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Laboratory for Gene Manipulation in Mouse and Applications
to the Study of Memory
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The objectives are the same as those of the last year.
We continue to study the molecular, cellular, neural net-
work, and neural systems mechanisms underlying learning
and memory by creating and analyzing new strains of mice
in which a specific gene or genes are conditionally manip-
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ulated.

1. Tissue or cell type-specific gene manipulation

(1) Hippocampal CA3 pyramidal cell-specific gene ma-
nipulation

Last year we published our work on the role of the hip-
pocampal CA3 NMDA receptors (NR) in memory recall
by pattern completion. The work was carried out by gen-
erating a mouse strain in which the deletion of the NR1
gene was restricted to the CA3 pyramidal cells of the hip-
pocampus and subjecting these mice to a multitude of
analyses including behavioral studies, in vivo and in vitro
electrophysiology and molecular and cellular biology. Our
subsequent study on the same mutant mice demonstrated
that while being normal in spatial reference memory, these
mutants were impaired in the rapid acquisition of spatial
memory following just one trial (i.e., episodic-like mem-
ory). Experiments carried out using the multielectrode
recording techniques corroborated these results from be-
havioral studies: spatial tuning of the mutant CA1l place
cells was normal in a familiar environment but was signif-
icantly impaired (e.g., enlarged lace field and augmented
integrated firing rate) in a novel environment.

(2) Hippocampal DG granular cell-specific gene manip-
ulation

In collaboration with Dr. Nina Balthasar and Prof.
Bradford Lowell of Harvard Medical School, we created
a new NR1 knockout mouse in which the gene deletion is
restricted to dentate gyrus (DG) granule cells of the hip-
pocampus of an adult mouse (DG-NR1 KO mouse). This
was accomplished using the Cre-loxP system in which the
Cre expression was driven by the transcriptional promoter
from proopiomelano cortin (POMC). We observed Cre-
loxP recombination not only in the DG but also in the hy-
pothalamus when the Cre mouse was crossed to the Rosa26
reporter mouse. However, because the floxed NR1 is more
resistant to Cre recombination than the floxed STOP in
the Rosa26, the spatial restriction of the recombination
was greater in the DG-NR1 KO mouse than in the Rosa26
mouse and was restricted to the DG granule cells. We
confirmed by in wivo recordings that LTP is specifically
deficient at perforant path (PP)-dentate synapses in the
mutant mice. In contrast to CA1-NR1 KO mice, DG-NR1
KO mice were normal in the hidden platform version of
the Morris water maze, indicating that NMDA receptor-
dependent plasticity at PP-DG synapses is dispensable for
the formation of spatial reference memory.

(3) Cortex and hippocampus-specific gene manipula-
tions

(i) MAP kinase signaling

‘We have generated a transgenic mouse in which a dom-
inant negative form of MEKI1 inhibits ERK activation
in the postnatal forebrain. These mice exhibited selec-
tive deficits in hippocampal memory retention and the
translation-dependent, transcription-independent phase of
hippocampal L-LTP. In hippocampal neurons, ERK in-
hibition blocked neuronal activity-induced translation as
well as phosphorylation f the transcription factors elF4
E, 4EBP1 and rpS6. Correspondingly, protein synthesis
and translation factor phosphorylation induced in control
hippocampal slices by L-LTP-generating tetanization were
significantly reduced in mutant slices. Translation factor
phosphorylation induced in the control hippocampus by
memory formation was similarly diminished in the mutant
hippocampus. These results define a crucial role for trans-
lation control by MAPK signaling in long-lasting forms of
synaptic plasticity and memory.
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(ii) p21-activated kinase (PAK) signaling

We have generated a transgenic mouse in which the
expression of a dominant negative form of PAK, a major
downstream effector of the small GTPases Rac/Cdc42, is
restricted to excitatory neurons in the postnatal forebrain.
PAK is known to affect spine formation through its role in
the regulation of actin dymanics and we used this trans-
genic mouse strain to investigate whether the structure
and density of cortical spines and synapses are critically
involved in long-term memory. In the transgenic mice, cor-
tical neurons had fewer spines and a higher proportion of
short, large spines, but no such abnormalities were found
in the cortex. These morphological alterations were associ-
ated with enhanced mean synaptic strength and abnormal
synaptic plasticity, specifically in the cortex. Importantly,
this dissociation between hippocampal and cortical synap-
tic morphology and plasticity was correlated with behav-
ioral deficits in long-term consolidation but not in acquisi-
tion of memory. Thus, these results demonstrate a critical
role of PAK in the regulation of the size distribution and
density of spines. The results further suggest a primary
role of spines in the determination of the synaptic sizes
and the importance of homeostasis of the distribution of
synaptic size and density in the cortex in the maintenance
of long-term memory.

(4) Dorsal thalamus (DT)-specific gene manipulation

During the transition from wake to sleep, cells in the
brain do not become silent. Instead, pyramidal neurons
change their mode of activity from regular spiking while
awake to short, high frequency bursts of action poten-
tials during sleep. The purpose of this unique form of
neuronal activity is unknown, however, in the thalamus,
sleep-related bursting is known to be mediated by the low
threshold, T-type calcium channel alphal subunit Cav3.1.
To determine the purpose of this bursting, we created
a conditional knockout allele for Cav3.1 and developed
new methods for thalamus-specific gene manipulation us-
ing Cre-loxP techniques. We also made use of existing mice
that allow forebrain pyramidal neuron-specific gene ma-
nipulation. Mice with selective deletion of Cav3.1 mRNA
in thalamic or forebrain pyramidal neurons exhibited en-
hanced retention and defective extinction of contextual
fear memory measured 24 hours following training. These
results support the notion that sleep-related neuronal ac-
tivity may serve to erase memories encoded by aversive
experience and suggest a possible role for sleep in healing
post-traumatic disorders.

2. Conditional (spatially and temporally re-
stricted) gene manipulation

(1) Combined Cre-loxP and tetracycline transactivator
(tTA)-based method

As stated above, we have several tissue-specific or cell
type-specific Cre transgenic mice. In order to introduce
temporal control to tissue- or cell type-restricted gene ma-
nipulation, we have generated loxP-stop-loxP tTA trans-
genic lines. Our strategy is to cross these mice to Cre
transgenic mice and cross the resulting double transgenic
lines to the third transgenic mouse in which the expression
of a gene is under the control of the O** minimal promoter.
This gene can be of the wild type form (in which case one
may accomplish overexpression), a dominant negative form
(in which case one would inhibit the endogenous gene) or
a constitutively active form (in which case one would at-
tain deregulation of the gene expression). We used chicken
(B-actin promoter to drive the expression of the loxP-stop-
loxP tTA transgene, crossed them to the CA3-specific Cre
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or DG-specific Cre mouse, and tested cell type-specific
expression of tTA by crossing the double transgenics to
the O'* GFP reporter mouse. We have observed strong
cell type-restricted expression of tTA. We have applied
this technique to tetanus toxin which cleaves the VAMP2
and thereby inhibits the neurotransmitter release from the
presynaptic terminals. Our plan is to transiently and re-
versibly inhibit the neurotransmitter release from a specific
excitatory presynaptic terminal such as Schaffer collateral
or mossy fibers and deduce the function of the specific ex-
citatory hippocampal circuitry in learning and memory.
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