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Control of Memory Formation
Through Regulated Expression
of a CaMKIIl Transgene

Mark Mayford, Mary Elizabeth Bach, Yan-You Huang,
Lei Wang, Robert D. Hawkins, Eric R. Kandel*

One of the major limitations in the use of genetically modified mice for studying cognitive
functions is the lack of 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 Il (CaMKIl) 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 CaMKIl signaling pathway
is critical for both explicit and implicit memory storage, in a manner that is independent

of its potential role in development.

Explicit memory—a memory for facts,
places, and events—requires the hippocam-
pus and related medial temporal lobe struc-
tures (1), 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 genetically modified ani-
mals have sought to relate specific genes
to specific forms of explicit or implicit
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,
11). We examined the role of CaMKII sig-
naling in synaptic plasticity as well as in
implicit and explicit memory storage.
CaMKlla is a serine-threonine protein
kinase that is restricted to the forebrain
(12-14). It is expressed in the neurons of
the neocortex, the hippocampus, the amyg-
dala, and the basal ganglia. After a brief
exposure to Ca?*, CaMKII can convert to a
Ca’*-independent state through an auto-
phosphorylation at Thr?8 (12, 14-17).
This ability to become persistently active in
response to a transient Ca?™ stimulus led to
the suggestion that CaMKII may be a mo-
lecular substrate of memory (18). Targeted
disruption of the CaMKlla gene produces
deficits in long-term potentiation (LTP)
and severely impairs performance on hip-
pocampal-dependent memory tasks (5, 6).
Mutation of Thr?®® to Asp in CaMKlla
mimics the effect of autophosphorylation at
Thr?8¢ and converts the enzyme to a Ca’*-
independent form (15, 17). Transgenic ex-
pression of this dominant mutation of
CaMKlla (CaMKII-Asp?®©) 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
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(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-
Asp?® transgene.

Doxycycline regulation of transgene
expression. The first type of mouse we gen-
erated to achieve regulated expression of
CaMKII-Asp?®® in forebrain neurons (Fig.
1A) expressed the tTA gene under the
control of the CaMKIla 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-O promoter is linked to the target
gene of interest, in this case either lacZ or
the CaMKII-Asp?® 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-Asp?8® 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-Asp?86 expression from the tet-O pro-
moter. RT-PCR was performed on total forebrain
RNA and probed for expression of the CaMKII-
Asp?8® mutant mMRNA as described (7, 27). Tg1,
mouse carrying only the CaMKIl promoter—tTA
transgene (line B). Tg2, mouse carrying only the
tet-O-CaMKII-Asp?®® transgene (line 21). Tg1/
Tg2, double transgenic mouse carrying both the
CaMKIl promoter-tTA transgene (line B) and tet-
O-CaMKII-Asp?®@ (line 21) transgenes. Tg1/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-O promoter element; this tran-
scription is blocked by the tetracycline an-
alog doxycycline (10). When both the
tet-O and tTA transgenes were introduced
into the same mouse, the tet-O-linked gene
was activated, but only in those cells that
express tTA.

We assessed the regulation of the
CaMKII-Asp®®® transgene using a reverse
transcriptase—polymerase chain reaction
(RT-PCR) Southern (DNA) blot (21) to
detect only the mutant transcripts (Fig.
1B). Mice carrying either one of the trans-
genes alone show little or no expression of
CaMKII-Asp?®® mRNA. When both trans-
genes were introduced into the same mouse,
there was a large activation of CaMKII-
Asp?® 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-O-
linked transgenes. We examined the expres-
sion of B-galactosidase in two tet-O lacZ
reporter lines of mice that also carried the
CaMKIla promoter—tTA transgene (Fig.
2A). In the first line, expression was uniform
throughout the forebrain, neocortex, hip-
pocampus, amygdala, and striatum. This
pattern mimics the expression of the endog-
enous CaMKIlla gene (13). In the second
lacZ 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).
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Fig. 2. Forebrain-specific activation of a tet-O-
lacZ transgene. (A) Coronal section of double
transgenic line B lacl stained with X-Gal as de-
scribed (42). Ctx, cerebral cortex; Str, striatum;
Hip, hippocampus; Amy, amygdala. (B) X-Gal-
stained coronal section of the hippocampus from
double transgenic lines B lac1 and B lac2. CAT1,
CAT1 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-O-linked CaMKII-Asp?® (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 CAl 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 CAl 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 promoter can limit expression to
forebrain neurons generally, expression of
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the tet-O-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 CaMKII-Asp?%® 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, Ca®*-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, Ca’*-independent CaMKII activity
returned to those of the untreated trans-
genic mice. Thus, the CaMKII-Asp?%®
transgene is functionally expressed and can
be regulated with doxycycline.

Effects on LTP of CaMKII-Asp2%6 ex-

Table 1. Effect of CaMKII-Asp?®® mRNA expression on enzyme activity. Brains were removed and the
striatum was dissected and immediately homogenized in 20 mM tris-HCI (pH 7.5), 0.5 mM EGTA, 0.5
mM EDTA, 2 mM leupeptin, 0.4 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 0.4 mM
molybdate, and 10 mM sodium pyrophosphate. CaMKIl enzyme activity was determined as described
(7). B21 + Dox animals received doxycycline (1 mg/ml) plus 5% sucrose in the drinking water for 3 to 5
weeks. B21 + Dox withdrawal animals received doxycycline (1 mg/ml) for 3 to 5 weeks and were then
switched to normal water for 6 weeks. The number of mice is given in parentheses.

CaMKIl activity

H 2+
Mouse line Without Ca2* With Ca2* ot

(pmol min=" wg™") (pmol min~" ug™") ?%)
Wild type 0.13 = 0.01 (5) 104 1.2 1.33 £ 0.21
B21 0.90 £ 0.14 () 209+ 29 462 =1.02
B21 + Dox 0.16 = 0.04 (5) 12915 1.22 + 0.30
B21 + Dox withdrawal 0.80 = 0.03 (3) 142 0.7 5.70 = 0.43

Fig. 3. Regional distribution of the CaMKII-Asp?8® mRNA determined by in situ hybridization (7). Medial
sagittal sections of double transgenic lines B13, B21, and B22 showing CaMKII-Asp?®é transgene
expression. B21/Amygdala shows a close-up view of a coronal section from the B21 double transgenic
line of mouse.
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pression in the hippocampus. Constitutive
expression of the CaMKII-Asp?®® transgene
in the mouse forebrain shifts the stimula-
tion frequency required for the production
of LTP and LTD in the Schaffer collateral
pathway of the hippocampus (7). In wild-
type mice, stimulation at 1 Hz produced
LTD, whereas stimulation at 5, 10, or 100
Hz produced LTP. In transgenic mice, stim-
ulation at 100 Hz still produced LTP. How-
ever, stimulation in the 5- to 10-Hz range
no longer produced LTP, but rather pro-
duced LTD or no change in synaptic
strength.

We investigated whether the transgene
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was acting presynaptically or postsynapti-
cally by asking whether expression of the
transgene specifically in the postsynaptic
CAT1 neurons would produce a shift in the
frequency threshold for LTP and LTD. We
examined the B13 line of mice, which
showed a uniformly high level of expression
in the CA1 region, with little or no expres-
sion in CA3 (22). Thus, when Schaffer
collateral LTP is measured in the B13 mice,
the transgene will be expressed only in the
postsynaptic neurons. Stimulation of slices
from wild-type mice at 10 Hz resulted in a
long-lasting potentiation of 123 * 9% (n =
12 slices, 6 mice) (Fig. 4). By contrast,

fEPSP slope (percent of baseline)

Time (min)

Fig. 4. Reversal of 10-Hz LTP deficit in CA1 of hippocampal slices. Field EPSP slopes before and after
10-Hz tetanic stimulation were recorded and expressed as the percentage of pre-tetanus baseline (22).
Stimulation at 10 Hz for 1.5 min induced a transient depression followed by potentiation in wild-type
mice (123 *= 9% at 60 min after tetanus; n = 12 slices, 6 mice) (). Tetanus (10 Hz) induced a slight
depression in B13 double transgenic mice (89 + 6% at 60 min after tetanus; n = 9 slices, 3 mice) ().
Doxycycline treatment reversed the defect in B13 mice (132 = 10%; n = 8 slices, 4 mice) (@).
Doxycycline treatment had no effect on synaptic potentiation in wild-type mice (122 + 6%;n = 16 slices,

6 mice) (V).

Fig. 5. Reversible deficits in explicit B
learning and memory in mice ex- .  80-
pressing the CaMKlla transgene. g
(A) The Barnes circular maze. (B) Eﬁ 60
Percentage of B22 transgenic and 55
wild-type mice that met the learning i1 9% 404
criterion on the Barnes circular o3
maze (24). A chi-square analysis re- § & 20+
vealed that the percentage of B22 o

. L. a.
transgenics acquiring the Barnes 0L~ . .
maze (0%) was significantly differ- B2 e wr o W
ent from B22 transgenics on doxy- c 0B22 D
cycline and both wild-type groups W B22 DOX
(X2 = 53.05, P < 0.0001). Four w» 407 OWT = 804
groups of mice were tested: B22 g ® WT DOX -g>60, T
transgenics (1 = 6), B22 transgen- 8 307 T 68 1
ics on doxycycline (1 mg/ml) for 4 ° gg 407 /-/T
weeks (n = 6), wild types (n = 8), é 20+ £ 20 T %
and wild types on doxycycline (1 5 8t 7] i// NS
mg/ml) for 4 weeks (0 = 7). (C) £ 109 Eg 0 e I *
Mean number of errors across ses- 3
sion blocks composed of five ses- = 0TI s awme e P P
sions. - Values represent group ; . ‘
means * SEM. A three-way Session block Session block

ANOVA revealed a main effect of genotype (F[1,23] = 4.28, P = 0.04). (D) The percentage of sessions
in which the spatial search strategy was used across session blocks by B22 transgenic mice. Values
represent group means + SEM. A two-way ANOVA revealed a significant main effect of doxycycline

(F[1,10] = 7.313, P = 0.02).
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10-Hz stimulation in B13 transgenic mice
produced a slight depression to 89 = 6% of
baseline (n = 9 slices, 3 mice), which was
significantly different from wild-type mice
[¢(19) = 3.148; P < 0.01, Student’s t test].

To determine whether this effect was
reversible, we suppressed transgene expres-
sion by administering doxycycline (1 mg/
ml) for 2 to 3 weeks. Ten-hertz stimulation
then produced potentiation similar to that
in wild-type mice (132 = 10%; n = 8 slices,
4 mice) (Fig. 4). Thus, suppression of trans-
gene expression in adult mice reversed the
electrophysiological phenotype [¢(15) =
3.675, P < 0.005]. These results suggest
that the selective expression of the
CaMKII-Asp?%© transgene in the postsynap-
tic CA1 neurons of the Schaffer collateral
synapse is sufficient to alter the frequency
threshold for LTP. Moreover, the shift in
the frequency threshold is due to the acute
expression of the transgene rather than to
an irreversible developmental defect (23).

Effect on explicit memory storage of
CaMKII-Asp?%¢ expression in the hip-
pocampus. Expression of the CaMKII-
Asp?® transgene in the forebrain interferes
with spatial memory, a form of explicit
memory, as measured in the Barnes circular
maze (8). The Barnes circular maze is a
brightly lit open disk with 40 holes in the
perimeter (Fig. 5A). Mice have an aversion
for brightly lit open areas and hence are
motivated to escape from the maze. This
can be achieved by finding the 1 hole in 40
that leads to a darkened escape tunnel. In
the spatial version of this task, the mouse
must use distal cues in the room to locate
the hole that leads to the escape tunnel
(24).

Expression of the CaMKII-Asp?®® trans-
gene throughout the forebrain as seen in
the B13 mice results in an impairment in
the spatial but not the cued version of the
Barnes maze task (8). To investigate those
areas in the forebrain that are critical for
this type of defect in spatial memory, we
examined the B22 transgenic mice that
show expression in the hippocampus, subic-
ulum, striatum, and amygdala, but relatively
little expression in the neocortex (Fig. 3).
These mice exhibited significant impair-
ment in spatial memory on the Barnes cir-
cular maze. None of the transgenic mice
was able to acquire the task by using the
spatial strategy, despite the fact that they
were trained for 40 consecutive days (Fig. 5,
B to D). Nevertheless, this profound mem-
ory impairment was reversed by suppression
of transgene expression.

Effect on implicit memory of CaMKII-
Asp?8® expression in the amygdala and
striatum. Fear conditioning is a simple as-
sociative form of learning, in which both a
novel 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 by either the novel envi-
ronment (context conditioning) or the
tone (cued conditioning). Fear condition-
ing shows components of both implicit and
explicit forms of learning. The contextual
version of the task is selectively impaired by
lesions of the hippocampus (26) and thus
can be viewed as an explicit form of learn-
ing, whereas both the cued and contextual
versions of the task are impaired by lesion of
the amygdala and are therefore viewed as
implicit. In contrast to their spatial 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
memory on the Barnes maze, they are not
impaired in a second hippocampal-depen-
dent task (contextual fear conditioning).
This dissociation has been observed previ-
ously with constitutive expression of the
CaMKII-Asp?®® transgene and may reflect
the use of different synaptic mechanisms
for the storage of memory 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 mice (Fig. 3) is insuffi-
cient to interfere with the implicit com-
ponent of fear conditioning.

Does a higher level of expression of the
CaMKII-Asp?® transgene in the striatum
and amygdala affect implicit memory stor-
age! To explore this question, we studied
the B21 mice that showed strong expression
in the lateral amygdala and striatum but
lictle transgene expression in the hippocam-
pus or neocortex (Fig. 3). The B21 trans-
genic mice exhibited a severe impairment
in both context and cued conditioning (Fig.
6, A and B). This learning impairment was
again reversed by administration of doxycy-
cline for 4 weeks before training.

This deficit in fear conditioning most
likely arises from expression in the lateral
amygdala, a structure that has been implicat-
ed in this form of learning by lesion studies
(27). However, because there are many re-
ciprocal connections between the striatum
and the amygdala (28), we cannot rule out
the possibility that the deficit results from a
functional disruption in the striatum that
secondarily alters the amygdala.

Effect on memory retrieval of CaMKII-
Asp?8® expression in the amygdala and
striatum. Withdrawal of doxycycline after
an initial period of transgene suppression
resulted in a reactivation of gene expression
(Table 1). We examined whether reexpres-
sion of the transgene, after normal learning
has occurred, interferes with later stages of
memory storage such as consolidation or

retrieval. We trained B21 mice with the
transgene expression suppressed and ob-
served robust fear conditioning. Once the
animals had learned the task, we reactivat-
ed transgene expression by withdrawing
doxycycline (Fig. 6C). After a 6-week peri-
od, the expression of the CaMKII-Asp?®®
transgene returned to the same levels found
in animals that had not received the drug
(Table 1). We then examined these mice
for retention of both context and cued con-
ditioning and found a significant reduction
in freezing compared to B21 mice in which
we maintained suppression of the transgene
(Fig. 6D).

This reduction in freezing reflects either
an impairment in memory consolidation or
recall, or a deficit in performance. The eval-
uation of performance deficits is critical to
the study of memory because one can only
infer that memory storage is defective once
all possible defects in perception, motor
performance, and cognitive understanding
of the task have been excluded. Although it
is difficult to control for all consequences of
a genetic manipulation on various compo-
nents of performance, we have examined
the two most likely classes of performance
variables: (i) the ability to perceive the
unconditioned stimulus, and (ii) the ability
to attend to and freeze in response to fearful

Fig. 6. Reversible deficits in im-
plicit learning and memory in mice
expressing the CaMKlla trans-
gene. Percentage of time spent
freezing to context (A) and to cue
(B) 24 hours after training in the
B22 and B21 lines. Values repre-
sent group means * SEM. A
three-way ANOVA revealed a sig-
nificant three-way interaction for
context (genotype by line by
doxycycline) (F[1,55] = 9.177,
P = 0.0037) and a significant two-
way interaction for cue (line by ge-
notype) (F[1,55] = 5.087, P =
0.0281). Six groups of mice were
tested: B22 transgenics (n = 6),
B22 transgenics on doxycycline
for 4 weeks (n = 11), B21 trans-
genics (n = 8), B21 transgenics
on doxycycline for 4 weeks (n =
19), wild types (from both B22
and B21 lines) (n = 11), and wild
types (from both B22 and B21
lines) on doxycycline for 4 weeks
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stimuli (the conditioned response). To 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 ob-
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 fearful stimuli and to express a
normal freezing response. Although some
occult defect in performance might have
been present that we have not detected,
these control experiments argue that the
transgene does not produce its 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
some later aspects of memory storage such
as the ability to consolidate or to recall the
learned information.

Discussion. High levels of Ca?*-inde-
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(n = 8). (C) Time line illustrating administration of doxycycline and behavioral training and testing. (D)
Retention of context and cued conditioning. Percentage of time spent freezing to context and cue 6
weeks after training. Values represent group means = SEM. Post hoc analysis by the Scheffe test
revealed that B21 transgenic mice that were switched to water froze significantly less to context than
B21 transgenic mice on doxycycline (P = 0.01) and wild types (P = 0.008) and significantly less to cue
than B21 transgenic mice on doxycycline (P = 0.02) and wild types (P = 0.0088). Three groups of mice
were tested: B21 transgenics on doxycycline for 4 weeks before training and 6 weeks after training (n =
8), B21 transgenics on doxycycline for 4 weeks before training that were switched to water for the 6

weeks after training (n = 8), and wild-type mice (from both B22 and B21 lines, n =

19). (E) The

percentage of time spent freezing to an intruder during the first 120 s after the mouse was exposed to

a rat. Values represent group means = SEM.
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pendent CaMKII activity shifted the stim-
ulation-frequency threshold for hippocam-
pal LTP and LTD to favor LTD (7). This
shift in threshold is associated with an im-
pairment in explicit, but not implicit, mem-
ory (8). To obtain regulated expression of
this transgene in restricted regions of the
forebrain so that we could study the under-
lying cellular and behavioral functions
more effectively, we used the tTA system
for regulated gene expression (13, 14).

We found that expression of the
CaMKII-Asp?®  transgene altered adult
synaptic plasticity and memory formation
directly, and not by effects on neuronal
development. In addition, expression of the
transgene postsynaptically was sufficient 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 with
implicit forms of memory.

How might an increase in Ca?*-inde-
pendent CaMKII activity alter the stimula-
tion 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-
Asp?® transgene is likely mediated by
changes in the postsynaptic CAl neurons
of the Schaffer collateral pathway. A simple
mechanism for systematically shifting the
frequency threshold for LTP and LTD to
favor LTD would be to reduce the size of
the postsynaptic Ca®* signal produced dur-
ing the stimulation [(31); however, see
(32)]. This could occur either through the
increased phosphorylation of particular sub-
strate proteins of CaMKII or by increased
binding of Ca?*-calmodulin by autophos-
phorylated CaMKII (33). Independent of
its detailed mechanisms, however, our data
indicate that CaMKII activation alone may
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 on behavior
are likely a consequence of its effect on the
frequency threshold for LTP and LTD in-
duction. That CaMKII activation interferes
with synaptic plasticity in the 5- to 10-Hz
range is particularly relevant for the explicit
hippocampal-based spatial memory para-
digm. Animals exploring the space of a
novel environment show a rhythmic oscil-
lation in hippocampal activity in the 5- to
10-Hz range (the theta rhythm) (19).
Changes in synaptic strength can be pro-
duced by this endogenous activity and are
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thought to be necessary for storing informa-
tion about space. Synaptic plasticity in the
theta frequency range may regulate hip-
pocampal place cells, the pyramidal neurons
(in the CA3 and CAl subfields) whose
activity is correlated with the animals’ lo-
cation in the environment (36).

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-
sensory (unconditioned stimulus) and audi-
tory (conditioned stimulus) information in
the fear-conditioning pathway (26). Sec-
ond, fear conditioning enhances the audi-
tory-evoked responses of neurons in the
lateral amygdala (37). Third, these neurons
exhibit robust LTP that can contribute to
enhanced auditory-evoked responses (38).
Finally, lesions of the lateral amygdala
block fear conditioning (26). How might
the expression of CaMKII-Asp?" affect fear
conditioning? Expression of this transgene
in the hippocampus increases the stimula-
tion frequency required to produce LTP
(Fig. 4). Were a similar increase in the
frequency threshold to occur at excitatory
synapses in the lateral amygdala, this in-
crease in threshold could form the physio-
logical basis for the observed impairment in
implicit memory storage.

Expression of the transgene in striatum
and amygdala also affected memory consol-
idation or recall. Models of learning gener-
ally invoke changes in synaptic strength
only during the initial learning process
(39). Once formed, the changes in synaptic
strength are thought to remain stable and to
carry the actual memory trace. However, for
some memories such as hippocampal-based
explicit memories, the anatomical locus of
the memory changes with time during a
several-week period after the initial learn-
ing (26). Moreover, the recall of memory
typically is reconstructive—it requires a
new recapitulation of the learned experi-
ence. Both transfer and reconstruction of
memory might require an activity-depen-
dent change in synaptic strength. If a sim-
ilar process occurs for fear conditioning in
the amygdala, the defect in retrieval ob-
served in the transgenic mice could reflect a
defect in synaptic plasticity caused by
CaMKII-Asp?®  expression  during  this
memory transfer or reconstruction phase.

The methods for regional and regulated
transgene expression that we describe here
represent initial steps toward the develop-
ment of an optimal technology for the
genetic study of cognitive processes. To
carry the molecular dissection of behavior
further, it will be necessary to use promot-
ers that are even more restricted in their
pattern of expression and to adapt this
technology to the regulation of targeted
SCIENCE  »
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gene disruption. With further modifica-
tions, the methods we describe here should
prove generally useful and should help in
elucidating the cellular and molecular sig-
naling pathways important for higher cog-
nitive processes.
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