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One of the major limitations in the use of genetically modified mice for studying cognitive 
functions is the lackof regional and temporal control of gene function. To overcome these 
limitations, a forebrain-specific promoter was combined with the tetracycline transac- 
tivator system to achieve both regional and temporal control of transgene expression. 
Expression of an activated calcium-independent form of calcium-calmodulin-depen- 
dent kinase II (CaMKII) resulted in a loss of hippocampal long-term potentiation in 
response to 10-hertz stimulation and a deficit in spatial memory, a form of explicit 
memory. Suppression of transgene expression reversed both the physiological and the 
memory deficit. When the transgene was expressed at high levels in the lateral amygdala 
and the striatum but not other forebrain structures, there was a deficit in fear conditioning, 
an implicit memory task, that also was reversible. Thus, the CaMKll signaling pathway 
is critical for both explicit and implicit memory storage, in a manner that is independent 
of its potential role in development. 

Explicit m e m o r y -  memory for facts, 
places, and events-requires the hippocam- 
pus and related medial temporal lobe struc- 
tures ( I ) ,  whereas implicit memory-a 
memory for perceptual and motor skills- 
involves a variety of anatomical systems 
(2). For example, one form of implicit 
memory, that for conditioned fear, involves 
the amygdala (3). 

Studies with eeneticallv modified ani- - 
mals have sought to relate specific genes 
to s~ecific forms of ex~l ic i t  or im~lici t  
memory storage (4-8). However, current 
methodology does not allow one to distin- 
guish between a direct effect on memory 
or its underlying synaptic mechanisms and 
an indirect effect on the development of 
the neuronal circuits in which the memory 
storage occurs (4, 9). In addition, the gene 
under study is typically overexpressed or 
ablated throughout the entire brain. As a 
result, the genetic modifications often af- 
fect, indiscriminately, both implicit and 
explicit memory as well as perceptual or 
motor performance. Thus, to analyze the 
molecular contribution of a given gene to 
a particular type of memory, it is essential 
not only to control the timing of expres- 
sion but also to restrict expression to ap- 
propriate cell populations. 

To address these issues and to achieve 
regulated transgene expression in restricted 
regions of the forebrain, we used a fore- 
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brain-specific promoter in combination 
with the tetracycline transactivator (tTA) 
developed by Bujard and his colleagues (10, 
1 1 ). We examined the role of CaMKII sig- 
naling in synaptic plasticity as well as in 
implicit and explicit memory storage. 

CaMKIIa is a serine-threonine  rotei in 
kinase that is restricted to the foiebrain 
(12-14). It is expressed in the neurons of 
the neocortex, the hippocampus, the amyg- 
dala, and the basal ganglia. After a brief 
exDosure to CaZ+. CaMKII can convert to a 
Caz+-independent state through an auto- 
phosphorylation at ThrZs6 (1 2, 14-1 7). 
This ability to become persistently active in 
response to a transient CaZ+ stimulus led to 
the suggestion that CaMKII may be a mo- 
lecular substrate of memory (18). Targeted 
disruption of the CaMKIIa gene produces 
deficits in long-term potentiation (LTP) 
and severely impairs performance on hip- 
pocampal-dependent memory tasks (5, 6). 
Mutation of ThrZR6 to Asp in CaMKIIa 
mimics the effect of autophosphorylation at 
ThrZR6 and converts the enzyme to a CaZ+- 
independent form ( 15, 17). Transgenic ex- 
pression of this dominant mutation of 
CaMKIIa (CaMKII-AspzR6) results in a sys- 
tematic shift in response to low-frequency 
stimulation such that long-term depression 
(LTD) is favored in the transgenic mice (7). 
Thus, although Schaffer collateral LTP in 
response to 100-Hz tetanus is not altered, 
LTP is eliminated in the range of 5 to 10 
Hz, a frequency (the theta frequency) 
characteristic of the endogenous oscillation 
in neuronal activity seen in the hippocam- 
pus of animals during spatial exploration 

(19). Correlated with this selective deficit 
in LTP in the theta frequency range is a 
severe defect in spatial memory (8). We 
now have reexamined these phenomena 
with regulated expression of the CaMKII- 
Asp286 transgene. 

Doxycycline regulation of transgene 
expression. The first type of mouse we gen- 
erated to achieve regulated expression of 
c a M K 1 1 - A ~ ~ ~ ~ ~  in forebrain neurons (Fig. 
1A) expressed the tTA gene under the 
control of the CaMKIIa promoter (line B), 
which limits expression of the tTA trans- 
gene to neurons of the forebrain (20). In 
the second type of mouse, the tTA-respon- 
sive tet-0 promoter is linked to the target 
gene of interest, in this case either lac2 or 
the CaMKII-AspZR6 gene. The tTA gene 
expresses a eukaryotic transcription activa- 
tor that binds to and activates transcription 
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Fig. 1. Regulation of the CaMKII-Aspze6 trans- 
gene with the tTA system. (A) Strategy used to 
obtain forebrain-specific doxycycline-regulated 
transgene expression. Two independent lines of 
transgenic mice are obtained, and the two trans- 
genes are introduced into a single mouse through 
mating. (B) Quantitation by RT-PCR Southern blot 
of CaMKII-Aspze6 expression from the tet-0 pro- 
moter. RT-PCR was performed on total forebrain 
RNA and probed for expression of the CaMKII- 
Aspze6 mutant mRNA as described (7, 21). Tgl, 
mouse carrying only the CaMKll promoter-tTA 
transgene (line B). Tg2, mouse carrying only the 
tet-O-CaMKII-Aspze6 transgene (line 21). Tgl/ 
Tg2, double transgenic mouse carrying both the 
CaMKll promoter-tTA transgene (line B) and tet- 
0-CaMKII-Aspze6 (line 21) transgenes. Tgl/Tg2 
+ Dox, double transgenic mouse treated with 
doxycycline (2 mg/ml) plus 5% sucrose in the 
drinking water for 4 weeks. 
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from the tet-0 promoter element; this tran- 
scription is blocked by the tetracycline an- 
alog doxycycline (10). When both the 
tet-0 and tTA transeenes were introduced u 

into the same mouse, the tet-0-linked gene 
was activated. but onlv in those cells that 
express tTA. 

We assessed the regulation of the 
c a M K 1 1 - A ~ ~ ~ ' ~  transgene using a reverse 
transcriptase-polymerase chain reaction 
(RT-PCR) Southern (DNA) blot (21) to 
detect only the mutant transcripts (Fig. 
1B). Mice carnine either one of the trans- , " 
genes alone show little or no expression of 
c a M K 1 1 - A ~ ~ ~ ' ~  mRNA. When both trans- 
genes were introduced into the same mouse, 
there was a large activation of CaMKII- 
Asp286 expression. The expression of this 
transgene was completely suppressed when 
the mice were given doxycycline (2 mg/ml) 
in the drinking water for 4 weeks. 

Restricted expression of the tet-0- 
linked transgenes. We examined the expres- 
sion of P-galactosidase in two tet-0 lac2 
reporter lines of mice that also carried the 
CaMKIIa promoter-tTA transgene (Fig. 
2A). In the first line. ex~ression was uniform . . 
throughout the forebrain, neocortex, hip- 
pocampus, amygdala, and striatum. This 
pattern mimics the expression of the endog- 
enous CaMKIIa gene (13). In the second 
lac2 line, expression was observed through- 
out the forebrain, but surprisingly, expres- 
sion was absent in the CA3 pyramidal cell 
body layer of the hippocampus (Fig. 2B). 

A B lac1 

Fig. 2. Forebrain-specific activation of a tet-0- 
lacZ transgene. (A) Coronal section of double 
transgenic line B lac1 stained with X-Gal as de- 
scribed (42). Ctx, cerebral cortex; Str, striatum; 
Hip, hippocampus; Amy, arnygdala. (B) X-Gal- 
stained coronal section of the hippocampus from 
double transgenic lines B lacl and B lac2. CAI, 
CAI cell body layer; CA3, CA3 cell body layer; 
DG, dentate gyrus. 

Using in situ hybridization, we next ex- 
amined the pattern of expression in three 
lines of double transgenic mice expressing 
tet-0-linked c a M K 1 1 - A ~ ~ ~ ' ~  (mouse lines 
B13, B21, and B22) (Fig. 3). In the first line 
(B13), expression was evident throughout 
the forebrain. However, in the hippocam- 
pus, expression was strong in the dentate 
gyrus and CAI region but was weak or 
absent in the CA3 region. In a second line 
of mice (B22), there was moderate expres- 
sion in the hippocampus, subiculum, stria- 
tum, and amygdala, with little expression in 
neocortex. In the hippocampus, expression 
was again present in the CAI region and 
absent in the CA3 region. In the third line 
(B21), there was little expression in the 
neocortex and hippocampus but strong ex- 
pression in the striatum, in anterior and 
lateral amygdala nuclei, and in the under- 
lying olfactory tubercle. Thus, whereas the 
CaMKII Dromoter can limit ex~ression to 
forebrain neurons generally, expression of 

the tet-0-linked transgene is further limit- 
ed to particular subsets of forebrain neurons, 
presumably due to integration site-depen- 
dent effects. 

In double transgenic mice, a high level 
of expression of the c a M K 1 1 - A ~ ~ ~ ' ~  mRNA 
was obtained (Figs. 1B and 3). To  deter- 
mine the effect of this expression on en- 
zyme activity, we measured CaMKII activ- 
ity in the striatum of the B21 line of mice 
(Table 1). In these mice, Ca2+-indepen- 
dent CaMKII activity was increased seven- 
fold relative to that of the wild type. How- 
ever, when the mice were treated with 
doxycycline (1 mg/ml), CaMKII activity 
was suppressed to wild-type values. When 
the doxycycline treatment was discontin- 
ued, Ca2+-independent CaMKII activity 
returned to those of the untreated trans- 
genic mice. Thus, the c a M K 1 1 - A ~ ~ ~ ~ ~  
transgene is functionally expressed and can 
be regulated with doxycycline. 

Effects on LTP of C ~ M K I I - A S ~ ~ ~ ~  ex- 

Table 1. Effect of CaMKII-Aspza6 mRNA expression on enzyme activity. Brains were removed and the 
striaturn was dissected and immediately homogenized in 20 rnM tris-HCI (pH 7.5), 0.5 rnM EGTA, 0.5 
rnM EDTA, 2 rnM leupeptin, 0.4 rnM dithiothreitol, 0.1 rnM phenylmethylsulfonyl fluoride, 0.4 rnM 
rnolybdate, and 10 rnM sodium pyrophosphate. CaMKll enzyme activity was determined as described 
(7). 821 + Dox animals received doxycycline (1 mg/rnl) plus 5% sucrose in the drinking water for 3 to 5 
weeks. 821 + Dox withdrawal animals received doxycycline (1 rng/rnl) for 3 to 5 weeks and were then 
switched to norqal water for 6 weeks. The number of mice is given in parentheses. 

CaMKll activity 

Mouse line Without Ca2+ With Ca2+ Ca2+ - 

(prnol rnin-I kg-') (prnol min-' kg-') independent (%I 
Wild type 0.13 * 0.01 (5) 10.4 2 1.2 1.33 5 0.21 
821 0.90 2 0.14 (5) 20.9 5 2.9 4.62 2 1.02 
821 + Dox 0.16 2 0.04(5) 12.9 2 1.5 1.22 5 0.30 
821 + Dox withdrawal 0.80 5 0.03 (3) 14.2 2 0.7 5.70 2 0.43 

Fig. 3. Regional distribution of the CaMKII-Aspza6 mRNA determined by in situ hybridization (7). Medial 
sagittal sections of double transgenic lines 813, 821, and 822 showing CaMKII-Aspza6 transgene 
expression. B21/Amygdala shows a close-up view of a coronal section from the 821 double transgenic 
line of mouse. 
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pression in the hippocampus. Constitutive 
expression of the CahlKII-AspL" trailsgene 
in the mouse forebrain shifts the stin~nl,i- 
tion f r eq~~cncy  required for the p r o d ~ ~ c t i o n  
of LTP a i d  LTD in the Schafter collateral 
yath\va\- of the h ippocamp~~s  (7). In ~vilil- 
type mlce, .;timulat~on at 1 Hz prod~lced 
LTL3, whereas s t im~~la t ion  at 5 ,  13, or 103 
H: prod~lced LTP. In transgenic mice, stlm- 
~11atlon a t  103 Hz still nrod~lceii LTP. Hen- 
ever, s t~mulat ion in the 5- to 10-Hz range 
n o  longer producecl LTP, but rather pro- 
deiced LTD or n o  change 111 s\-naptic 
strength. 

W e  iilvestigateil whether the transgene 

was acting presynaptically or postsynapti- 
cally hy asking ivhether expression of the 
transgene specifically in the postsynaptic 
C A I  neurons \vould produce a shift ill the 
freq~ienc\- thresholtl for LTP and LTD. W e  
exairillled the B13 line of mice, ~vh lch  
showed a ~~n i fo rmly  high level of expression 
in the C.41 region, with little or no expres- 
sion in C.43 (22).  TIILIS, \vhen Schaffer 
collateral LTP is ineas~lred 111 the B13 mlce. 
the  transgene n-ill be expressed only in the 
pcists\-naptlc neurons. Stirnulation of sllces 
from \vilil-type mice at 10 Hz resulted in a 
loilg-lastlng potentiation of 123 i 9?h (n  = 
12 slices, 6 mice) (Fig. 4) .  By contrast, 
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Fig. 4. Reversal of IO-Hz LTP deficit In CAI of Iippocampal slices. Fed  EPSP slopes before and after 
10-Hz tetailc st~nc~lation were recorded and expressed as the percentage of pre-tetant.1~ baseline (22). 
Stimulat~on at 10 Hz for 1.5 mln Induced a transient depress~on followed by potentiation In w~d-type 
nice (1 23 -t 9% at 60 mln after tetanus; i-i = 12 sl~ces, 6 rnce) (0). Tetanus (10 Hz) Induced a slight 
depression In B13 double transgenc mce (89 t 6% at 60 mln after tetanus; t i  = 9 slces, 3 mice) (E). 
Doxycycline treatment reversed the defect in B13 mlce (132 z 10%: n = 8 slices. 4 mice) (a). 
Doxycycline treatment had no effect on synaptic potent~ato~i n w~d-type mce (1 22 2 63b; i-i - 16 slices, 
6 mice) ('). 

Fig. 5. Reversble def~c~ts In expcit A n B Iearnng and memory in mce ex- 
pressing the CaMKlla transgene. 
(A) The Barnes c~rci~lar maze. (B) 
Percentage of 822 transgenic and 
wild-type m~ce that met the learn~ng fi 
criter~on on the Barnes circular 
maze (24). A chi-square analys~s re- 
vealed that the percentage of B22 
transgenics acqu~ring the Barnes 
maze (036) was signif~cantly differ- 

DOX DOX 
ent from B22 transgenics on doxy- C C B22 
cycne and both wild-type groups • B22 DOX 

D 

(g = 53.05, P i 0 0001). Four 
groups of mlce were tested B22 
transgen~cs (11 = 61, B22 transgen- 
ics on doxycycl~ne (1 mg!m) for 4 
weeks (n = 6), wild types (n = 8), 
and w~ld types on doxycycline (1 
mglml) for 4 weeks (n = 7). (C) 
Mean number of errors across ses- 
slo~i blocks composed of five ses- ' 0 7 ~ 1 5  2n;i5 2ndtoesl i s t s  a d 5  2,-ritolast Last 

slons. Values represent group Session block Session block 
means 2 SEM. A three-way 
ANOVA revealed a main effect of genotype (F[1,23] = 4 28, P = 0.041. (D) The percentage of sessions 
in which the spa ta  search strategy was used across sesson blocks by B22 transgenic mice. VaI~.res 
represent group means -t SEM. A two-way ANOVA revealed a s~gnificant main effect of doxycycline 
(F[1,10] = 7.313, P = 0 02). 

10-Hr stimulation in B13 trailsgeilic inice 
prod~~cet i  a slight tlepression to 89 i 6% of 
baseline (71 = 9 slices, 3 mice), ivhich was 
significantly different froin ivild-t\-pe Inice 
[t(19) = 3.148; P < 3.01, Student's t test]. 

To determine nhether  this effect was 
reversible, lve suppressed transgene expres- 
sion by aii~ninistering doxycycline (1  lng/ 
ml) for 2 to 3 ~veeks. Ten-hert: s t i in~~lat ion 
then produced rotentiatioil similar to that 
In ~vild-type luice (132 ? 10"/o; 71 = 8 sllces, 
4 mlce) (Fig. 4 ) .  Thus, suppression of trans- 
gene expressloll in adult Inice re\~erseil the 
electroph\-s~olog~cal phenotype [ r (  15) = 

3.6i5 ,  P < 0.0051. These results suggest 
that the selective cxrressio~l of the 
CaklKII-Asp'"~rai~sgeile in the postsynap- 
tic C A I  neLlrons of the Schaffer collateral 
synapse is sufticient to alter the frequency 
threshold tor LTP. hloreover, the shitt In 
the f re i l~~ency thresholii 1s due to the acute 
expression of the transgene rather than to 
a n  irre\~ersihle ilevelopmental defect (23). 

Effect on explicit memory storage of 
CaMKII-Asp2'" expression in the hip- 
pocampus. Expression of the CaiVIKII- 

transgene in the  forel>rain interferes 
1~1th spatial inemor\-, a form of explicit 
inemor\-, as measureil in the Barnes circ~llar 
i n a x  (8) .  T h e  Barnes circular ma:e is a 
brightly lit open ilisk with 43  holes in the 
perilneter (Fig. 5X).  Mice have an aversion 
for brightly lit open areas ancl hence ,Ire 
motl\~ated to escape ti-om the maze. This 
can he achieved hy finiiirlg the 1 hole in 40 
that leaiis to a darkened escape t~lnncl .  In 
the spatial version of this task, the  mouse 
must use distal cues in thc room to locate 
the hole that leails to the  escape tnnnel 
(24). 

Expression of the  CahlKII-Asp2b" trans- 
gene t h r o n g l ~ o ~ ~ t  the  forebrain as seen in 
the B13 mlce results in an  ilnpairlnei1t 111 

the spatial but not the cued version of the 
B,irnes ina:e task ( 8 ) .  T o  investigate those 
areas in the  forebrain that are critical f ix 
this type of defect in spatla1 memory, u.e 
exalnineii the B22 transgenic mice t11,lt 
sl~o\v expression 111 the hippocampus, suhlc- 
L I ~ L I I ~ ,  striaturn, a n ~ l  amygilal,~, hut relati\~ely 
little expressioil in the neocortex (Fig. 3). 
These [nice exhibiteii sigilificant i1npai1.- 
ment  in spatial lnelnory o n  the Barnes cir- 
cular maze. None of the transilenic mice 
ivas able to acq~iire the task hy using the 
spatial strategy, despite the fact that the\- 
\Yere trained for 40 consecLit1r.e clays (Fig. 5, 
B to D) .  Nevertheless, this profounil mein- 
ory impairment lvas reversed hy suppression 
of transgene expression. 

Effect on implicit memory of CaMKII- 
Aspz8" expression in the amygdala and 
striatum. Fear conditioilii1g is a siinple as- 
sociative form of leamiilg, ir-i ivhich 130th a 
inc)vel environment and a tone are paired 



with a foot shock on the training day (25). 
Memory is assessed 24 hours later by mea- 
surement of the amount of freezing (the fear 
response) elicited hy either the novel envi- 
ronment (context conditioning) or the 
tone (cued conditioning). Fear condit~on- 
ing shows components of both implicit and 
explicit forms of learning. The contextual 
\rersion of the task is selectively impaired hv 
lesions of the hippocampus (26) and thus 
can he \rie\ved as an explicit form of learn- 
ing, whereas both the cued anii contextual 
versions of the task are impaired hy lesion of 
the amvedala and are therefore \rie\ved as 
~mplicit. In contrast to their spatlal memory 
deficit, the B22 line of mice showed normal 
fear conditioning to both the cue and the 
context (Fig. 6, A and B). Thus, even 
though the B22 mice are impaired in spatial 
memorv on the Barnes maze, they are not 
impaired in a second hippocampal-depen- 
dent task (contextual fear conditioning). 
This dissociaticm has heen observed pre1.i- 
ously w ~ t h  constitutive expressii)~~ of the 
CaMKII-Asp"" transgene and may reflect 
the use of different synaptic mechanisms 
for the storage of mcmory in the two tasks 
(7).  In addition, these results demonstrate 
that the moderate level of transgene ex- 
pression in the amygdala and striatum 
seen in the B22 lllicc (Fig. 3) is insuffi- 
cient to interfere with the implicit com- 
ponent of fear conditioning. 

Lloes a higher level of expression of the 
C~~bfKII-Asp'"htrans~cne in the striatum 
dnd amygdala affect implicit memory stor- 
age? To  explore this question, ~ v e  studied 
the B21 mice that showed strong expression 
in the lateral amygdala and striatum but 
little transgene expression in the hippocam- 
pus or neocortex (Fig. 3). The B21 trans- 
genic mice exhibited a severe impairment 
in hoth context and cued conditioning (Fig. 
6, A anii B). This learning impairment was 
again reversed hy admin~stration of doxycy- 
cline for 4 weeks before training. 

This iicficit In fear condition~nt! most 
l~kcly arlscs from exprcssic~n in the lateral 
arnygdala, a structure that has been implicat- 
ed in this fc>rm of learning by lesion stuiiics 
(27). Ho\vcver, because there are many re- 
ciprocal connections het~veen the striatum 
and the amygdala (28), we cannot rule out 
the aosslhllltv that the deficit results from a 
funciional dlkruption in the striatum that 
secondarily alters the arnygdala. 

Effect on memory retrieval of CaMKII- 
Asp2"" expression in the amygdala and 
striatum. Withdrawal of doxycyclinc after 
an initial period of transgene suppressLon 
resulted In a react11 anon ot gene erpresslon 
(Tahle 1 ). We exarnlned \\ hether reexpres- 
sion of the transgene, after normal learning 
has occurred, ~nterfcrcs w ~ t h  later stages of 
memory storage such as consolidation or 

retrle\ral. We tra~ned B21 rnlce wlth the 
transgene expressLon suppressed and ob- 
\erved robust fear condltlonlne. Once the 
animals had learned the task, we reactivat- 
ed transgene expressic~n by withdrawing 
doxycycline (Fig. 6C). After a 6-week perl- 
od, the expression of the CaMKII-Asp"" 
transgene returned to the same levels found 
in animals that had not received the drug 
(Table 1).  W c  then exam~ned these mice 
for retention of both context and cued con- 
ditioning and found a sign~ficant reduction 
in freezing compared to B21 mice in which 
we ma~ntained suppression of the transgene 
(Fig. 6L3). 

This reduction in freezing reflects either 
an impairment in memory consolidat~on or 
recall, or a deficit in nerformance. The eval- 
uation of perform:lnce deficits 1s critical to 
the study of memory because one can onlv 
infer that memory storage is defective once 
all possible defects in perception, motor 
performance, and cognitive understanding 
of the task have heen excluded. Although it 
is difficult to control for all consequences of 
a genetlc man~pula t~on  on \rarlous compo- 
nents of nerfi)rmance. we have exarn~ned 
the two most likely classes of performance 
variables: ( i )  the ability to perceive the 
unconditioned stimulus, and ( i i )  the ability 
ti) attend to and frcezc in response to fearful 

Fig. 6.  Revers~ble def~c~ts n m 
p l c t  learn~ng and memory In m c e  
expressing the C a M K a  trans 
gene Percentage of t ~me  spent 
freezng to context (A) and to cue 
(B) 24 hours after tranng In the 
B22 and B21 Ines Values repre 
sent group means t SEM A 
three-way ANOVA revealed a sg -  
n~f~cant three-way ~nteract~on for 
context (genotype by ~ n e  by 
doxycycl~ne) (F[1 551 = 9 177 
P = 0 0037) and a sgnfcant two- 
way ~nteract~on for cue ( ~ n e  by ge 
notype) (F[1 551 = 5 087 P = 

0 0281) SIX groups of mlce were 
tested B22 transgencs (n = 6) 
822 transgen~cs on doxycycl~ne 
for 4 weeks (n = 11) B21 trans 
genlcs (n = 8) B21 transgenlcs 
on doxycyclne for 4 weeks (n = 

19) w~ld  types (from both 822 
and B21 Ines) in = 11) and w d  
types (from both B22 and B21 
nes)  on doxvcvcl~ne for 4 weeks 

stirnull (the conditioned response). T o  rule 
out an impairment in perception of the 
unconditioned stimulus (foot shock), we 
examined sensitivity to shock and found no 
difference between B21 transgenic and 
wild-type mice, suggesting that the oh- 
served fear-conditioning deficit did not re- 
sult from a difference in the perception of 
the unconditioned stimulus (29). We next 
examined the possibility of a defect in per- 
formance of the conditioned response 
(freezing) by measuring unconditioned 
freezing in response to an intruder (30) .  We 
again found no difference in the ability of 
B21 mice to freeze to an intruder (a rat) 
when the transgene was expressed (Fig. 6E). 
Thus, the B21 transgenic mice were able to 
attend to fea r f~~l  stimuli and to express a 
normal freezing response. Although sorne 
occult defect in performance might have 
been present that we have not detected, 
these control experiments argue that the 
transgene does not produce ~ t s  effect on the 
perception of the unconditioned stimulus or 
on performance of the conditioned re- 
sponse. Rather, the results suggest that the 
CaMKII signaling pathway is important for 
sorne later aspects of memory storage such 
as the ahility to consolidate or to recall the 
learned information. 

Discussion. High levels of Ca'+-inde- 
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f 
I- O 6 reeks context 6 weeks cue 

(n = 8) (C) T~me lhne ~llustrat~ng admln~straton of doxycycl~ne and behav~oral t ra~n~ng and testng (D) 
Retenton of context and cued condtonng Percentage of tme  spent freez~ng to context and cue 6 
weeks after tra~n~ng Values represent group means i SEM Post hoc analys~s by the Scheffe test 
revealed that B21 transgenc mlce that were sw~tched to water froze s~gn~f~cantly less to context than 
B21 transgenc mlce on doxycycl~ne (P = 0 01) and w~ ld  types (P = 0 008) and s~gnfcanty less to cue 
than B21 transgen~c m c e  on doxycycl~ne (P = 0 02) and w d  types (P = 0 0088) Three groups of m c e  
were tested B21 transgen~cs on doxycyclne for 4 weeks before t ra~n~ng and 6 weeks after t ra~n~ng (n = 

8) B21 transgencs on doxycycl~ne for 4 weeks before t ranng that were swtched to water for the 6 
weeks after t ra~nng (n = 8) and w~ ld  type m c e  (from both B22 and 821 lhnes n = 19) (E) The 
percentage of tme  spent freezng to an Intruder durng the f~rst 120 s after the mouse was exposed to 
a rat Values represent group means i SEM 



pendent CaMKII act111tv sh~f ted  the  stlm- 
ulation-frequency threshold for hippocam- 
pal LTP and LTD to  fa\ror LTD 17). This 
shift in threshold is associated with a n  irn- 
pairrnent in explicit, hut not implicit, mern- 
ory (8).  T o  ohtain regulated expression of 
this transgene in restricted regions of the  
forebrain so that we could study the  under- 
lying cellular and behavioral f ~ ~ n c t ~ o n s  
more effect~vely, we used the  t T A  system 
for regulated gene expression (1 3,  14).  

W e  found that expression of the 
CaMKII-Asp2" transgene altered adult 
synaptic plasticity and memory formation 
directly, and not by effect5 on neuronal 
development. I11 addition, expre55ion of the 
transgene postsynaptically was suff~cient to 
alter the frequency threshold for LTP in- 
duction, at least at 10 Hz. Finally, high- 
level activation of CaMKII in the striatum 
and lateral amygdala also interfered w ~ t h  
1mp11cit forrns of memory. 

Ho\v mlght an  Increase In Ca2+-lnde- 
pendent CaMKII act~vi ty  alter the stimula- 
tlon frequency required to produce LTP and 
LTD, and how might this in turn alter 
learning and memory storage? Our  results 
demonstrate that the effect of the CaMKII- 
AspL8" transgene 1s likely mediated by 
changes in the postsynaptic C A I  neurons 
of the Schaffer collateral path\vay. A sirnple 
mechan~sm for systematically shifting the 
frequency threshold for LTP and LTD to 
favor LTD would he to reduce the size of 
the postsynaptic Ca" signal produced dur- 
ing the stimulation [(31);  howe\rer, see 
(32)]. This could occur either through the 
increased phosphorylation of particular sub- 
strate proteins of CaMKII or by increased 
binding of Ca2+-calmodulin hy autophos- 
phorylated CaMKII (33) .  Independent of 
its deta~led mechanisms, however, c,ur data 
indicate that CaMKII activation alone Inav 
not be sufficient to produce the increase in 
synaptic strength associated with LTP, as 
has been suggested (18, 34) .  Rather, the 
level of CaMKII activation regulates the 
stimulation conditions under which LTP 
and LTD are produced. 

In  this study, we did not measure synap- 
tic physiology and behavior in the same 
group of animals (35).  Nevertheless, the 
effects of CaMKII activation o n  behavior 
are likely a conseqirence of its effect on the 
frequency threshold for LTP and LTD in- 
duction. Tha t  CaMKII activation ~nterferes 
with synaptic plasticity in the  5- to 10-Hz 
range is particularly relel~ant for the explicit 
hippocampal-based spatial memory para- 
digm. Animals exploring the space of a 
novel environment show a rhv thm~c  oscil- 
lation in hip1>ocamPal activity in the 5- to 
10-Hi range ( the  theta rhythm) (19).  
Changes In synaptlc atrength can be pro- 
duced by t h ~ a  endogenous actlvlty and are 

thought to  he necessary for storing informa- 
tion ahout space. Synaptic plasticity in the  
theta frequency range may regulate hip- 
p ~ c a m p a l  place cells, the  pyramidal neurons 
( in  the C A 3  and C A I  suhfields) whi)se 
activity is correlated with the  animals' lo- 
cation in the environment 136). 

Several lines of evidence implicate the  
lateral amygdala as the site of plasticity for 
fear conditioning. First, the lateral amygda- 
la is the first site of convergence of somato- 
5en5ory (unconditioned s t~mulus)  and a d -  
tory (conditioned stimulus) information in 
the fear-conditioning pathivay (26) .  Sec- 
ond, fear conditioning enhances the a d -  
tory-evoked resDonses of neurons in the 
lateral amygdal:; (37).  Third, these neurons 
exhihit rohust LTP that can contribute to 
enhanced auditory-evokei1ked response5 (38) .  
Finally, lesions of the  lateral arnygdala 
block fear condi t~oning (26).  H o ~ v  might 
the  expression of CaMKII-AspLh" affect fear 
condi t~oning? Expression of this transgene 
In the h~ppocampus increases the stimula- 
tlon frequency required to produce LTP 
(Fig. 4) .  Were a sirnilar increase In the 
freuuencv threshold to occur at excltatorv 
synapses In the lateral amygdala, this in- 
crease in threshold could forrn the ~7hvsio- 

A ,  

logical basis for the observed impairment in 
implicit mernory storage. 

Expression of the  transgene in striatum 
and amygdala also affected memory consol- 
idation or recall. Models of learning gener- 
ally ~nrroke changes In synaptic strength 
only during the  1111t1al learning process 
(39).  Once  fc~rmed, the changes 111 synaptic 
strength are thoueht to remain stahle and to 
carry the  actual memory trace. Ho~vever,  for 
some memor le  such as I1lppoca111p;rl-based 
explicit memories, the  anatomic;il locus of 
the  memory changes with time during a 
several-iveek n e r d  after the initial learn- 
Ing (26).  Moreover, the recall of memory 
typ~callv is reconstructive-it reuuires a 

, A  

new recapitulation of the  learned experi- 
ence. Both transfer and rcconstruction of 
memory might require an  ;icti\~lty-depen- 
dent change in synaptlc strength. If a s ~ m -  
11ar process occurs fur fear c i )n~l i t i i )n~ng In 
the amygdala, the defect 111 retrieval oil- 
served In the  transgenic lnlce cc~uld reflect a 
defect in synaptlc plastic~ty caure~d by 
CaMKII-Asp2'" expression during t h ~ s  
~ n e ~ n o r y  transfer or reconstruction phase. 

T h e  methods for regional and regulated - 
tranjgene expression that  \ye descr~be here 
represent initial steps toward the  develop- 
ment  of a n  o p t ~ m a l  technology for the  
genetic study of cognit~rre proces,es. T o  
carry the  molecular d~ssect lon of behav~or  
f ~ ~ r t h e r ,  ~t will he necesjary to  u5e prolnot- 
ers that  are even more res t r~cted In t h e ~ r  
pattern of express~on and to adapt t h ~ s  
technology to  the  regulat~on of targeted 

gene disruption. W i t h  further modifica- 
tions, the  methods we descrihe here should 
pro1.e generally usefill and shoi~ld help in 
elucidating the cellular and molecular sig- 
naling pathways important for higher cog- 
niti1.e processes. 

REFERENCES AND NOTES 

1. W. B .  Scov~lle and B. Milner J. Neiirol. Neurosurg 
Psychiatry 20. 11 (1 957): L R Squire. Psychol. Rev. 
99. 195 11992). 

2. D. L Schacterand E Tulvng. Memory Systems ( M T  
Press. Cambridge. MA. 1994). 

3. D. C Blanchard and R. J Blanchard. J Comp 
Physiol Psychol. 81. 281 (1 972). M Dav~s. In The 
Amygdala Neiirob!olog!al Aspects of Emotion, 
Memory, arid Meiital Dysfiiiictioii. J P. Agyleton. 
Ed (W~ley-L~ss. New York. 1992). p 255: J. E L e ~  
Doux. !bid . p 339 

4. S. G N Grant et a/., Science 258, 1903 (1 992) 
5. A. J. Silva. R Paylor J. M Wehner, S. Toneyawa, 

/bid 257 206 (1 992). 
6 A. J. Silva. C. F Stevens, S. Toneyawa, Y Wang 

ibid . p 201 
7 M Mayford, J Wang, E. R.  Kandel, T J O'Dell, Cell 

81. 891 (1 995) 
8 M E Bach. R.  D Hawk~ns, M Osman. E R Kandel. 

M Mayford. !b!d., p 905 
9 M Mayford. T Abel. E. R. Kandel Curr. Opin N e u ~  

rob101 5. 141 11995) 
10 M. Gossen and H. Bujard. Proc Natl Acad Sci 

U S  A 89. 5547 (1 992) 
11 P A Furth et a1 . !b!d. 91. 9302 (1994). 
12 S G MIer  and M B Kennedy. Cell 44. 861 (1 986) 
13. K E Buryin et a1 . J Neurosc! 10. 1788 (1 990) 
14 P I. Hanson and H. Schulman, Annu. Rev B!ochem 

61. 559 (1 992) 
15. Y -L. Fong, W L Taylor, A R Means. T R Soder- 

n g ,  J Biol Chem 264, 16759 (1 989) 
16. G. Thel. A J. Czernlk. F Gorel~ck. A C Na~rn. P 

Greengard. Proc Natl Acad. Sc! U S.A. 85. 6337 
(1 988) 

17. R.  Wadmann, P I Hanson. H. Schulman. Blochem- 
istry 29. 1679 (1 990). 

18 J. L~sman, Treiids Neiirosc! 17. 406 (1 994) 
19 B H Bland. Prog Neurob!ol 26. 1 (1 986) 
20 The CaMKlla promoter cons~sted of 8.5 kb of 

genomlc DNA upstream of the transcrlpton n t a t o n  
slte of the mouse CaMKla yene, as w e  as 84 base 
pars of the 5 '  noncodiny exon Genomic DNA was 
Isolated from a C57 B161J mouse spleen cosm~d 
hbrary wlth a rat genomlc probe consst~ny of a 0.4- 
kb Ava I fragment compr~sng the transcrptlon-lnltl- 
at~on region of rat CaMKlu (401. The tTA gene from 
plasmd pUHD 15-1 (10) was flanked by an art~f~c~al 
ntron and spl~ce sltes at the 5'  end (41) and by a 
polyadenyaton s y n a  froni SV40 at the 3 '  end The 
cDNA w~ th  lntron and polyadenylat~on s~ynal was 
placed downstream of the 8 5-kb CaMKI promoter 
fragment The cDNAs for Escherich!a col! lacZ and 
mouse C~MKIILL were simlarly flanked by the hybrd 
lntron and polyadenylat~on s~gnal and placed down- 
stream of the tetbO promoter element of plasm~d 
pUHD 10-3 (10) The CaMKllu yene was aful length 
cDNA (4 8 kb) Isolated from a C57B161J mouse 
bran cDNA I~brary The lacZ gene carr~ed an SV40 
large T antigen nuclear ocallzat~on slynal as well as 
the 3 '  untransated regon (UTR) of CaMKlla, whch 
targets the mRNA to dendr~tes (42) 

21 RT-PCR was performed essent~aly as descr~bed (71 
Total forebra~n RNA (1 00 ny) was used In each reac~ 
ton  w~ th  ol~gonucleot~de primers to ampfy  a reyon 
of the transcript that ~ncludes the ThV6'-Asp mu- 
tat~on Equal amounts of ampifled cDNA (both w ~ d -  
type and mutant sequences) were separated on a 
3% ayarose gel, transferred to nylon membranes. 
and hybr~d~zed w~ th  a -?P-labeled ol~gonucleotide 
probe speclf~c for the Asp2-" mutaton (ol~yonucleo- 
t~de  sequence 5'-CTTCAGGCAGTCGACGTC- 
CTCCTGTCTGTG-3') Blots were washed under 
cond~t~ons n whch only the Asp"6 mutant cDNA 

SCIENCE VOL 174 6 LJECEXIRER 1996 



was detected (2' 15 min. 60LC. 0 2' standard sane 
citrate) A Northern (RNA) blot of total forebrain 
mRNA revealed expression of a shorter-than-ex- 
pected CaMKIl-Asp28Vranscript (-3.4 kb). As 
shown in Fig 3, this shorter CaMKll-Asp28"ran- 
script did not localize to dendrites, presumably as a 
result of the loss of a sequence element in the 3' UTR 
that is necessary for mRNA targeting to dendrites 
(42) 

22. Transverse slices (400 p,m thick) of mouse hip- 
pocampus were prepared and placed in an interiace 
slice chamber perfused with artificial cerebrospinal 
fluid as described (7). Field excitatory postsynaptic 
potentials (EPSPs) were elicited once per minute 
with fine tungsten bipolar stimulation electrodes 
(0 05-ms pulse duration). Stainless steel recording 
electrodes were placed in striatum radiatum. The 
stimulation strength was set to produce 50'0 of the 
maximum obtainable EPSP in each slice Baseline 
synaptic response was collected for 20 m n  before 
the tetanus The l 0 ~ H z  tetanus was delivered for 1 5 
min at the same intensity as used in the baseline 
recording For doxycycline treatment, animals were 
administered doxycycline (1 mg/m) pus 5% sucrose 
in the drinking water for 2 to 3 weeks, and the slices 
were the exposed to doxycycline (1 ng/ml) in the 
perfusate. A animals were 2.5 to 6 months of age at 
the time of recording. 

23 It would also be useful to suppress transgene ex- 
pression during development and then activate the 
gene only in the adult animal However, we found 
that treatment of wild-type mice with doxycyclne (1 
mg/ml) during development impaired adult spatial 
memory and memory for fear conditioning This re- 
sult suggests that doxycycline itself produces a de- 
fect in neuronal development. We therefore used 
transgene suppression only in the adult animal in 
which the doxycycline treatment did not affect mem- 
ory. Given the activation of the transgene throughout 
development, it is possible that the LTP and memory 
phenotypes obsetved with the transgene active in 
the adult animal result from a synergistic interaction 
between developmental and adult expression rather 
than a direct acute effect of transgene expression in 
the adult animal. 

24. On the Barnes circular maze (8). the mice (2.5 to 6 
months of age) were tested oncea day until they met 
the criterion (five out of six sessions with three or 
fewer errors) or until40 days had elapsed. The order 
of holes searched was recorded by an observer who 
was blind to genotype and doxycycline condition, 
and from these data the number of errors was deter- 
mined. Errors were defined as searches of any hole 
that did not have the tunnel beneath it. Searches 
included nose pokes and head defections over the 

hole At the end of each session the search strategy 
used was recorded by the observer. The spatial 
search strategy was operationally defined as reach- 
ing the escape tunnel with both error and distance 
scores 5 3  Distance was calculated by counting the 
number of holes between the first hole searched 
within a session and the escape tunnel A one-factor 
analysis of variance (ANOVA) (gender) revealed no 
significant effect of gender for ether transgenic or 
wid-type mice, so the data were collapsed across 
this variable. For the error data, a three-factor 
ANOVA (genotype, doxycycline, and session block) 
with one repeated measure was used For the spatial 
search strategy data, the two groups of 822 trans- 
genic mice were compared with a two-way ANOVA 
(doxycycline and session block) with one repeated 
measure 

25. In the conditioned fear task (81, freezing was defined 
as a total lack of movement with the exception of 
respiration and was measured by an experimenter 
who was blind to genotype and doxycyclne condi- 
tion The percentage of time spent freezing to con- 
text and cue was calculated. No significant effect of 
gender was observed in the 822 or 821 transgenic 
mice or the wild-type mice, so the data were col- 
lapsed across this variable. Freezing to context and 
cue on testing day was analyzed by two three-factor 
ANOVAs (genotype, line, and doxycycline) that were 
used to compare the 822 and 821 transgenic and 
w d ~ t y p e  mice Two one~way ANOVAs were used to 
compare the amount of freezing 6 weeks later to cue 
and context in 821 transgenics on doxycycline. 821 
transgenics switched to water, and wild-type mice 

26 J. J. Kim and M. S. Fanselow. Science 256, 675 
(1 992). 

27. J. E. LeDoux, P Cicchetti. A Xagoravis. L. M. Ro- 
manski. J. Neurosci. 10, 1062 (1 990) 

28. H. Kita and S. T Kitai. J. Comp. Neurol. 298, 40 
(1990). N S. Canteras, R B. Somerly, L W Swan- 
son. /bid. 360, 21 3 (1 995) 

29. Pain sensitivity was measured in 821 transgenic (n = 

4) and wild-type mice (n = 6). The mice were placed 
individually in a mouse operant chamber with a metal 
grid floor and given 1 s foot shocks of increasing 
intensity (for example. 1. 2. 3. 4 mA . . ). An exper- 
imenter who was blind to the genotype of the mice 
recorded the intensity of foot shock required to elicit 
each of the following three responses: startles, vo- 
calizations, and lumps. A t test for each response 
revealed no significant effect of genotype. 

30. Unconditioned freezing in the presence of an in- 
truder was measured in 821 transgenic (n - 8) and 
wild-type mice (n = 10) in a Nalgene plastic metab- 
olism cage. The mice and intruder were placed in 
the upper and lower chambers, respectively. The 

chambers were separated by a metal grid floor. A 
seven-week-old male Sprague-Dawley rat Sewed 
as the intruder and was placed in the lower cham- 
ber 10 min before introduction of the mouse. The 
amount of unconditioned freezing occurring during 
the first 120 s after the mouse was introduced was 
measured by an experimenter who was bind to 
genotype. A t test revealed no significant effect of 
genotype. 

31 J. A. Cummings. R. M. Mukey. R. A. NicolI. R. C 
Malenka, Neuron 16. 825 (1 996). 

32. D. Neveu and R. S. Zucker, ib~d.. p. 61 9 
33. T. Meyer. P I. Hanson, L Stryer. H Schuman, S c i ~  

ence 256. 11 99 (1 992). 
34 D L Pettit, S Perlman. R. Malinow, /bid 266. 1881 

(1 994). P.-M Lledo et a1 , Proc Natl. Acad Sci 
U.SA. 92, 11 175 (1 995) 

35. The expression of the CaMKI -A~p~~qransgene  in 
the CAI region of the 822 mice was patchy: that is, 
some neurons expressed the transgene well, where- 
as in other neurons expression was absent. This 
patchy expression precluded an assessment of LTP 
in this line of mice by means of field recordings. 
which sample many synapses from different neurons 
in a region. However. it is assumed that in those 
neurons where the transgene was strongly ex- 
pressed in these mice, a shift in the LTP/LTD f re~  
quency threshold would occur. 

36. J. O'Keefe and L Nadel, The Hippocampus as a 
Cognitive Map (Oxford Univ. Press. New York. 
1978). 

37 G. J. Quirk. C. Repa. J. E LeDoux, Neuron 15, 1029 
(1 995). 

38. M. T. Rogan and J. E. LeDoux, ibid., p. 127. 
39. P. S. Churchand and T J Selnowski, The Compu~ 

tat~onal Brain (MIT Press. Cambridge, MA. 1992). 
40 T. Sunyer and N. Sahyoun. Proc. Natl. Acad. Sci 

U.SA. 87. 278 (1990). 
41. T Choi. M Huang. C. Gorman, R. Jaenisch, Mol. 

Cell. 5/01. 11. 3070 (1 991). 
42. M. Mayford, D. Baranes, K. Podsypanna. E. R Kan- 

del. Proc. Natl. Acad. Sci. U.S.A. 93. 13250 (1 996). 
43. We thank R. Axel and T. Jessell for critically reading 

this manuscript: J Finkelstein for maintaining and 
genotyping the mice: R Shih. V. Winder, and L. 
Varshavsky for help with behavioral experiments; C. 
Lam for help with figures: H. Ayers and I. Trumpet for 
typing the manuscript: and M. Osman for animal 
care. This research was supported by the Howard 
Hughes Medical Institute and the National Institute of 
Mental Health. 

8 August 1996; accepted 23 October 1996 

Make a quantum leap. 
SCIENCE On-line can help you make a quantum leap and allow you to follow the 
latest discoveries in your field. Just tap into the fully searchable database of SCIENCE 
research abstracrs and news stories for current and past issues. Jump onto the Internet 
and discover a whole new world of SCIENCE at the new Web address ... 

http://www.sciencemag.org 

SC~ENCE 
SCIENCE VOL Z i 4  6 LIECEMRER 1996 1683 


