
Autophosphorylation at Thr286 of the CY radiatum of hippocampal slices (1 6). We 
focused our studies on the CA1 region be- 

Calcium-CaImoduIin Kinase II cause this region is im~ortant for learning: 

in LTP and Learning 
- - 

(17). Long-term potentiation induced with 
a 100-Hz tetanus (1 s) was deficient in the 

Karl Peter Giese, Nikolai B. Fedorov, Robert K. Filipkowski, aCaMKIIT286A-129B6FZ mutants (Fig. 2A). 

Alcino J. Silva* 
Sixty minutes after the tetanus, the mutants 
(seven mice, seven slices) showed 110.8 
2 6.2% potentiation, whereas wild-type 

The calcium-calmodulin-dependent kinase II (CaMKII) is required for hippocampal long- mice (10 mice, 10 slices) showed 153.5 2 
term potentiation (LTP) and spatial learning. In addition to its calcium-calmodulin (CaM)- 7.5% potentiation. There was no overlap in 
dependent activity, CaMKll can undergo autophosphorylation, resulting in CaM-inde- the extent of potentiations in wild-type 
pendent activity. A point mutation was introduced into the aCaMKll gene that blocked and mutant slices (Fig. 2B). We also de- 
the autophosphorylation of threonine at position 286 (ThrZs6) of this kinase without termined that other stimulation protocols 
affecting its CaM-dependent activity. The mutant mice had no N-methyl-D-aspartate revealed similar LTP impairments in the 
receptor-dependent LTP in the hippocampal CAI area and showed no spatial learning aCaMKIITZs6A-129B6FZ mutants (Fig. 2C). 
in the Morris water maze. Thus, the autophosphorylation of aCaMKll at Thr286 appears These LTP impairments were not caused 
to be required for LTP and learning. by prepotentiation of synaptic transmis- 

sion, because the relation between evoked 
fiber volleys and field excitatory postsyn- 
aptic potentials (fEPSPs) was ind:.,tin- 

Long-lasting changes in synaptic strength gene (13). We confirmed that the guishable between mutant (nine mice, 
(such as LTP) are thought to underlie learn- aCaMKIIT286A-129B6FZ mutation decreased nine slices) and wild-type mice (nine 
ing and memory (1). Pharmacological and the total CaM-independent CaMKII ac- mice, nine slices) (Fig. 2D). This result also 
genetic lesions of CaMKII impair LTP and tivity in the mutants but did not affect suggests that the aCaMKIIT286A-129B6FZ mu- 
learning (2-4). Additionally, increasing the their CaM-dependent activity (14). The tation did not affect synaptic connectivity 
concentrations of constitutively active residual CaM-independent activity in the in the CA1 region. Synaptic responses col- 
CaMKII affects LTP and learning (5, 6). A mutants was presumably due to PCaMKII lected during the 10-Hz tetanus were simi- 
model has been proposed that suggests that (1 3, 15). lar in mutant and wild-type mice (18), in- 
the autophosphorylated CaM-independent Long-term potentiation was tested in dicating that the LTP deficit of the mu- 
(constitutively active) state of CaMKII is the aCaMKIIT286A-129B6FZ mutants with ex- tants was not due to decreased synaptic 
crucial for LTP and leaming (7). Autophos- tracellular field recordings in the stratum transmission during tetanic stimulation. 
phorylation at Thr286 endows aCaMKII 
with the ability to switch from a CaM- 
dependent to a CaM-independent state (8). A B 
Consistent with the model, LTP induction (WT 194 bp) Hinc 11 Hinc II 

Hinc II - triggers a long-lasting .increase in the auto- 0- < 1 7 -  1 . -- phosphorylated form of CaMKII (9,lO) and -1 CAG GAG hgGAChGC 
- - -  loxP T286A 100 brb 

in its CaM-independent activity ( I  I ). These O E A V D C  - 
studies, however, do not demonstrate that 

- - . / . I+$$$$+ 5 (WT 800 bp) 
the autophosphorylation of CaMKII is re- . . . ,' 
quired for either LTP or learning. B (v) T286A IV) B c -I- +I+ ed I To determine whether the autophospho- 

a - 
'1 2 3 "  1 2 3l 

rylation of aCaMKII at ThrZs6 is required for ,yb " X P l a s m i d  

LTP and learning, we substituted Thr286 (T) - a  
for alanine (A) (T286A). The T286A mu- b 

H X V G T286 v -S  
I 

tation results in a kinase that is unable to s probe -" 
switch to its CaM-independent state (8). We 
used a gene-targeting strategy that utilizes a 1 "ObeA D E 
replacement vector containing the point 
mutation and a neo gene flanked by loxP 
sites (the Pointlox procedure) (Fig. 1, A and 
B) (12). All of the homozygous mutants 
analyzed were F2 mice from a cross between 
the chimeras (contributing 129 background) 
and C57BL16 mice (aCaMKIIT286A-'29B6FZ ). 
Immunoblotting and immunocytochemical 
analyses (Fig. 1, C to E) determined that 
the point mutations and the loxP site did 
not alter the expression of the aCaMKII 
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Fig. 1. Generation of the aCaMKllT286A-'29B6F2 mutants with the Pointlox procedure. (A) The targeting 
construct (a), a partial map of the aCaMKll gene (b), the resulting targeted allele (c), and the targeted 
allele after Cre recombination (d) are illustrated (1 1). B, Bam HI; G, Bgl II; H, Hind Ill; V, Pvu II; X, Xba I. 
(B) Afirst PCR detected the loxP site (12) determining the genotype. A second PCR was used to identify 
the point mutations (12). The gel shows the Hinc Il-digested PCR products from homozygotes (-/-) 
and wild-type (+/+) mice. MI  and M2 refer to molecular weight marker lanes. (C) lmmunoblot analysis 
(13) indicated normal expression of aCaMKll (a) and synaptophysin (S) in the mutants. Lane 1, 2.5 pg 
of protein; lane 2, 5 pg of protein; and lane 3, 10 pg of protein. (D and E) lmmunocytochemistry of adult 
coronal hippocampal sections (13) showed expression of aCaMKll in the somata and dendrites of 
mutants (E) and wild-type mice (D). Calibration bar, 0.5 mm. 
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Fig. 2. Long-term potent~at~on impa~rments in the 
,CaMKIlT28fiA~'29BfiF2 mutant mice. (A) Long-term potentlaton 

~nduced mutants. by Representat~ve a 100-Hz (1 s) traces tetanus before (16) and was 30 impaired m ~ n  after ~n the the El tetanus are shown for mutant (T286A) (W) and wid-type (WT)  
(0) mice. Calibration bars, 1 mV. 10 ms. The arrow Indicates 
when the tetanus was delivered. (B) A cumulative h~stogram 
for the 100-Hz tetanus-~nduced LTP (measured 30 min after 
the tetanus) IS presented for mutant (dashed I~ne) and wild- $ 
type (solid line) mice. (C) A variety of protocols detected the 
LTP impairment of the mutants 30 mln after tetanization: 2 -10 0 10 20 30 40 50 60 70 80 75 100 125 150 175 200 225 
theta bursts (2TB) (five wild-type mice, six slices and SIX mu- Time (min) LTP (% of baseline) 

tant mlce, SIX slces), 10-Hz tetanus for 10 s (1 0Hz) (five w id -  
type mice. flve slices and seven mutant mlce, seven slices): 180, 
and 100-Hz tetanus for 1 s (100Hz). In contrast, for other 
protocols. no dfference was detected: 1 -Hz tetanus for 100 s - 
presence of D-AP5 (AP5). (D) The plot indicates normal basal CL 

16]c, , ,, ;*; ; g l . !  (1Hz) or for 900 s (34) and 100-Hz tetanus for 1 s in the $ 140 
,- 

synaptic transm~ss~on in the mutants. 3 120 ,r _' ,I- - - I  UJ 
,' , P 

/ /  100 "-.-*, . . % 0.5 

80 
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Because it has been proposed that  hoael ,er ,  did not  induce a stable synaptic 
aCaMKII  regulates the  frequency-re- depression in either aCaivlKIIT'"""-"'H"FL 
sponse function of hippocalnpal synapses mutants or wild-type controls (Fig. 2C) .  
(6), w7e also investigated field synaptic W e  confirined the  LTP deficits of the  
responses after ion-frequency stlinulation aCaivlKIIT2S6A-""R"' mutants \vlt11 aho le -  
( 1  Hz for 1CC s or 900 s) .  This  stimulation, cell record~ngs in C A I  neurons (Fig. 3, A 

Time (min) 

C 

LTP (% of baseline) 

D 

Pulse number Membrane potential (mV) 

Fig. 3. Parng-~nduced LTP defcits In the E C ~ M K ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~  mutant mce.  (A) Long-term potentla- 
tion was Induced by palrlng postsynaptc depoarzaton w ~ t h  low-frequency stimuat~on (19) (arrow). 
Averaged traces (n = 10) from a representatve exper~ment before and 6 to 8 mln after parng are shown 
for mutant (T286A) (W) and wild-type (WT) (O) mce.  In an independent experiment, the potentiaton of 
SIX mutant (havng four crosses into C57BL/6) and four wd- type neurons was recorded up to 30 min 
after LTP inducton. Because both LTP experiments gave the same results, the data were combined. 
Callbraton bars, 50 pA, 10 ms. (B) A cumuatve hstogram for the parng-nduced LTP in the 129B6F2 
background (left) (measured 200 to 500 s after paring) and In the B6 background (right) (four crosses 
Into C57BL/6, measured 25 to 30 m n  after paring) IS presented for mutant (dashed n e )  and wid-type 
( sod  line) mce. (C) The average amplitude of NMDAR currents IS plotted for each pulse In the pairng 
protocol. (D) The current-voltage relat~on of NMDAR currents was ~nd~st~ngu~shable between mutant and 
wild-type mice. 

and B) (19).  Long-term potentiation was 
iniluced with a pairing protocol: Postsynap- 
tic depolarlzation (up to +10 mV) ,  suffi- 
cient to reverse the  excitatory postsynaptic 
currents (EPSCs), was paired a i t h  synaptic 
stilnulation (2 Hz for 5C s) (Fig. ? A ) .  A t  3.5 
to 8.5 n1n  after this pairing protocol, robust 
LTP w7as obtained in aild-type mice ( 2 i i  
+ 2196, 16 neurons; nine mice). As  ob- 
served ~ . i t h  field recordings, a much smaller 
potentiation was observed 111 mutant Inice 
(132 + 8%, 17 neurons; nine mice) (Flg. 
? A ) .  There was no overlap in the  extent of 
potentiations in wild-type and mutant slices 
(Fig. 3B). Because y-aminobutyrlc a c i d  
(GABA,) receptors were blocked w,ith pi- 
crotoxin (PTX) iluring these recorilings, the  
LTP iillpairinents obser\~ed are not due to 
abnorn~alities in inhibitloll (20).  

T o  investigate ahe the r  N-methyl-D-as- 
partate receptor ( N M D A R ) - i i e ~ ~ e n i l e ~ ~ t  
LTP w7as absent in the (rCaMKIIT'"~'1'9A6F2 
mutants, we used field recordings to colnpare 
LTP (10C Hz, 1 s) induceil in the presence or 
absence of ~-2-ami11o-5-phosphonope11ta1m- 
ate (13-AP5) (5C pM), an  NMDAR antago- 
nlst (Fig. 2C). In the presence of D-AP5, 
LTP w7as severely decreased in wilil-type hip- 
pocainpal slices (3C nlin after the tetanus: 
112.8 + 3.9%; seven mice, seven slices) 
compared w,ith control slices (30 inin after 
the tetanus: 158.1 + 8.7%; 10 mice, 10 
slices). In contrast, the potentiation in mu- 
tant slices w7as 13-APi-insensitive (30 mi11 
after the tetanus; without 13-APi: 113.9 + 
2.8%; seven mice, seven slices; with D-AP5: 
108.4 + 3.5%; six inice, six slices) (21). Two 
seconds after a 2 theta burst t e t a n ~ ~ s  (21 ), the 
potentiation in mutants (108.8 t 2.6%; six 
mice, 11 slices) a a s  indisting~~ishable from 
that in wild-type Inice (113.7 + 2.0%; 12 
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mice, 15 slices), and this early potentiation 
w7as not NMDAR-ilependent (a i ld  type 
with D-AP5: 120.0 2 1.296; four mice, eight 
slices). 

The  autophosphoryiatiol~ of aCaMKII at 
TlIr?66 leads to trapping of CaM (22),  a 

molecule that can reduce the opening prob- 
ability of NivlDARs (23) .  Consequently,  
in the a~ a1 M K I I T ~ M . ~ - I ? ~ ~ ~ F ?  ~n~u tan t s ,  a n  

abnornlal r e d u c t ~ o n  of N M D A R  currents 
by Cab1 could block the  induction of LTP. 
W i t h  whole-cell recordings in the  pres- 
ence of PTX (100 p,ivl) and  the  a-amino-  
3-hydroxy-5-methyl-4-isoxa:olepropiolate 
receptor blocker 6-cyano-i-n~troy~uinoxa- 
line-2,3-dione (CNQX)  (25 p,M), w7e ana- 
lyzed NMDAR f~ul~ction during the pairing 
protocol p rev i~~us ly  used to i11duce LTP 
(Fig. 3, C and D ) .  T h e  amplitude of 
NivlDAR currents was normal in the  mu- 
tants (eight neurons from five mutant 
mice and  nine  neurons from five wild-type 
mice) (Fig. 3 C ) .  Ailditionally, the  voltage 
ilependence of the  N M D A R  currents was 
also lnormal in  the  lnutants (n ine  neurons 
from five mutant  mice and  seven neurons 
from five wild-type mice) (Fig. 3D) (24) .  
T h u s ,  t h e  L T P  impa i rmen t s  i n  t h e  
aCaMKIIT2"""-'2"B"F2 mutants were lnot 
due to  ab~lorrnal N M D A R  f~ul~ct ion.  

T o  test whether the  autophosphoryl- 
ation of aCaMKII was required for spatial 
learning, we tested the mutants (n  = 10) 
and wild-type Inice (n  = 11) in  the h ~ d d e n -  
platfornl version of the  Morris water maze 
(25) ,  a hi~~pocampus-ilependellt task (26).  

Fig. 4. Spatial learning deficits of A 
the aCaMKIIT2ee"4-'2"GF%utants. 
(A) The mutants were impaired in 
locating a hidden platform (25) (P 
< 0.001), but  they were normal 
d u r ~ n g  the first three t r a n n g  blocks 
(P > 0.30). 0, w~ld - t ype  mice; 0 ,  
mutants. (B) During a transfer test 
after training, the mutants d id  not  
search selectively In the target 
quadrant (TQ) (P > 0.75) and 
showed no  s w m m n g  speed defi- 
c ~ t s  (P = 0.21). AR, AL, and O P  re- 
fer t o  the ~ l a t f o r m  sites adjacent 

Although the mutants lleedeil more tilne 
than wild-type lnice diil to locate the plat- 
form, during the  first three training blocks, 
they were normal (Fig. 4A) .  Thus, the  spa- 
tial learning inlpairlnents of the mutants 
were not due to in~ t i a l  performance deficits. 
During a transfer test given a t  the  enil of 
training, the  lvilil-type nlice searched selec- 
tively for the platform, ahereas  the mutant 
Inice did not (Fig. 4, B and C ) .  

Nine aCaMKIIT'86""'"R"" mutants and 
ten wild-type mice were also tested in the 
visible-platform version of the Morris water 
maze (25),  a hippocampus-independellt task 
(Fig. 4D) (26).  Despite an  itnpairrnent in 
blocks 2 and 3, the mutants were able to 
learn this task (Fig. 4D), inilicating that they 
had the vision, motivation, and motor coor- 
dination required fur learning in the Lvater 
maze. A hiilden-platform test after this task 
colnfirlned the spatial learning irnpairlnents 
of these lnutants (25) (Fig. 4, E to  G). 

Here, we have provided direct evidence 
that the  autophosphorylation of aCaivlKII 
a t  Thr2'"s required for NMDAR-depen- 
dent LTP in the  hippocarnpal C A 1  region. 
Like the  aCaMKIIn"" mutants (3, 4 ) ,  the  
aCaMKIIT286.4-129B6F2 mice showed im- 
paired NMDAR-dependent LTP and spa- 
tial learning. T h e  observed LTP deficits in 
the aCaMKIIT2S6bh-129BB"F2 nlutants were 
not  due to abnormalities in GABA,, inhi- 
bition, NMDAR currents, or synaptic f~111c- 
tion before and durlng the  tetanus, suggest- 
ing that the deficits act do~vlnstreanl of 
Ca2' influx through NMDARs. These 

0- 
1 3 5 7 9 11 1 3 1 5  

Blocks of four trials Quadrant - 
r~gh t ,  adjacent left, and opposite to D E 60 
the t ran inq s ~ t e ,  respectively. Open  so{ T - T T 2 403h 
bars. w~ld- type mice; solid bars, 3 

- 4 / & ,  , 

ATAT ii :I l i  A 
mutants. (C) The mutants also did 2 
not  selectively cross the TQ site (P 5 30 
> 0.75). (D) The mutants were only 3 
impaired d u r ~ n g  blocks 2 and 3 In 20 

locating a v~sible platform in a f ~ x e d  
p o s t o n  (25) (P < 0.05 for both), (E) lo 

The visible platform was replaced 0 
by a h ~ d d e n  platform (25), and the 1 2 3 4 5 6  

, , ,e 
mutants were Impaired d u r n g  t ran -  Blocks of four trials Quadrant 
ing (P < 0.01). (F) The mutants d ~ d  
not search se lectvey In a transfer test after t r a n ~ n g  (P > 0.25). (6) The mutants also d d  not  preferentally 
cross the training site (P > 0.75) Wild-type mice searched se lectvey In a transfer test measurements 
(B, C, F, and  G). 

filldillgs are consistent with the observation 
that,  after LTP induction, the autophospho- 
rylated form of aCaMKII phosphorylates 
gl~utamate receptor sub~units that may be 
required for LTP (9). In  accordance w,ith a 
n ~ o d e l  impl~cating the  CaM-independent 
state of CaMKII in  learning and Inenlory 
(7), we showed that the  autophosphoryl- 
ation of aCaMKII a t  Thr'" is required for 
spatial learning. Thus, the  autophosphoryl- 
ation of aCaMKII  at ThrLE6 is crucial for 
hippocampal LTP and hippocampus-depe11- 
ilent learning. 

REFERENCES AND NOTES 

1. T. V. P. BIss and G. L. Colingrdge, Nature 351, 31 
(1 993): A. J S~lva et a1 , Cold Spring Harbor Symp 
Quant. Biol. 61 , 239 (1 996). 

2. R. C. Malenka et a/., Nature 340, 554 (1989): R. 
Manow H Schuman, R.  W. Ts~en, Science 245, 
8E2 (1989); C. F. Stevens, S, Tonegawa, Y. Wang, 
Curr. Biol 4, 687 (1994); C. Wofman et a/., Behav. 
Neural Biol. 61, 203 (1994). S.-E. Tan and K -C. 
L~ang Bra~n Res. 71 1, 234 (1 99E); A. Klrkwood, A 
Silva, M. F Bear. Proc. Natl. Acad. Sci. U.S.A. 94 
3380 (1997), N. Otrnakhov. L C Griff~th, J. E LIS- 
man, J Neurosci 17 5357 (1 997). 

3 A J Silva, R Paylor J M Wehner, S Tonegawa, 
Science 257, 20E (1 992) 

4 A J S~lva, C F. Stevens, S. Tonegawa Y. Wang, 
{bid, p 201 

5. D L Pettt. S Perman. R.  Manow. /bid 266. 1881 
(1 994), P :M Lledo et a1 , Proc. Natl Acad Sci 
U S.A 92, 11 175 (1 995); M E. Bach, R D. Hawkns, 
M. Osman, E. R Kandel, M Mayiord, Cell 81. 905 
(1 995); M. Mavford et a/., ~c ience  274, 1678 (1 996). 

E. M Mayford, J: Wang, E. R Kandel, T. J. O'Dell, Cell 
81, 891 (1 995). 

7. S. G. Miller and M. B. Kennedy, /hid 44, 861 (1986); 
J. E. Lisman and M. A. Godring. Proc Natl. Acad. 
Sci U.S A. 85. 5320 (1 988): J. Lisman. Trends Neu- 
rosci. 17 406 (1 994). 

8. S. G. Miller, B. L Patton, M. B. Kennedy, Neuron 1 ,  
593 (1 988); Y.-L. Fong, W. L. Taylor A. R. Means. 
T. R. Soderling, J. 5/01 Chem 264, 16759 (1 989): 
P. J. Hanson M. S. Kapoff, L, L. Lou, M. G. Rosen- 
fed. H Sciiuman Neuron 3 59 (1989): M. N.  Wax- 
ha~n  J Aronowsk~, S. A. Viestgate, P, T Kelly, Proc. 
Natl Acad. Sci. U S.A 87, 1273 (1 990): S Ohasako, 
H. Nakazawa. S . -  Sek~hara, A, k a ,  T. Yalnauch, 
J. Biochem. 109, 137 (1 991). 

9. A. Barr~a, D. Muer ,  V. Derkach, L. C. Griff~th T. R. 
Soderng, Science 276, 2042 (1997) 

10. Y. Ouyang. D. Kantor, K. M. Harrs, E M. Schuman, 
M B. Kennedy, J Neurosci. 17. 5416 (1997). 

11 K. Fukunaga, L. Stopp~n, E. M~yamoto, D. Muler, 
J Biol Chem 268, 7863 (1 993). 

12. Two point mutations (ACCGTGGAC was changed to 
GCCGTCGAC) were introduced by polymerase char 
reacton (PCR) mutageness nto the 866-base par 
Hind I fragrnent containng the exon encodng ThrZ6,? 
(27). The wd-type H~nd I fragment of the 6 I -kb Pvu 
I genomic clone (4) was substituted by the mu- 
tagen~zed H~nd I fragment A PGKneo cassette 
flanked by oxP s~tes was Inserted Into the B g  I s~te 
After transfecton of R1 embryonc stern cells (28) and 
seecton w~th G418, targeted clones were dentf~ed 
by Southern (DNA) blot analyses. Because the PGK- 
neo cassette could interfere with the expression of 
neghborng genes (29) t was rernoved by tralisent 
transfection with pBS185 (30) a pasrnid containng 
Cre recombnase DNA Chmeras, generated by njec- 
ton of proper cells into bastocysts, were mated w~th 
C57BL:GJ mlce, and crosses of F1 heterozygotes 
yielded a Mendean distrbuton of F2 offspring. The 
lnutants were dent~f~ed by PCR (pr~mers. 5'-CTG- 
TACCAGCAGATCAAAGC-3' and 5'-ATCACTAG- 
CACCATGTGGTC-3') Polymerase cha~n reaction 
(primers: 5'-GATGCTGACCATCAACCCAT3' and 

872 SCIERCE IiOL. 279 6 FEBRUARY 1998 w~vw.sciencemag.org 



5'-CCCATTGTGACTCTACACCT3'I followed by a 
Hnc  I restricton indicated the presence of the pont 
mutations In tile hornozygous mutants. 

13. The ~mmunoblot analysis was done w t h  proten from 
adult bran wlth monoclonal antbod es to aCaMKll 
and synaptophysn (Boehrnger), The secondaly an- 
tbody was labeled with '"I Blots analyzed wlth an 
antbody to p C a M K  (Zymed Laboratories) showed 
that pCaMK IS expressed at normal amounts In 
adult brain of the olCaMKl11~'"A''9Bw2 mutants For 
the ~mmunoc\tochem~cal anayss, coronal sectons 
of the adult brain were Incubated wlth the rnonoco- 
n a  antlbody to aCaMKll. Antlgen-antibody com- 
plexes were vsuazed with the glucose oxdase- 
d~am~nobenzld~ne-ncke method (37) 

14 The knase actvlty was determined from hppocampal 
sllces wlth autocarnt~de-3 as substrate as previously 
descrbed (7 1 32). For wd-type mice (n = 3) the total 
activlty was 5.07 It_ 0.91 pniol-' kg- '  niln, and tbe 
CaMndependent actlvlty was 1 09 2 0.12 prnol-' 
kg- '  min (22.1 ? 1 8%) Forthe homozygous mutants 
(n = 31, the total actvity was 4 74 _t 1 . I 2  pmo- '  kg- '  
nin,  and the Cabl-ndependent actlvlty was 0.40 i- 
0 06 pmo- '  k g '  m n  (9.2 I 1 9%) 

15 P. I .  Hanson and H Schuman, Annu. Rev Biocliem. 
61 559 (1 992) 

16, Transverse hippocarnpa slces (400 kr r )  from 5- to 
10-month-old mce  were placed In a submerged re- 
cording charnber petfused continuously w th  ar t fca l  
cerebrospna flud (ACSF) equibrated wlth 95% 0, 
and 5O/0 CO, at 31'C. Extracellular fEPSPs were 
recorded wlth an electrode f e d  wlth ACSF In CAI  
stratum radiatum, and the Schaffer coateras were 
stmuated. A second pathway was used to control 
the stablity of the recordngs. The stimulus duraton 
was 100 k s  The ACSF contained 120 mM NaC.  3.5 
mM KCI, 2 5 mM CaCl, 1.3 mM MgSO,, 1.25 mM 
NaH,PO,. 26 mM NaHCO,, and 10 mM D-glucose. 

17 S Zoa-Morgan, L. R. Squre, D. G. Amara J. Neu- 
rosci. 6. 2950 (1 986). J Z. Tsen, P. T. Huerta S. 
Tonegawa, Cell 87, 1327 (1 99E). 

18. Synaptc transmsson durlng the 10-Hz tetanus un- 
dergoes bphasc (Increase mnus decrease) chang- 
es. For wd- type mce  (n = e), the maxmal Increase 
was 140.3 i- 3.2% and for mutants. t was 146.7 
z 4.490 (n = 5). The rnaxma decrease (at the end of 
the tetanus) was 79.2 I 6 9% for wd- type m c e  and 
91 E 2 8.9% for mutants. 

19. Exctatory postsynaptc currents were recorded from 
CAI pyramidal neurons from 6 to 12-month-old 
mlce wlth a patch electrode (7 to 10 Mohm) In the 
whole-cell voltage-clamp mode The pipette solution 
contaned 122 5 mM cesum methanosuphonate, 
17.5 mM CsCl, 10 mM Hepes buffer, 0.1 mM EGTA, 
8 mM NaCl, 2 mM Mg-adenosne trlphosphate, and 
0.3 mM Na,-guanosine trphosphate (pH 7.25, 290 
to 300 mosm). A second pathway was used to con- 
trol for the s tab t y  of the recordngs. Pcrotoxn (1 00 
pM) was present In a experiments. 

20. A. Stelzer G. Slmon G. Kovacs, R. Ral, Proc. Natl. 
Acad. Sci. U.S.A. 91 , 3058 (1 994). 

21 S lmar  results were obtaned 10 s after a 2 theta 
burst (two hlgh-frequency bursts of four s t~mul  at 
100 Hz, wlth 200 ms separatng the onset of each 
burst) tetanus (wd-type mice without D-AP5: 
131.3 2 5.6%: SIX mce, 12 sces;  wd- type mlce 
wlth D-AP5: 106.3 2 2.090; four mlce. elght sces .  
mutants without D-AP5: 112.4 2 3.3%: five mlce 
flve slices). 

22. T. Meyer, P. I .  Hanson. L. Stryer. H. Schuman, Scl- 
ence 256. 1 199 (1 992). 

23. M D. Ehers. S Zhang, J. P. Bernhardt, R, L Huga- 
nlr, Cell 84, 745 (1 99E). 

24 Extracellular fleld recordngs (In the presence of 
CNQX and PTX w th  astmuation strength of 50 FA) 
Indicated that the NMDAR potentals did not differ 
between mutant (0 159 i 0.053 mV, three mlce. 
four sces)  and wd- type m c e  (0.200 t 0 020 mV; 
three mce,  five sces)  

25 Two- to flve-month-old m c e  were studed In the 
spatal verson of the water maze for 5 days (1 2 
trlas per day, blocks of four t r a s )  as prevousy 
described (33). Transfer tests were gven at the end 
of days 3 and 5 In another experiment, the m c e  
were tested for 2 days wlth a vlsbie platform :n a 

flxed location (12 trlals per day), then the vlslble 31. S Y. Shu, G. JLI, L. Z. Fan. Neurosci Lett. 85, 169 
platform was replaced by a hidden platform and (1 988) 
the m c e  were tested for another 2 days (12 trials 32 S. J. Kob,  A Hudmon M. N. Waxham. J. Neuro- 
per day). A transfer test was given at the end of chem. 64, 21 47 (1 995). 
trainng Data were studed w t h  one-way and two- 33. R Bourtchuadze et a/., Cell 79. 59 (1994) 
way analysis of varlance 34. K. P. Glese. N. B Fedorov, R K F~lipkowsk~ A. J 

26 R. G M: Morris P Garrud, J N. P. Rawlins, J. Sva ,  data not shown. 
0 Keefe Nature 297, 681 (1 982) 35 We thank P Chen, K. Fox, P W Frankland, J H 

27. A Hernsley N Arnhelm, M D. Toney, G, corto- Kogan, J. E. Lisman, R. Malinow, K. Mlzuno A. 
passl, D. J Galas Nucleic Acids Res. 17 6545  nag^ M. N. Waxham and D.-J. Zuo for helpful d s- 
t +  oon\ cuss~ons and materials. K P.G. was sumorted bv a 
( ZVZ,. 

28. A. Nagy J. Rossant, R Nagy. W. Abramow-New- 
erly. J C. Roder. Proc Natl. Acad Scl. U.S.A. 90, 
8424 (1 993) 

29. E. N. Olson, H -H.Arnod, P. W. J. Rgby, B. J. Wold, 
Cell85 1 (199E); C T N. Pham D. M. Macvor, B. A 
Hug, J. W. Heuse T. J Ley, Proc. Natl. Acad. Sci. 
U.S.A. 93 13090 (1 99E). 

, , 
European Molecular Biology Organzaton and Deut- 
sche Forschungsgelneinschaft feowsh~p.  R K.F 
was supported by the Foundaton for Experimental 
and C i n c a  Oncology Poland. A.J.S was support- 
ed by grants from the Whitehall Beckman, Kngen-  
steln, and McKnlght Foundations and NIH 
(AG1 3622) 

30. B Sauer. Methods Enzymol 225, 890 (1 993) 18 September 1997: accepted 1 1 December 1997 

Conjugative Transfer by the Virulence System 
of Legionella pneumophila 

Joseph. P. Vogel, Helene L. Andrews, Swee Kee Wong, 
Ralph R. Isberg* 

Legionella pneumophila, the causative agent of Legionnaires' pneumonia, replicates 
within alveolar macrophages by preventing phagosome-lysosome fusion. Here, a large 
number of mutants called dot (defective for organelle trafficking) that were unable to 
replicate intracellularly because of an inability of the bacteria to alter the endocytic 
pathway of macrophages were isolated. The dot virulence genes encoded a large 
putative membrane complex that functioned as a secretion system that was able to 
transfer plasmid DNA from one cell to another. 

A n~uinber of intracellular bacterial patho- 
gens, such as Chlamydia trachomatis, Myco- 
bacterit~m tttberculosis, and Legionella pnett- 
mophila, grow within membrane-bound 
compartments d~ver t ed  fro111 the  normal en- 
docytic pathway of host cells ( 1  ). Legionella 
pnettmophiln replicates ~v i th in  alveolar mac- 
rophages by preventing acid~f icat io~l  of the  
nascent phagosome and subsequent f ~ ~ s i o n  
with lysosomes (2) .  Several L. pnettmophiln 
genes (dot4  and icmWXYZ) that are re- 
quired for gro~vth in  macrophages have 
been identified (3) .  Mutations in these 
genes allow bacteria to be internalized into 
compartments that fuse ~ v i t h  lysosoinal 
components (3,  4). 

T o  uilderstand how this orgallisin pre- 
vents phagosome-lysosome f~usion, we iso- 
lated a large collection of additional inu- 
tants that were defective for intracellular 
gro~vth.  Twenty-six spontaneous mutants 
were isolated o n  the basis of the  observation 
that L. pneumophila stralns resistant to  low 
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amoullts of sodium chloride are often un- 
able to replicate in  macrophages (5, 6) .  W e  
independently isolated six a d d ~ t i o i ~ a l  mu- 
tants by screening rnutagenized L. pnetimo- 
phila for a lack of ~iltracellular growth (7). 
C o ~ n p l e m e n t a t i c  of these mutants re- 
vealed two 20-kb reglolls o n  the  L .  pnet~- 
mophtla chromosome that coiltaiil a large 
number of genes requ~red fur growth in 
macrophages (Fig. 1) .  Region I coiltaiils 
three genes, dotDCB, located about 10 kb 
from the  previously identified dotA-icm- 
\:XYZ locus. Region I1 coiltains 11 genes in 
three potential operons (dotML, dotKI1H- 
GFE, and dotNO). T h e  majority of the dot 
and icm genes identified to date, 14 of 19, 
are predicted to encode proteins that are 
membrane-associated. Although most of 
these proteins are not  hoinologous to any 
known open reading frames (ORFs),  fuur 
Dot proteins have limited homology to  
compolleilts of bacterial conjugation sys- 
tems (Flg. 1 ) .  T h e  COOH-terminus of 
DotG is homologot~s to Trb  I, a protein 
required for conjugation of the  IncP plas- 
mid RP4 (23% identity over the  C O O H -  
terminal 442 amino acids of DotG) (Fig. 1 )  
(8). DotM and DotL have holnology to 
TrbA and TrbC,  respectively, from the  Inc 
I plasmid R64 (23% identlty for DotM and 
T r b A  and 26% identity for DotL and TrbC)  
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