder, I. M. Mansuy, M. Osman, T. M. Moal-
lem, E. R. Kandel, Celf 92, 25 (1998).

25, J. Lisman, Trends Neurosci. 17, 406 (1994).

26. J. L. Yakel, Trends Pharmacol. Sci. 18, 124 (1997).

27. L. Cahill, B. Prins, M. Weber, J. L. McGaugh, Nature
371, 702 (1994).

28. Single-letter abbreviations for the amino acid resi-
dues are as follows: A, Ala; D, Asp; E, Glu; H, His; K,
Lys; L, Leu; Q, GIn; R, Arg; and V, Val.

29. G. L. Snyder et al., J. Neurosci. 12, 3071 (1992).

30. Funded by grants from NIH (NS33646 to EM.L.,
GM54508 to R.l., and DK52054 to S.S.) and the
Veterans Administration (to E.M.L.). G.P.B. is sup-
ported by an individual postdoctoral National Re-
search Service Award (GM18887). We thank H.
Schulman and A. P. Braun for initial samples of
autocamtide-3 and control peptide and for valu-
able discussions regarding phosphorylated-CaMKI|
antibodies.

4 November 1997; accepted 27 April 1998

A Calcium Sensor Homolog Required
- for Plant Salt Tolerance

Jiping Liu and Jian-Kang Zhu*

Excessive sodium (Na™) in salinized soils inhibits plant growth and development. A
mutation in the SOS3 gene renders Arabidopsis thaliana plants hypersensitive to Na™-
induced growth inhibition. SOS3 encodes a protein that shares significant sequence
similarity with the calcineurin B subunit from yeast and neuronal calcium sensors from
animals. The results suggest that intracellular calcium signaling through a calcineurin-like
pathway mediates the beneficial effect of calcium on plant salt tolerance.

Sail salinity stresses plant growth and agri-
cultural productivity (1). For many salt-sen-
sitive plants, glycophytes, which include
most crop plants, a major part of the growth
inhibition is caused by excess Na* (2). High
Na™ disrupts potassium (K*) nutrition and,
when accumulated in the cytoplasm, inhibits
many enzymes (3-5). Adding calcium
(Ca’™) to root growth medium enhances salt
tolerance in glycophytic plants (6-8). Ca?™
sustains K™ transport and K*-Na* selectiv-
ity in Na™-challenged plants (8).

In Arabidopsis thaliana, the recessive sos3
mutant is hypersensitive to Na* and another
alkali ion, Li™ (9). Under salt stress, sos3
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plants accumulate more Na* and retain less
K™ than the wild type. sos3 mutant plants are
also incapable of growing under low-K™ con-
ditions. Increased Ca?™ in the culture medi-
um can partially suppress the Na™ hypersen-
sitivity of sos3 plants and completely suppress
the defect in K™ nutrition (9). These pheno-
types suggest that the SOS3 gene product is
part of a crucial pathway for mediating the
beneficial effect of Ca?™ during salt stress (9).

The SOS3 locus is on chromosome V
between the molecular markers ngal39 and
CDPK9 (9). Mapping of yeast artificial
chromosome (YAC) clones containing
ngal39 or CDPK9 (or both) (10) placed
SOS3 between the left end of YAC
EG20H2 (20H2L) and the left end of YAC
CICI12F2 (12F2L) (Fig. 1A). Bacterial arti-
ficial chromosome (BAC) clones hybridizing
to 20H2L or 12F2L (or to both) were isolat-
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