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Genetic disruption of calmodulin-dependent protein kinase Il
(CaMKIll) function alters hippocampal synaptic plasticity and
memory in mice. We used transgenic mice carrying a
tetracycline-regulated, calcium-independent form of CaMKII
(CaMKII-Asp286) to investigate the role of CaMKII activation on
synaptic plasticity and behavior. Mice expressing low levels of
a CaMKII-Asp286 transgene have facilitated low-frequency (5
Hz)-induced long-term potentiation (LTP), whereas mice with
high levels of transgene expression have a deficit in this form of
plasticity. Behavioral impairments on fear-conditioned memory
and visible water maze correlate with the level of CaMKIl-

Asp286 expression. Mice with high levels of CaMKII-Asp286
have reversible, compensatory changes in the expression of
genes associated with inhibitory neurotransmission. These re-
sults demonstrate that in the hippocampus, CaMKII activation
facilitates the induction of low-frequency LTP, but at high levels
of expression, compensatory mechanisms act to inhibit the
induction of this form of LTP. The most severe behavioral im-
pairments are associated with activation of this compensatory
mechanism.
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In the CALl region of the hippocampus, both biochemical and
pharmacological studies demonstrate that activation of
calmodulin-dependent protein kinase IT (CaMKII) is required
for the establishment of long-term potentiation (LTP) (Malenka
et al., 1989; Malinow et al., 1989; Lisman et al., 1997). Deletion of
the CaMKIIa gene results in mice with deficient hippocampal
LTP and spatial-memory impairments (Silva et al.,, 1992a,b).
CaMKII is thought to act through autophosphorylation at a
critical threonine residue (Thr286) that converts the kinase to a
calcium-independent state. Indeed, mutation of CaMKIlo—
Thr286 to alanine to prevent this autophosphorylation impairs
LTP and spatial memory (Giese et al., 1998). Moreover, intro-
duction of an activated calcium-independent form of CaMKII
into CA1 neurons potentiates synaptic transmission and occludes
LTP (Pettit et al., 1994; Lledo et al., 1995; Hayashi et al., 2000).
These results are consistent with the view that CaM KII underlies
at least one form of hippocampal LTP and that this LTP may, in
turn, be required for the establishment of spatial memories.
Complementary studies in transgenic mice expressing a consti-
tutively active calcium-independent mutant form of CaMKII
failed to support the view that CaMKII activation alone is
sufficient to produce LTP (Bach et al., 1995; Mayford et al., 1995,
1996). In the mutant mice, high-frequency LTP in the Schaffer
collateral pathway was unaffected by the transgene. Instead, these
mice were deficient in LTP induced by 5-10 Hz stimulation such
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that a shift toward long-term depression (LTD) was observed in
response to stimulation in this frequency range. These results
argued that the level of CaMKII activity in the neuron controls
a form of metaplasticity that determines the size and direction of
synaptic change caused by specific patterns of activity.

Although genetically modified mice are a powerful tool for the
specific molecular manipulation of a whole-animal model, there
are two difficulties in interpreting results of such experiments in
terms of the function of the gene under study (Mayford and
Kandel, 1999). The first is that when the genetic change is present
for the entire developmental history of the animal, it is possible
that the phenotypes observed in the adult are the result of
genetically induced developmental abnormalities. The second
difficulty is that the alteration of a single gene may induce com-
pensatory changes in other downstream genes. We have at-
tempted to address the issues of gene dosage, developmental
abnormalities, and genetic compensation in transgenic mice ex-
pressing a constitutively active form of CaMKII. We find that
although expression of the transgene does not produce any per-
sistent developmental abnormalities, there is a strong effect of
gene dosage. At low levels of transgene expression, 5 Hz LTP is
actually enhanced, whereas learning and memory are modestly
impaired. At high levels of transgene expression, behavioral per-
formance and 5 Hz LTP are impaired, and there is a compensa-
tory change in the expression of a number of genes associated
with inhibitory neurotransmission. The implications of these re-
sults for CaMKII function and the study of mutant mice in
general are discussed.

MATERIALS AND METHODS

CaMKII-Asp286 transgenic mice. Transgenic mice carrying a Ca?*-
independent CaMKII transgene (CaMKII-Asp286) under the control
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of the tetracycline transactivator (tTA) were generated as described
previously (Mayford et al.,, 1996). These mice carry two independent
transgenes. The first is a CaM KIla-Asp286 cDNA cloned downstream
of the tetO promoter. The second transgene consists of the tTA gene
placed downstream of the CaMKIla promoter. For the generation of
double-transgenic animals for behavioral experiments, we bred double-
transgenic male mice carrying both the tTA- and tetO-linked transgenes
to C57BL/6 females and analyzed the resulting double transgenics and a
control group of littermates lacking either of the two transgenes. TetO-
linked transgene expression is controlled using mouse chow containing
40 mg/kg doxycycline (Dox) (Bio-serve, Frenchtown, NJ). All mice had
been inbred onto a C57BL/6 background for more than five generations.

Northern blots. Immediately after killing, the mouse brain was removed
and immersed in ice-cold PBS. The appropriate brain region was dis-
sected, and total RNA was isolated using Trizol reagent (Sigma, St.
Louis, MO) as recommended by the manufacturer. RNA was separated
by electrophoresis on a formaldehyde-containing agarose gel, blotted to
a nylon membrane, and hybridized at 55°C overnight with PerferctHyb
(Sigma) containing 10° cpm of a radiolabeled DNA probe per milliliter
of hybridization solution. The labeled blot was washed with 0.2X SSC
and 0.1% SDS, and the hybridization signal was quantified using a
phosphorimager.

Reverse transcription-PCR detection of CaMKII-D286 transgene mRNA.
Reverse transcription (RT) was performed with the PerkinElmer Life
Sciences (Emeryville, CA) rtTH I polymerase RNA PCR kit according
to the manufacturer’s instructions. The complimentary oligonucleotide
used for RT of CaMKII RNA was 5-CTCTGGTTCAAAGGCT-
GTCA-3'. After the RT step, the second PCR oligonucleotide was added:
5'-AGATGCTGACCATCAACCCA-3'. Samples were cycled 40 times
through the following amplification series: 30 sec at 94°C, 30 sec at 55°C,
and 60 sec at 72°C. This protocol produces a 401 bp product from both
native and transgenic CaM KII mRNA.

Equal amounts of RT-PCR product (as determined by gel band inten-
sity) were either run on a 1.7% gel and blotted onto a nylon membrane
by capillary transfer with 0.4 M NaOH or vacuum applied to a nylon
membrane. To detect the CaM KII-Asp286 transgene, blots were hybrid-
ized overnight at 37°C with a *?P-labeled oligonucleotide specific to the
Asp286 mutation (5'-CTTCAGGCAGTCGACGTCCTCCTGTCTGTG-
3"). The hybridization solution contained 50% formamide, 100 mg/ml
dextran sulfate, 25 mm HEPES, pH 7.5, 1 mm EDTA, 0.1 mg/ml denatured
salmon sperm DNA, 0.2 mg/ml poly-rA, 5X Denhardt’s reagent, 600 mm
NacCl, and 0.1% SDS. After washing in 0.2X SSC, the blot was exposed to
film and quantified using a phosphorimager. Loading controls were per-
formed by probing the original blot, or a replica blot, with an oligoprobe
complementary to wild-type CaMKII (5'-CTTCAGGCAGTCCACG-
GTCTCCTGTCT-3").

Visible water maze. The water-maze apparatus consisted of a 1.2-m-
diameter water-filled pool. In the pool, there was a 10-cm-diameter
circular platform that lay flush with the surface of the water. Before
training, animals were handled in the testing room for 7 d. Training
begins 1 d after the final day of handling. Mice were individually placed
onto the raised platform, to which a visible flag had been attached, and
allowed to acclimate for 15 sec. Mice were then placed in the water and
allowed to swim for 15 sec, after which time they were guided back to the
platform to rest for another 15 sec. After acclimatization, mice were
placed at a start position along the wall of the tank and given 60 sec to
find the visibly flagged platform. If they did not find it in 60 sec, they were
led back to the platform. Once on the platform, mice were given 30 sec
to rest before being returned to their home cage. Two more visible-
platform trials were conducted with the platform, and start locations
varied in a pseudorandom manner. Additional days of training (without
acclimatization) to a visible platform (three trials per day) may be given
to some groups.

Fear-conditioning. Mice were trained in a Plexiglas enclosure contain-
ing a wire grid floor, an overhead speaker, and external lighting (Freeze
Monitor; San Diego Instruments, San Diego, CA). After a 3 min baseline
period, three 20-sec-long tones (77 dB, 2.8 kHz) were played with a 1 min
intertrial interval. A 0.75 mA foot shock was delivered during the last 1.5
sec of each tone. Twenty-four hours after training, mice were again
placed in the original training enclosure for 3 min, and freezing was
assessed either by visual scoring or by computer analysis of video frame
capture. Two hours later, mice were placed in a new enclosure. After a
3 min baseline exposure, a series of three tones identical to that given in
the training session was played, and freezing was scored during the tones.

Field potential electrophysiology. Transverse slices (400 wm thick) of
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mouse hippocampus were prepared and maintained in an interface slice
chamber while being perfused with artificial CSF (aCSF) at 29-31°C.
The aCSF contained the following (in mm): 124 NaCl, 4.4 KCI, 25
NaHCO;, 1.2 Na,HPO,, 1.2 MgSO,, 10 glucose, and 2 CaCl,. For
baseline recording, EPSPs were elicited once every 50 sec (0.02 Hz) using
nichrome wire bipolar stimulation electrodes (0.01 msec pulse duration)
placed in the stratum radiatum of the CA1 region. The resulting potential
was monitored using low-resistance glass microelectrodes (5-15 M(,
filled with aCSF) also placed in the stratum radiatum of CAl. In each
experiment, the maximal field EPSP amplitude was first determined by
gradually increasing the stimulation intensity until the EPSP amplitude
reached a saturating level. The stimulation intensity was subsequently
decreased so as to evoke a response that was ~50% of the maximal EPSP
amplitude. In all experiments, baseline synaptic transmission was moni-
tored for 20 min before low-frequency stimulation was delivered. Slices
were stimulated at 5 Hz for 30 sec (150 pulses), and synaptic responses
were then monitored at 0.02 Hz for 1 additional hour.

Gene expression analysis. Gene chip experiments were performed
essentially as described previously (Sandberg et al., 2000). The mouse
U74 array (GeneChip; Affymetrix, Santa Clara, CA) was used to analyze
gene expression patterns in the hippocampus of B13 and B13-DEV mice.
Data analysis was performed using GeneChip version 3.1 (Affymetrix)
and NFUEGGO 2.1C (Lockhart and Lockhart, San Diego, CA). All
samples were scaled to a target intensity of 200, which has been shown to
correspond to approximately three to five transcripts per cell.

Samples were obtained from mice expressing high levels of CaM KII-
Asp286 (two B13-DEV mice and one B13 mouse) and from CaMKII-
Asp286 mice expressing lower levels of their transgene (one B13-DEV
mouse and two B13 mice). Two wild-type littermates were included as
controls. For the expression of a gene to be considered changed, its level
had to be scored as higher or lower in at least four of the six possible
comparisons and had to have changed more than twofold.

RESULTS

Suppression and induction of a tTA-controlled
CaMKII-Asp286 transgene

The mice used in this study carry a mutant Ca?"-independent
CaMKII transgene, CaMKII-Asp286, under the control of a
tetracycline-responsive promoter (Gossen and Bujard, 1992).
This line of mice, designated B13, has been described in a
previous article, in which we examined the electrophysiological
phenotype in animals that express the transgene throughout
development (Mayford et al., 1996). The goal in the present paper
was to determine the effect of different levels of transgene expres-
sion activated during development or in the adult on both elec-
trophysiology and behavior.

To suppress gene expression during gestation and still allow for
rapid induction in the adult, we delivered the tetracycline analog
Dox in food at a dose of 40 mg/kg mouse chow. After Dox
withdrawal, the transgene was rapidly activated in neurons
throughout the forebrain (Fig. 1A4), with maximal expression
reached at 2 weeks after Dox withdrawal (Glazewski et al., 2001).
However, we found that developmental suppression of the trans-
gene reduced the level of CaMKII-Asp286 that can be induced
in the adult. Figure 1B shows the level of transgene expression
measured in the hippocampus and striatum from mice in which
the transgene was suppressed during gestation and activated only
in the adult (B13) and in mice that had the transgene active
throughout development (B13-DEV). We examined the impact of
these different levels of transgene expression on learning and
memory, hippocampal plasticity, and gene expression.

Correlation between behavioral deficits and CaMKII-
Asp286 expression levels

Figure 24 shows a schematic representation of the transgene
expression history and behavioral testing points in our first ex-
periment. Animals were allowed to develop with the transgene
either on or off. Transgene expression was subsequently sup-
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Figure 1. Transgene regulation. 4, Expres-
sion of transgenic CaM KI1I-Asp286 mRNA is
shown by in situ hybridization in these half-
coronal forebrain sections taken from B13-
DEV(high) mice. Mice treated with a low-
dose doxycycline diet for >3 weeks show no
expression (On DOX). Transgene mRNA ex-
pression is readily apparent within 2 d and is
present at high levels at 14 d after mice are
switched to a Dox-free diet. Brain slices used
in this figure were prepared in parallel,
probed with the same radiolabeled oligonu-
cleotide, and exposed to film for the same
amount of time. B, Mice raised with their

2B13(low
= B13-DEV/(high)

Hippocampus Striatum

transgene suppressed (B13) do not express as much CaMKII-Asp286 mRNA as adults compared with mice that have expressed the transgene
throughout development (B13-DEV). The average level of expression in B13-DEV mice has been normalized to 100%. For hippocampal expression, p <

0.03; for striatal expression, p < 0.001.
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pressed with Dox in both groups and reactivated before behav-
ioral testing. This produced two groups of mice that differed in
level of transgene expression at testing as well as in their devel-
opmental exposure to the transgene. We will refer to these groups
as B13-DEV/(high) and B13(low) to indicate both developmental
exposure and level of transgene expression at testing.

Animals were first tested in the visible-platform version of the
water maze. As shown in Figure 2B, the two transgenic groups
differed from wild-type controls as well as from each other, with
the B13-DEV (high) animals being the most severely impaired.
A two-way ANOVA with repeated measures showed a signif-
icant main effect of group (F, 34, = 26.9; p < 0.001) and trial
(F(s,180) = 8.67; p < 0.001), and a post hoc Scheffé test showed
that the two transgenic groups differed from each other (p <
0.02) and from the wild-type controls (p < 0.001). Thus, both
groups of mice were impaired on this simple hippocampus-
independent task. The impairment on the initial training trial
suggests that some sensory, motor, or motivational impairment is
responsible for the deficit in these mice. The striatum has been
implicated in this simple form of learning, and it is likely that
expression of the transgene in this structure contributes to this
deficit (Devan et al., 1996).

B13 -DEV(High)

/ ntinnnis B13(LOW)

Context and Cued Fear Conditioning

Figure 2. Behavioral effects of CaMKII-
Asp286 transgene expression. A4, Timeline
showing regulation of the CaMKII-Asp286
transgene. B13 mice (gray line) had their
transgene off throughout development. In B13-
DEV mice (black line), the transgene was ex-
pressed during development and was first sup-
pressed at 6 weeks of age. At ~11 weeks of
age, both groups of mice had their transgene
induced for 21 d before behavioral testing. B,
The latency for mice to reach the visible plat-
form is shown as a function of training trial.
Across all trials, B13-DEV (high) mice have
longer latencies than B13(low) mice (p <
0.02), which have longer latencies than control
mice (p < 0.001). C, Degree of freezing in
response to training, context, and auditory
cues after tone—shock pairings. Despite hav-
ing similar degrees of baseline freezing (p >
0.05 by ANOVA), B13-DEV (high) mice freeze

Cued

Context

less to context and cues than do B13(low) mice

24 Hour Tests (p < 0.015) and control mice (p < 0.001).

We subsequently tested performance of the two groups in a
simple fear-conditioning task. Again, the mice showed the same
general pattern of deficits, with the animals expressing high levels
of the transgene showing a more severe impairment (Fig. 2C). A
two-way ANOVA showed a significant effect of group (F, 35, =
14.9; p < 0.001) but not of test (cued or context), and a post hoc
Scheffé test showed that the B13-Dev(high) group differed signif-
icantly from both the wild-type control group and the B13(low)
group [B13-DEV(high) vs control, p < 0.001; B13-DEV (high) vs
B13(low), p < 0.02].

The interpretation of these results is complicated by the fact
that the two transgenic groups differed not only in the level of
transgene expression during behavioral testing but also in expo-
sure to the transgene during development. To distinguish be-
tween dose effects and developmental effects, we isolated mRNA
from each of the animals that had undergone behavioral testing
and determined the level of transgene expression. Figure 3 shows
the correlation between levels of transgene expression in individ-
ual animals and their performance on the two different behav-
ioral tests. Although the two groups differed on average in trans-
gene expression level (Fig. 1B), there was significant overlap of
individual values. The correlation between the level of transgene
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Figure 3. Correlations between CaMKII- 4
Asp286 gene dose and behavioral performance.
A, Contextual fear-conditioned freezing 24 hr 100

CaMKII-Asp286 mRNA vs. Context o
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gene). The control group includes six wild-type
mice and three mice carrying only the tetO-
linked CaM KII-Asp286 transgene.

expression in individual animals and the severity of the behav-
ioral deficit was highly significant.

Behavioral deficits are reversible with

transgene suppression

We subsequently examined the reversibility of the behavioral
deficits produced in the B13-Dev(high) group of animals. Figure
4 A shows the regulation of transgene expression and the timing of
behavioral testing. Animals trained and tested with the transgene
on showed a severe impairment in contextual fear conditioning
(Fig. 4B). After suppression of the transgene, the memory was
still significantly impaired, indicating that transgene expression
disrupted the encoding of the memory rather than merely affect-
ing performance of the freezing response. Retraining of animals
with the transgene suppressed resulted in the formation of wild-
type levels of conditioned fear. This demonstrates that although
the animals expressed high levels of the transgene during devel-
opment, the impairment on this task could not be a result of any
permanent developmental abnormality. Finally, re-expression of
the transgene severely disrupted the freezing of animals condi-
tioned with the transgene suppressed. Similar results were seen in
the visible-platform water maze task. As shown in Figure 4C,
animals trained with the transgene on were strongly impaired at
finding the visible platform in the water maze. When the trans-
gene was suppressed, animals rapidly acquired the task to wild-
type levels of performance.

Low levels of CaMKIl facilitate 5 Hz LTP induction, but
high levels impair 5 Hz LTP induction

We have previously shown a deficit in Schaffer-collateral LTP
induced by low-frequency stimulation in several lines of CaM KI-
I-Asp286 transgenic mice, including the B13 mice used in the
present study (Mayford et al., 1995, 1996). The expression of the
transgene caused a shift in the response to low-frequency stimu-
lation in the 1-10 Hz range such that the induction of LTP was
reduced and the induction of LTD was enhanced. The transgene
dose-dependent effects on behavior led us to re-examine the
electrophysiological effects of CaMKII-Asp286 expression. We
tested Schaffer-collateral LTP in response to 5 Hz stimulation in
the two populations of CaMKII-expressing mice.

The most striking finding from this experiment (Fig. 5) was that
transgenic mice expressing low levels of the CaMKII-Asp286
transgene did not show a shift toward LTD, as had been reported
previously, but instead showed an enhanced level of LTP after 5

Hippocampal Transgene Expression

Hippocampal Transgene Expression

Hz stimulation (F; 5y = 6.23; p < 0.05). Consistent with our
previous study, the mice expressing high levels of the transgene
had an impairment in LTP induced by the 5 Hz stimulation
protocol (F(; gy = 4.26; p < 0.05). Unlike the behavioral results,
which demonstrate a quantitative difference in the severity of
deficits between the two groups of mice, these LTP results sug-
gest that there is a threshold dose of constitutive CaMKII activ-
ity at which there is a qualitative switch from enhanced 5 Hz LTP
to impaired 5 Hz LTP.

Compensatory changes in gene expression at high
levels of CaMKII-Asp286

Calmodulin-dependent protein kinases have been shown to mod-
ulate gene expression (Enslen and Soderling, 1994; Enslen et al.,
1994). In a related study, we examined a transgenic line of mice
that expressed the CaM KII-Asp286 transgene specifically in the
striatum and found a severe disruption in fear-conditioned mem-
ory similar to that seen in the present study (K. Hood, unpub-
lished results). DNA microarrays were used in that study to
examine potential downstream changes in gene expression and
revealed an upregulation in the genes for glutamic acid decarbox-
ylase (GADG65) and tachykinin (Tac), which encode key proteins
involved in the generation of the inhibitory neurotransmitters
GABA and substance P, respectively.

To determine whether mRNA levels of GADG65 and Tac were
affected in the CaMKII-Asp286 mice presented here, we per-
formed Northern blots on striatal mRNA obtained from the
B13-DEV(high) and B13(low) mutant mice described in Figure 2.
Expression of these genes was elevated in the transgenic mice and
was significantly correlated with levels of striatal CaMKII-
Asp286 mRNA (Fig. 64,B). The results of an additional Northern
blot demonstrate that the increased levels of both GAD65 and
Tac are reversible with transgene suppression (Fig. 6C). The
reversible nature of this change parallels that of the behavioral
phenotype in B13-DEV/(high) mice.

These results suggest that in addition to the role of the
CaMKII-Asp286 transgene itself, compensatory changes in gene
expression may underlie the behavioral phenotypes observed in
these animals. We examined gene expression changes in the
hippocampus from animals expressing either high or low levels of
the CaM KII-Asp286 transgene. We used the mouse U74 Gene-
Chip for these comparisons (Tables 1 and 2). The transcriptional
responses in the two groups were qualitatively different. Only two
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Figure 4. Reversible behavioral deficits in
B13-DEV(high) mice. 4, Timeline showing the
CaMKII-Asp286 transgene activation pattern
for the experiment shown in B. B, Contextual
freezing is impaired in B13-DEV(high) mice
24 hr after training with the transgene on and
at 6 weeks after transgene suppression (mea-
sured during the baseline period immediately
before retraining). Twenty-four hours after re-
training with the transgene off, B13-DEV
(high) mice show normal freezing to context
compared with controls. When the transgene is
induced after normal learning, B13-DEV
(high) mice have a complete lack of freezing to
the context learned previously. **p < 0.001. C,
B13-DEV(high) mice fail to locate a visible
platform in the water maze, whereas controls
acquire this task readily. After transgene sup-
pression, B13-DEV (high) mice learn to locate
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genes showed expression changes in both the high- and low-
expressing groups and could therefore be directly linked to the
levels of CaMKII-Asp286 transgene expression (spi2, B-cell-
specific protein). Many of the genes that are upregulated specif-
ically in the hippocampus of animals expressing high levels of
CaMKII-Asp286 are also known to be upregulated in response
to synaptic activity and LTP-inducing stimuli [transforming
growth factor-p-inducible early growth response, zif/268, Jun-B,
pip92, neuropeptide Y (NPY), inhibin B-A subunit (IHBA), and
regulator of G-protein signaling 2] (Inokuchi et al., 1996; Ingi et
al., 1998; Marty, 2000). Others can be characterized as genes
whose expression levels are altered by injurious or inflammatory
stimuli (GFAP, All, and IHBA) (Lai et al., 1996; Tretter et al.,
1996). The induction of NPY suggests that as CaMKII levels
increase, the increased excitatory activity triggers a compensatory
increase in this inhibitory transmitter. NPY is known to reduce
presynaptic glutamate release and impair the induction of LTP
(Qian et al., 1997; Whittaker et al., 1999). The induction of genes
associated with inflammatory stimuli suggests that some excito-
toxic damage may occur at high levels of CaMKII.

DISCUSSION
Genetically modified mice have been used extensively to address
the molecular mechanisms of complex neurobiological phenom-
ena such as synaptic plasticity, learning, and memory. One of the
difficulties of this approach is dissociating primary effects on
learning mechanisms from potential secondary effects that a ge-
netic modification may have on neuronal development or on
compensatory changes in the expression of other genes (Mayford
and Kandel, 1999). We used Tet-regulated transgene expression
in combination with behavioral, electrophysiological, and gene
expression profiling using DNA chips to address the role of
CaMKII signaling in LTP and behavior.

Using the Tet system, we have shown that transgene expression
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the visible platform (performance on last two
trials, wild-type vs B13 mice; p = 0.14; NS).
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Figure 5.  CaMKII-Asp286 expression alters theta-frequency LTP. Hip-
pocampal LTP induced by 5 Hz stimulation in B13(low) and B13-
DEV(high) groups during CaMKII-Asp286 expression is shown. Hip-
pocampal slices from Bl13(low) and B13-DEV(high) groups were
stimulated at 0.02 Hz while EPSPs were recorded from CAl dendritic
fields. After 20 min of baseline, slices were stimulated at 5 Hz for 30 sec,
followed by 1 hr of 0.02 Hz recording. Note how B13(low) and B13-
DEV/(high) mutants have opposing responses to 5 Hz stimulation. B13-
DEV/(high) mutants have an LTP deficit, whereas B13(low) mutants trend
toward enhanced LTP at this stimulation frequency. Representative
EPSPs for each group of animals tested are shown before and after the 5
Hz stimulation. Calibration, 10 msec, 2 mV.
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Figure 6. Striatal GADG65 and tachykinin expression correlates with CaM KII-Asp286 expression. 4, Striatal expression of CaMKII-Asp286 and
GADG65 co-vary, with an R? value for all transgenic mice of 0.722 (p < 0.001). B, Striatal expression of CaMKII-Asp286 and Tac co-vary, with an R>
value for all transgenic mice of 0.865 (p < 0.001). Expression levels were assayed by Northern blot of total striatal RNA and normalized for levels of
tubulin mRNA. One unit of expression is defined as the amount of mRNA expressed by mice carrying only the tetO-linked CaM KI1I-Asp286 transgene
(no tTA transgene). The control group includes four wild-type mice and two mice carrying only the tetO-linked CaM KII-Asp286 transgene. C, Northern
blots for GAD65 and Tac mRNA. Whole-forebrain RNA from B13-DEV(high) mutant mice with their transgene induced (High ON) and suppressed
(High OFF') as well as from B13(low) mutants with their transgene induced (Low ON) is probed for GADG65. At this exposure, significant expression is
seen only in the B13-DEV (high) mice tested with their transgene expressed (High ON).

can be effectively suppressed during development with low levels
of Dox that allow relatively rapid transgene induction in adult
animals. A surprising finding was that suppression of transgene
expression during development led to a reduction in the adult
levels of gene expression that could be obtained. Although this
could result from residual Dox in those animals that were exposed
to the drug during gestation, we think it is more likely a result of
alterations in genomic DNA in the neighborhood of the tetO-
linked transgene. We favor this view because even prolonged
withdrawal from Dox does not lead to consistently high levels of
expression in these mice, and in a second line of tetO-linked
CaMKII-Asp286 transgenic mice, we found that developmental
suppression of transgene expression completely eliminated the
ability to induce the transgene in adult animals (Hood, unpub-
lished results). This may result from changes in chromatin struc-
ture or DNA methylation at the inactive transgene locus (Pikaart
et al., 1998) and points out the need to consider expression
history when using inducible transgenic systems.

Previous studies using pharmacological inhibitors and knock-
out mice support the view that CaM KII activation and autophos-
phorylation at Thr286 is required for the induction of LTP
(Malenka et al., 1989; Malinow et al., 1989; Silva et al., 1992a;
Giese et al., 1998). Studies using transfection in hippocampal slice
cultures or injection of monomeric forms of CaMKII suggest that
activation of the kinase is sufficient to induce LTP (Pettit et al.,
1994; Lledo et al., 1995), possibly by acting on AMPA-type
glutamate receptors (Hayashi et al., 2000). However, in previous
studies of CaMKII-Asp286 transgenic mice, we failed to see
transgene-induced potentiation or LTP occlusion, as would be
expected if CaMKII activation were sufficient to produce LTP
(Mayford et al., 1995, 1996). Instead, we found a shift in response
to low-frequency stimulation in the 1-10 Hz range such that the
threshold frequency necessary to induce LTP was increased. We
now find that the electrophysiological phenotype is sensitive to
the level of transgene expression such that at low levels of
CaMKII-Asp286 expression, LTP induction by 5 Hz stimulation
is facilitated, whereas at high levels of CaMKII-Asp286, LTP
induction by 5 Hz stimulation is impaired. High levels of
CaMKII-Asp286 expression also lead to compensatory changes
in expression of other genes in the hippocampus. One of these

compensatory changes is an upregulation of NPY. NPY is known
to act presynaptically to oppose glutamate release and the induc-
tion of LTP (Qian et al., 1997; Whittaker et al., 1999).

Together, these results suggest that the primary effect of
CaMKII-Asp286 expression is to facilitate the induction of LTP,
but that at high levels of expression, compensatory changes mask
that effect. This is consistent with the view that CaMKII activa-
tion is necessary for LTP induction. Lisman and Zhabotinsky
(2001) proposed a model, based on the known biochemistry of
CaMKII and of associated protein phosphatases, in which the
CaMKII holoenzyme has two stable states, either highly auto-
phosphorylated (active) or largely dephosphorylated (inactive).
In this model, inclusion of an activated mutant subunit that could
not be dephosphorylated should produce a primed state in which
the switch to fully phosphorylated holoenzyme would occur at
lower calcium levels. If this were the case, the smaller calcium
influx produced at lower frequencies of stimulation would be
expected to produce a greater amount of potentiation in the
CaMKII-Asp286 mutant, as was seen in this study.

Activation of CaMKII to low levels produces deficits in visible-
platform water maze performance only in adult animals. This is
not a hippocampus-dependent task and is most likely mediated by
physiological effects in other brain regions, such as the striatum
(Devan et al., 1999). However, it is worth noting that although this
low level of CaMKII activation facilitates the induction of LTP,
at least in one pathway in the hippocampus, the animals show
impaired performance on this task. At high levels of transgene
expression, severe deficits occur in visible-platform water maze
and cued and contextual fear conditioning. These deficits are
fully reversible, and the severity of the deficit is correlated with
the level of transgene expression. Moreover, the behavioral def-
icits are paralleled by changes in inhibitory transmitter systems in
both the striatum and the hippocampus.

These results are consistent with the idea that the primary
effect of CaMKII activation is excitatory, possibly by facilitating
the induction of LTP. The shift in LTP threshold at low levels of
transgene expression results in mild behavioral impairments that
may be attributable to inappropriate synaptic weight changes in
response to a given environmental stimulus. At high levels of
transgene expression, compensatory upregulation of inhibitory
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Table 1. Changes in hippocampal gene expression between mice
expressing high levels of CaMKII-Asp286

Table 2. Changes in hippocampal gene expression between mice
expressing low levels of CaMKII-Asp286

Accession Fold Accession Fold
number Gene name change number Gene name change
M64086.1 spi2 proteinase inhibitor NM_013697.1 Transthyretin 33.1
(spi2/eb4) 56.7 M64086.1 spi2 proteinase inhibitor (spi2/eb4) 24.9
NM_009112.1 Calcium-binding protein AB005141.1 Klotho 23.8
All, calgizzarin 15.6 U52925 Coagulation factor V 9.6
M61181.1 BDNF 11.2 AlIB45874 Unknown 6.3
AA656550 Unknown 10.6 AlIB47646 Unknown 5.6
AB032087.1 RMI1 (induced during hippo- NM_008489.1 Lipopolysaccharide-binding protein 4.1
campal LTP) 7.9 L14811.1 Prolactin receptor 3.7
NM_008981.1 Protein tyrosine phosphatase NM_015744.1 Ectonucleotide pyrophosphatase/ 2.3
receptor type G 7.4 phosphodiesterase 2
NM_012488.1 a,-Macroglobulin 7.4 AJ222814.1 B-cell-specific protein 2.1
1.26490.1 pip92 5.5 AW049647 Unknown 2.1
X69619.1 Inhibin B-A subunit 5.0 M13227.1 Enkephalin —24
NM_013692.1 Transforming growth factor X13986.1 Minopontin =57
B-inducible early growth - - -
Hippocampal RNA was screened on Affymetrix gene chips (Mouse U74). Compen-
response 5.0 satory changes in gene expression in three mice with low levels of CaM K1I-Asp286
AF273768.1 Preproneuropeptide Y (one mouse with the transgene on during development, two mice with the transgene
(NPY) 4.9 off during development) compared with the same two wild-type mice useq for Tgble
. . 1. Genes that were scored as changed over twofold in at least four of the six possible
AJ222814.1 B-cell-specific protein 4.7 comparisons between transgenic and control mice are shown.
K01347.1 GFAP 3.8
NM_009061.1 Regulator of G-protein
signaling 2 2.9 activity, a set of compensatory transcriptional changes occurs that
M22326.1 2if /268 2.9 may act to oppose the effect of elevated kinase activity. Some of
AIS39690 Unknown 25 these transcriptional changes may be triggered in a direct cell-
X66295.1 Clq C-chain 23 autonomous manner by phosphorylation of CaMKII substrates.
NM 008416.1 Jun-B 21 At a molecular level, the response may be triggered at levels of
AF064635 Unknown 21 activated kinase that allow significant phosphorylation of low-
X92439.1 Collagen type IV, a; chain 2.0 affinity substrates or that alter the subcellular distribution of the
U49251 T-Brain-1 2.0 kinase. In addition, some of the compensatory changes are likely
J00413.1 B-Globin —20 to be non-cell autonomous but reflect a system-wide response to
V00714.1 a-Globin -21 increased excitatory activity associated with CaMKII activation.
NM_008731.1 Neuropeptide Y receptor-Y2 -25 For example, the increase in NPY in the hippocampus is probably
AA600542 Unknown —26 a non-cell autonomous response, because NPY is expressed in

Hippocampal RNA was screened on Affymetrix gene chips (Mouse U74). Compen-
satory changes in gene expression in three mice with high levels of CaM KII-Asp286
(two mice with the transgene on during development, one mouse with the transgene
off during development) compared with two wild-type mice. Genes that were scored
as changed over twofold in at least four of the six possible comparisons between
transgenic and control mice are shown.

neurotransmitter systems acts to oppose increased excitation and
prevent excessive neuronal activity and seizure, at least in the
hippocampus. In the striatum, in which the medium spiny neurons
are GABAergic projection neurons, the changes in gene expres-
sion may represent an increase in striatal output resulting from
facilitated corticostriatal transmission (Hood, unpublished re-
sults). The severe behavioral impairments could result from these
secondary changes in transmission.

How do these results reflect the role of CaMKII activation in
response to natural stimuli? Behaviorally induced changes in
CaMKII activity have not been studied extensively; however,
after LTP induction, autophosphorylated CaM KII is elevated for
at least 1 hr (Fukunaga et al., 1993; Ouyang et al., 1997). The
present study uses prolonged expression of a constitutively active
mutant form of CaM KII and may be similar to the type of kinase
activation that occurs with prolonged or repeated neuronal activ-
ity. The results suggest that at a high enough level of CaMKII

interneurons that do not express the CaM KI1I-Asp286 transgene.

These results highlight some of the difficulties in studying
genetically modified mice in general and in a highly adaptive
system such as the brain in particular. The introduction of a single
genetic alteration, even in an inducible manner, can have signif-
icant downstream consequences that can complicate interpreta-
tion. The advent of GeneChip technology coupled with the se-
quencing of the mouse genome should make it theoretically
possible to detect many of the compensatory changes in gene
expression, reflected at the RNA level, that occur in a given
mutant animal. This level of analysis, coupled with regulated
genetic systems such as Tet and more anatomically restricted
promoters, should enhance our ability to understand how single
gene changes exert their effects on complex neurobiological
processes.
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