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Abstract

Modern approaches to the investigation of the molecular mechanisms underlying human cognitive
disease often include multidisciplinary examination of animal models engineered with specific
mutations that spatially and temporally restrict expression of a gene of interest. This approach not
only makes possible the development of animal models that demonstrate phenotypic similarities to
their respective human disorders, but has also allowed for significant progress towards
understanding the processes that mediate synaptic function and memory formation in the
nondiseased state. Examples of successful mouse models where genetic manipulation of the
mouse resulted in recapitulation of the symptomatology of the human disorder and was used to
significantly expand our understanding of the molecular mechanisms underlying normal synaptic
plasticity and memory formation are discussed in this article. These studies have broadened our
knowledge of several signal transduction cascades that function throughout life to mediate
synaptic physiology. Defining these events is key for developing therapies to address disorders of
cognitive ability.
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Scientific investigation of the molecular mechanisms underlying human cognition
underwent a renaissance with the first report in 1989 of homologous recombination in
embryonic stem cells to generate gene-targeted mice. The advent of murine knockout
technology was so revolutionary to the field that Mario R Capecchi, Martin J Evans and
Oliver Smithies were awarded the Nobel Prize in Physiology or Medicine in 1997.
Knockout technology promoted the search for disease-causing genes by identifying specific
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genes that were altered in individuals who were grouped with specific disorders. While gene
discovery was daunting for incredibly complex disorders such as autism or schizophrenia,
which involve multiple genes and environmental factors, the identification of single gene
disruptions that result in human disorders were highly suitable for using the newly perfected
knockout strategy. The past two decades have seen the number of reported knockout mouse
strains increase exponentially. Now it is possible to introduce specific mutations that can be
both spatially and temporally controlled in the CNS, thereby enhancing our ability to
understand not only the basic function of genes, but the temporal windows within which
diseases that result from gene alterations can be treated.

This article describes a snapshot of a few human cognitive disorders that have benefited
from the use of knockout technologies. Attention was paid to present a selection of mouse
models that represent examples of:

] Human disorders resulting from a single gene mutation/disruption;

] Where genetic manipulation of the mouse resulted in a model that recapitulated
the symptomatology of the human disorder;

] Where the mouse model has significantly expand our understanding of the
disorder and the molecular mechanisms underlying normal synaptic plasticity
and memory formation.

However, these examples are not intended to reflect the whole spectrum of human cognitive
disorders. Specifically, these mouse models were used to determine phenotype similarities,
developmental characteristics, gross and micro-structural morphological changes and
measurements of synaptic function (Table 1). The characterization of these models often
facilitated the elucidation of potential molecular mechanisms underlying the disorder. It
should also be noted that the examples given later are hippocampus-centric in their
respective analyses for the fundamental reason that this region of the brain exhibits well-
characterized patterns of synaptic transmission and plasticity, is intimately involved in many
forms of memory and represents the majority of published studies on overall synaptic
function.

Hippocampus & the measurement of synaptic plasticity

The hippocampus represents an amazing feature of the mammalian CNS. It is one of the
evolutionarily oldest regions of the brain and bridges other ancient brain regions, such as the
amygdala, to the higher cognitive areas of the cortex [1]. The hippocampus contributes to
the other CNS structures forming the limbic system and is part of the hippocampal
formation, which includes the dentate gyrus, subiculum and entorhinal cortex (Figure 1).
The hippocampus can signal to the entorhinal cortex and the amygdala, which in turn project
into numerous brain regions, affecting aspects of behavior, learning ability and memory
formation [2]. While the entorhinal cortex is a major source of projections into the
hippocampus, the hippocampus also receives information from the amygdala, cingulate
cortex and temporal lobe, and has outputs to the cortex and other higher brain regions [3].
Thus, disruption in hippocampal function can affect interpretation of inputs and alter the
modulation of output signals to numerous important modalities.
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The CAL1 area of the hippocampus displays two major forms of long-term potentiation (LTP)
[4,5] and at least one form of long-term depression [5,6]. Each of these can be initiated by
exogenous tetanic stimulation, resulting in varying degrees of measurable increases (i.e.,
LTP) or decreases (i.e., long-term depression) in the size of the dendritic excitatory
postsynaptic potentials or measured in the cell bodies as population spikes (Figure 1).
Hippocampal LTP can last from minutes in acute ex vivo hippocampal slices to weeks in the
living animal [7-11]. Induction of LTP in area CA1 that most closely resembles the
proposed in vivo mechanisms requires presynaptic neurotransmitter release, N-methyl-o-
aspartate receptor (NMDAR) activation and subsequent upregulation of AMPA receptor
expression and function [12-15]. The opening of NMDARSs requires both glutamate binding
and membrane depolarization. Downstream of receptor activation are numerous signal
transduction pathways, all of which integrate into a larger coincidence detection system that
is believed to be important for reaching a threshold for the processes of synaptic plasticity
[16]. Thus, genetic mutations that disrupt cognitive ability can represent dysfunction in
presynaptic neurotransmitter release, extracellular signaling, membrane-bound receptor
function, intracellular signaling pathways or genetic changes following stimulation.

In the study of mammalian models of human cognitive disorders or those disease states that
involve disruption in learning and memory, synaptic plasticity is a major part of the
characterization of the model. Furthermore, synaptic plasticity is frequently associated with
behavioral testing of learning and memory and is often used as a quantifiable measurement
of the efficacy of a therapeutic agent on the specific model. A large body of evidence
demonstrates that LTP and memory are supported by similar mechanisms. For example,
blockade of NMDARs effectively blocks LTP and impairs learning in rodents in
hippocampal-dependent memory tasks [17-20]. Conversely, stimulation of the hippocampus
to the extent that makes most of the synaptic connections in area CA1 plastic can inhibit
normal spatial learning and memory [21], suggesting an intimate relationship between the
processes of hippocampal synaptic function and those underlying learning and memory. The
following sections provide examples of the use of mouse models with specific genetic
mutations resulting in neuronal molecular disruption associated with alterations in synaptic
function and/or learning and memory.

ApoOE & lipoprotein receptors: Alzheimer’s disease

For more than a decade, the allelic variation of apoE (APOE) has been known to be
associated with the risk of developing Alzheimer’s disease (AD) [22,23]. The human
population expresses three APOE alleles that differ by the presence or absence of a cysteine
or arginine amino acid at positions 112 and 158 in their protein product: APOE* 2 (CyslI2
and Cysl58), APOE* 3 (Cysll2 amd Argl58), and APOE*4 (Argll2 and Argl58). The
APOE* 3 allele is found in approximately 78% of the US population and is often considered
to be the neutral allele regarding disease risk relative to APOE* 2 and APOE*4. APOE*4 is
found in 14% of the US population and is linked to an increased risk of developing sporadic
AD, as well as a decreased age of onset compared with APOE* 3. By contrast, APOE*2 is
found in the remaining 8% of the US population and is found to decrease AD risk compared
with those expressing the APOE* 3 allele [22,24].

Future Neurol. Author manuscript; available in PMC 2014 July 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Banko et al.

Page 4

In the CNS, the APOE protein product, apoE, binds to the seven identified mammalian
members of the highly conserved low-density lipoprotein receptor (LDLR) family [25].
Mice deficient for at least two of the apoE receptors, apoE receptor 2 (apoER?2) and the very
LDLR (VLDLR), show defects in both learning and memory, as well as hippocampal LTP
[26-30].

The apoER?2 and VLDLRs are linked to several signal transduction pathways including the
Src, PI3K and CDKS5 signal transduction pathways (Figure 2) [31-33]. While apoE also
associates with these important signaling receptors, relatively little is known about apoE
signaling in the CNS in general, or how apoE isoforms may specifically affect synaptic
function.

Using mice to better understand the specific role of apoE in synaptic function in humans is
difficult owing to the presence of three different APOE alleles in humans, whereas clonal
mice express only a single apoE allele. The production of targeted replacement apoE
isoform-expressing mice (apoE TR) under the control of the endogenous murine promoters
represents a near-perfect model to address these questions [34]. The high degree of
conservation between murine and human apoE receptors allows for these mice to be used as
a general mammalian model for direct comparison of the actions of human apoE isoforms
[35,36]. Interestingly, apoE isoform effects on LTP are region-specific. For example,
perforant path LTP reveals that apoE3 TR mice show greater LTP induction than apoE2 TR
mice, while apoE4 TR mice show the lowest (E3 > E2 > E4) [37]. In addition, in the
perforant path, differential susceptibility to LTP inhibition by oligomeric amyloid-f is seen
in a hierarchy that mirrors AD risk: apoE4 TR > apoE3 TR > apoE2 TR [37]. In contrast to
perforant path LTP induction, CA1 LTP shows that there is an age-dependent enhancement
of CA1 LTP in young apoE4 TR animals compared with strain- and age-matched wild-type
mice [38]. A recent examination of all three genotypes in a single study using young adult
mice demonstrated significantly greater LTP induction in apoE4 TR mice, less LTP
induction in apoE2 TR mice and no difference compared with wild-type mice in apoE3 TR
mice. Importantly, NMDAR-independent LTP shows no significant differences in any of the
TR mice, suggesting an apoE isoform-dependent action on NMDAR function that is
sufficient to influence stimulation-induced LTP induction. It should be noted that a similar
LTP induction profile (apoE4 > apoE3 > apoE2) is seen in apoE-knockout hippocampal
slices perfused with human recombinant apoE isoforms [39]. Taken together, these studies
suggest that specific apoE isoforms act as signaling molecules in a way that is sufficient to
affect synaptic plasticity in a subregion-specific manner. There have been a number of
studies to behaviorally characterize apoE TR mice; however, results from multiple
laboratories have been somewhat contradictory. In general, it can be stated that apoE4-
expressing mice exhibit memory defects and increased anxiety, and that these behavioral
phenotypes appear to affect females to a greater extent [40-42].

Reelin: lissencephaly & schizophrenia

Reelin is a large extracellular matrix protein that is secreted by Cajal-Retzius cells located
in the marginal zone and serves as a molecular guiding cue for the subventricular migrating
neurons during embryonic development of the CNS [43]. In the adult brain, Reelin is
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secreted by GABAergic interneurons after which it binds to two apoE-binding members of
the lipoprotein receptor family, apoER2 and VLDLR (Figure 2). When bound by Reelin,
signaling through these receptors results in phosphorylation of Dab1 and activation of the
Src family of protein tyrosine kinases [30,44]. Disruption of Reelin signaling has been
associated with the human developmental disorder lissencephaly [45]. Lissencephaly
(smooth brain) is a rare genetic disorder characterized by the absence of the normal
convolutions found in the cerebral cortex and is a prime example of the necessary role of
Reelin signaling during embryonic development. Type 1 or “classic’ lissencephaly can occur
through disruption of the NUDE and LISL genes, whose products function to stabilize
microtubules and are downstream of Reelin—lipoprotein receptor activation [46]. Another
form of lissencephaly that manifests with cerebellar hypoplasia, also known as Norman—
Roberts syndrome, is caused by mutations in the Reelin gene (RELN) itself; therefore,
Reelin may represent a critical link that connects the extracellular matrix with regulation of
the cytoskeleton. Individuals with lissencephaly that manifests with cerebellar hypoplasia
are severely ataxic, mentally retarded and suffer from epilepsy [47].

The human RELN gene is the ortholog of the extensively studied RELN gene in mice, which
is mutated in the naturally occurring neurological mutant reeler [42,48]. Reeler mice, so
named after their reeling gait, show abnormal cellular layering in the neocortex, cerebellum
and hippocampus, and mice expressing a single mutant allele exhibit impaired learning and
memory [28,49]. Although the histology of affected humans has not been characterized, the
existence of pachygyria in these people strongly suggests that they have layering
abnormalities. Thus, humans who are deficient in Reelin signaling seem to share several
phenotypic features of reeler mice. While there is no current treatment for lissencephaly, the
identification of the signaling defects in these patients provided a backdrop for further
investigation into potentially important Reelin signaling in the adult brain beyond its role in
developmental processes.

The known role for Reelin during development of the CNS was the basis for the “two hit
hypothesis’ presented by Costa et al. for schizophrenia [50]. Similar to the ‘two hit
hypothesis’ of other complex disorders, Costa’s hypothesis postulated that a prenatal “hit’, in
this case genetic or environmental alterations, is paired with a “hit’ later in life, resulting in
the disorder. A possible candidate for the first ‘hit” was Reelin. Costa and others found that
post-mortem brains of schizophrenic patients had an approximately 50% reduction in Reelin
protein and mRNA [50]. Subsequent to these findings, a Reelin haploinsufficient mouse
model was made. Further investigation with genetically unaltered wild-type mice found that
perfusion of Reelin onto acute hippocampal slices significantly elevated the magnitude of
LTP induced by high-frequency stimulation (HFS) [29]. Using whole-cell and field
recording techniques, a possible mechanism for this phenomenon was found, with the
identification of increased Ca?* conductance following a brief application of Reelin [51,52].
This increase was associated with an increase in tyrosine phosphorylation of the NMDAR
subunit NR2A [51]. Longer exposure of Reelin showed increased AMPA receptor insertion
and a significant decrease in silent synapses (those synapses containing only NMDARS)
[53]. The culmination of these synaptic changes suggests that alterations in adult Reelin
signaling could affect hippocampal plasticity and cognitive ability. Moreover, in
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unpublished studies, our laboratory has found that wild-type mice treated with Reelin via
bilateral ventricle cannulation show enhanced spatial and associative learning with a single
injection. Taken together, the Reelin signaling pathway may provide a number of
therapeutic targets for treatment of neuropsychiatric and neurodegenerative disorders
associated with cognitive loss.

Neurofibromin: neurofibromatosis 1

Neurofibromatosis type 1 (NF1), formerly known as von Reklinghousen disease after the
researcher who first documented the disorder, is one of the most common single-gene
disorders and is associated with a predisposition to nerve sheath tumors, cognitive
impairment and learning disability. The cognitive domains commonly affected include
attention, executive function, language and visual perception [54]. The responsible gene,
NF1, is located on chromosome 17 and encodes a 2818-amino acid protein named
neurofibromin, which is expressed in highest abundance in neuronal tissue [55].
Pathological mutations range from single nucleotide substitutions to large-scale genomic
deletions dispersed throughout the gene.

Neurofibromin has multiple functions including negative regulation of P2IRAS, control of
adenylyl cyclase activity and modulation of mammalian target of rapamycin (Figure 2).
Each of these signaling molecules has repeatedly been demonstrated to be critical for
synaptic plasticity and learning and memory [56], and could therefore contribute to the
disruption in cognitive ability observed in individuals with NF1 The first attempt to model
the disease in mice was made in 1994, whereby homozygous elimination of the NF1 gene
proved to be lethal to embryos owing to developmental abnormalities in the heart and
various neural crest-derived tissues [57]. Success followed a few years later when Silva et
al. engineered a mouse carrying a heterozygous null (NF1*/) that recapitulated the human
symptoms of increased predisposition to tumors and compromised cognitive ability [58].
Specifically, the NF1*/~ mice showed deficits in spatial learning in the hidden platform
water maze and contextual fear conditioning.

NF1*/~ mice have a decrease in the input—output function of extracellularly recorded
excitatory postsynaptic potentials at the Schaffer collateral/CA1 synapse. They also show
theta-burst stimulation (TBS)-induced LTP deficits, while a variety of presynaptic measures
and short-term plasticity appear unaltered [59]. Interestingly, the LTP deficits of NF1*/~
mice were revealed by TBS, but not HFS stimulation. In the hippocampus, GABAergic
interneurons provide both feed forward and feedback inhibitory synaptic input onto
pyramidal cells to time action potentials and exert control over network excitability [60].
LTP induced by TBS is more sensitive to changes in GABA-mediated inhibition than LTP
induced by HFS [61]. This research found that evoked inhibitory postsynaptic potentials are
increased in NF1*/~ mice and that picrotoxin, a GABA-receptor antagonist, rescued the
deficit in TBS-induced LTP [59]. Therefore, neurofibromin may be involved in the tuning of
GABAergic transmission and inhibitory tone homeostasis in the hippocampus.

Neurofibromin contains a GTPase-activating protein domain, known to inhibit P2IRAS-
mediated signal transduction [62] that, when genetically compromised, selectively impacts

Future Neurol. Author manuscript; available in PMC 2014 July 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Banko et al.

Page 7

cognitive ability but does not alter development or increase tumor susceptibility [59].
Therefore, it was postulated that learning impairments may arise distinctly from
developmental abnormalities or increased tumor predisposition in NF1 Both the synaptic
plasticity deficit and cognitive impairment in the NF1*/~ mice have been subsequently
linked with excessive RAS activity, a feature also observed in the human condition [63].
The learning problems, synaptic plasticity and the GABA inhibition demonstrated by the
NF1*/~ mice are all reversed by genetic and pharmacological reduction in RAS activity [59],
suggesting that the human cognitive symptoms may be similarly improved by selective
intervention at the site of P2IRAS. The cholesterol-lowering drug lovastatin inhibits P2IRAS
by substrate depletion for post-translational protein farnesylation, a process that is necessary
for localization of RAS to the cell membrane, where it performs the majority of its effector
interactions. Silva’s group has recently demonstrated that the drug reverses synaptic
plasticity, learning and attention deficits in the NF1*/~ mice [64]. Currently, lovastatin is
being investigated as a potential treatment for cognitive impairment in children with NF1.

Ube3A: Angelman syndrome

Angelman syndrome (AS) is a rare neurological disorder of maternal imprinting and
disrupted ubiquitin ligase function characterized by developmental delay, severe intellectual
disability, absent speech, motor impairment and epilepsy. AS is caused by various
abnormalities of chromosome 15, resulting in the disruption of maternal UBE3A expression.
The UBE3A gene has a spatially restricted imprinted expression pattern, showing imprinted
expression in the brain, but biallelic expression in other tissues. Although the causative gene
was identified in 1997 [65], the underlying pathophysiology of AS is still a matter of
speculation. The gene product, Ube3A (also known as E6-AP), acts as an E3 ubiquitin—
protein ligase within the ubiquitin proteasome pathway, wherein it marks specific target
proteins for degradation.

Two mouse models were developed, each with a different strategy to disrupt UBE3A. The
first mouse line, created by Gabriel and colleagues, utilized an Epstein—Barr virus latent
membrane protein 2A transgenic insertion, which in effect deleted the entire equivalent AS
critical region [66,67]. This is essentially what is observed in humans that exhibit the most
common genetic defect leading to AS; an approximately 4—-6 megabase deletion in the
15911-13 region. Alternatively, the mouse model developed by Jiang and colleagues
utilized a null mutation in the UBE3A exon 2 via a single gene knockout [68]. While both of
these mouse models effectively disrupt UBES3A, there is some controversy over whether
UBE3A deficiency in and of itself is responsible for the manifestation of AS or whether the
full phenotype is due to the combined effect of disrupting several genes in the human
chromosome 15g11-13 critical region [69]. Nevertheless, the UBE3A maternal deficient
model (i.e., maternal-negative, paternal-positive UBE3A) created by Jiang and colleagues
remains the best-characterized animal model of the disorder, and the following studies relate
directly to this model [68].

Maternal-negative, paternal-positive UBE3A mice display behavioral phenotypes that
emulate the human condition, including audiogenic-induced seizures, motor coordination
deficits and reduced associative and spatial learning ability [70]. In addition, the mouse
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model shows normal synaptic transmission in the hippocampus, but it also shows a
threshold-dependent LTP defect that can be overcome with multiple trains of HFS [71].
Interestingly, neither the mouse model nor human AS patients display gross
neuroanatomical defects, suggesting that disruption of cognitive function in AS is due to
altered synaptic plasticity and cellu-lar signaling. Two major findings in the mouse model
indicate potential changes at a molecular level that may explain the overt phenotypes. First,
UBE3A maternal deficiency results in a significant increase in hippocampal CaMKI|,
specifically at sites Thr286 (activating) and Thr305 (inhibiting), resulting in an overall
reduction in phospho-CaMKII responsiveness to calcium—calmodulin activation.
Importantly, the major phenotypes of the maternal-negative, paternal-positive UBE3A
mouse can be rescued with the addition of mutations at the Thr305 inhibitory
phosphorylation site [72]. Second, a target of UBE3A is the synaptic protein activity-related
cytoskeleton-related protein, Arc (Figure 2) [73]. This well-investigated protein is shown to
dramatically influence synaptic activity through the membrane insertion of AMPA-type
receptors [74,75]. This suggests a link between Ube3a maternal deficiency, alterations in
AMPA-dependent synaptic function, and calcium-dependent changes in CaMKII
phosphorylation. While there is no current treatment for AS, these recent findings represent
at least two major sites for potential therapeutic intervention.

CREB binding protein: Rubinstein-Taybi syndrome

Rubinstein—Taybi syndrome (RTS) was first described by Rubinstein and Taybi in 1963 and
is characterized by severe cognitive disruption, growth retardation and a particular
dysmorphology [76]. Several studies have shown that RTS patients have a variety of
mutations in CREB and CREBBP, which encode CREB and CREB binding protein (CBP),
respectively [77]. However, mutations in CREBBP account for less than half of all RTS
cases [78], suggesting that at least one other gene is involved. Indeed, mutations causing
RTS have also been found in the EP300 gene, which encodes p300 [79]. Both CBP and
p300 are ubiquitously expressed, homologous proteins that act as transcriptional coactivators
(Figure 2). Both proteins form a physical bridge between the DNA-binding transcription
factors and the RNA polymerase 1l complex. Apart from this bridging or scaffolding
function, CBP and p300 contain intrinsic histone acetyltransferase (HAT) activity in the
carboxy-terminal domain that mediates acetylation of histone proteins (for review, see [80]).
Acetylation neutralizes the positively charged lysine residues in histones and disrupts the
interaction between histones and DNA, increasing DNA accessibility for transcription
factors to activate gene expression [81].

To better understand the consequences of loss of these transcriptional coactivators on
cognition, several mouse models have been generated that have complete or partial loss of
CBP or p300 function. Unfortunately, p300 and CBP play a major role in development,
making straight-forward interpretation of changes in synaptic function and memory
formation in animals with life-long, global genetic disruption difficult. To avoid deleterious
effects on development, two laboratories independently developed models of inducible
CBP-HAT deficiency that was accomplished by coupling a CREBBP-dominant negative
allele to an inducible forebrain-specific promoter (CBPyaT.) [82], and coupling a truncated
form of CREBBP to an inducible forebrain-specific promoter (CBPA1) [83]. Both of these
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CBP mouse models exhibit significant deficits in the spatial water maze task and contextual
fear conditioning [82]. Moreover, the CBPyaT. mice also exhibited deficits in novel object
recognition [82].

To evaluate whether p300 plays a similar role in long-term memory formation, genetically
modified mice expressing an inducible truncated form of p300 (p300Al) that lacks the HAT
domain were generated [84]. Similar to various CBP-deficient mouse models, p300Al mice
demonstrated compromised contextual fear conditioning and recognition memory. By
contrast, these mice exhibited normal spatial learning in the hidden platform water maze
task [84]. Taken together, these results suggest that derangement of histone acetylation has
serious consequences on the formation of long-term memory and probably contributes to the
mental impairments exhibited by individuals with RTS. This suggests the intriguing
hypothesis that inhibitors of histone deacetylase activity, which would increase overall
levels of histone acetylation and presumably compensate for the lack of CBP-HAT or p300—
HAT activity in RTS, may ameliorate some or all cognitive impairment symptoms. Indeed,
inhibition of histone deacetylase activity with various compounds restored normal
hippocampus-dependent long-term memory formation in CBPyaT- and CBP*/~ mice [85].

When synaptic physiology was examined at the Schaffer collateral/CAI synapse in the
CBPA1 mouse, baseline electrophysiological properties and short-term plasticity were
reported to be normal [83]. Curiously, a form of LTP enhancement achieved by a single 1-s,
100-Hz train delivered in the presence of a DI dopaminergic agonist is impaired in the
CBPA1 mice, but other forms of LTP induced by single or multiple 1-s, 100-Hz train(s) are
normal. Similar plasticity phenotypes were observed in transgenic mice expressing KCREB,
a dominant negative form of CREB [86], suggesting that while multiple forms of
transcription-dependent potentiation can be experimentally induced at the Schaffer
collateral/CAl synapse, some bypass the requirement for CBP-CREB mediated activation,
raising the intriguing question of which transcriptional mechanisms mediate LTP in
response to multiple tetanic trains.

Secretin: autism

One of the most interesting examples of disease investigation expanding our knowledge of
synaptic function involves the secretin signaling system. Secretin is a 27-amino acid protein
that is a member of the glucagon hormone family [87]. Originally isolated from the
duodenum, secretin stimulates secretion of pancreatic fluids, and exposure to purified
secretin is used as a test for diagnosis of digestive disorders and gastrointestinal function
[88]. In 1998, Horvath et al. reported that autistic children receiving a purified porcine
secretin showed improved overall digestive ability, as well as improvements in behavior, use
of language and eye contact [89]. This study prompted the hypothesis of a ‘gut-brain’
connection in autism that links gastrointestinal disorders often observed in autistic children
with brain dysfunctions. Unfortunately, further studies exploring the use of secretin as a
possible treatment for autism have been disappointing, with only a few treatment studies
showing any significant behavioral improvements [90,91]. As a result of this ambiguity,
several studies have explored a possible role for secretin and the secretin receptor in
synaptic plasticity and memory formation.
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Secretin is expressed in many regions of the CNS, including the hippocampus [92]. Its
receptor is a type Il G-protein-coupled receptor that is positively coupled with intracellular
cAMP, phospholipase and mitogen-activated protein kinase activity (Figure 2) [93-97]. In
the absence of secretin or its receptor, mice undergo normal neuronal development and do
not display gross changes in brain structure or inflammation. However, secretin receptor-
knockout mice have specific deficits in social recognition [98], which are remarkably similar
to social phobias that are common to autistic patients and mice that express Rett syndrome-
associated, MeCP2 mutations [99]. Moreover, although secretin receptor-knockout mice
have normal spatial learning in the hidden platform water maze, they have impaired reversal
training [98]. This behavioral change is consistent with the repetitive behavioral phenotype
common to autistic mouse models and characteristic of individuals with autism [100,101].
Mice that are deficient in either secretin or its receptor have impaired synaptic transmission
between CA3 and CA1 of the hippocampus [98,102] and a concurrent reduced induction and
maintenance of LTP in CA1 [98]. It is unclear whether the reduced LTP is due to altered
synaptic connectivity or disruption in signal transduction, but perhaps the two are not
mutually exclusive.

While secretin supplementation does not appear to be the ‘magic bullet’ for the treatment of
autism that many hoped it would be, it may represent a single target in a multiple-target
therapeutic strategy. However, it is clear that the secretin receptor system has been co-opted
to serve functions in both the gastrointestinal system and the brain. Interestingly, this same
apparent evolutionary strategy is seen for the family of lipoprotein receptors discussed
earlier and may represent a common weak link for proteins that serve multiple roles in
specific tissues throughout the body.

Conclusion

Advances in the past decade regarding the molecular basis of memory have not only led to a
better understanding of how a typical brain works, but have also shed new light on our
understanding of many pathologies of the nervous system, including diverse syndromes
involving mental impairment. The multi-disciplinary analysis of various mouse models for
human cognitive disorders has shown the power of animal models to produce an important
leap forward in our understanding of complex mental diseases while simultaneously opening
new avenues for their treatment. These studies also suggest that some of the cognitive and
physiological deficits observed in mental impairment syndromes may not simply be caused
by defects originating during development, but may result from the continued requirement
of specific signal transduction cascades throughout life. The biochemical entities
participating in signal transduction cascades that ultimately lead to functional and structural
changes in the synapses are numerous. In this article, signaling molecules associated with
various cognitive disorders have been considered; understanding their role in synaptic
physiology and their contribution to learning and memory offers interesting and promising
targets to address disorders of cognitive ability.
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Future perspecitve

Over the past several years, tremendous progress has been made in developing technologies
that can manipulate the murine genome. Soon, researchers will have an arsenal of tools that
will allow them to define temporal and spatial properties of gene expression and specifically
how genetic variation, such as that associated with disease, may lead to altered nervous
system function. New knock-in strategies have been developed that allow investigators to
introduce clinically relevant genetic variation. These new techniques will allow some of the
most relevant questions facing neuroscience research to be addressed through the ability to:
have a detailed map of the connectome; monitor changes in connectivity and neuron
function in vivo during learning and memory; manipulate gene structure as a way to control
gene expression; map the function of specific cell types and circuits and modulate them in a
physiologically relevant manner; and track gene expression during development through to
the aged brain. Combined with new genetic analyses of human disease states and disorders,
the murine mouse model will continue to be used as the cornerstone for basic neuroscience
research.
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Executive summary

Background
] Mouse models are particularly useful for studying single gene disorders.
] Models for cognitive disorders can shed light on the mechanisms of specific

gene products.
Hippocampus & the measurement of synaptic plasticity
] The hippocampus is a region involved in memory formation.

] Electrophysiology of acute or cultured hippocampal slices can be used to
measure synaptic transmission and plasticity.

] Mouse models for human cognitive disorders almost always have measurable
defects in hippocampal synaptic function.

ApoE & lipoprotein receptors: Alzheimer's disease
] ApOE binds to a family of highly conserved lipoprotein receptors.

] Lipoprotein receptors are expressed in the CNS and have recently been
shown to be important in learning and memory.

] Allelic variation of the apoE isoform is correlated with Alzheimer's disease
risk.
] Current mouse models include a targeted replacement mouse model that

expresses one of the three human isoforms of apoE under the endogenous
mouse promoter.

] Mouse models using the apoE targeted replacement mouse models show that
allelic variation has a differential effect on synaptic function.

Reelin: lissencephaly & schizophrenia
] Reelin is a large extracellular matrix protein.

] Reelin is involved in developmental neuronal migration, especially in the
hippocampus, cerebellum and cortex.

] Reelin absence during development leads to lissencephaly (smooth brain),
and postnatal reductions may be involved in memory disruption and
schizophrenia.

] The link between Reelin deficiency in human cognitive disorders is
unknown, but Reelin may represent a target for treatment in a number of
human disorders.

Neurofibromin: neurofibromatosis 1

] Patients with neurofibromatosis type 1 (NF1) exhibit noncancerous fibroid
tumors and cognitive disruption.
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] NF1 negatively regulates p21-RAS.

] Reduction of RAS activity through a single gene mutation rescued the
cognitive disruption in the mouse model.

] Current clinical trials are investigating the use of RAS inhibitors to treat NF1.
Ube3a: Angelman syndrome

] Angelman syndrome (AS) is due to the maternal disruption of the imprinted
UBE3A gene.

] UBEB3A codes for an E3 ubiquitin ligase.

] Maternal Ube3a deficiency presents with decreased CaMKI| activity and
altered regulatory phosphorylation of CaMKII.

] A site mutation of the autoinhibitory phosphorylation site of CaMKII rescued
the AS mouse phenotype.

] The connection between Ube3a and CaMKII is unknown, but AS appears to
be a biochemical defect, similarly to NF1, and not a development disorder.

CREB binding protein: Rubinstein-Taybi syndrome

] Rubinstein-Taybi syndrome shows a variety of mutations in CREBBP or in
the p300 gene.

] CREB binding protein and p300 act as transcriptional coactivators.

] Mouse models for Rubinstein-Taybi syndrome show that synaptic plasticity

defects can be overcome with certain forms of high-frequency stimulation.
] Some forms of synaptic plasticity are transcriptionally independent.

Secretin: autism

] Originally identified in the gastrointenstinal system, secretin has been found
in the CNS.
] Mice deficient in secretin ligand or secretin receptor have impaired synaptic

plasticity and learning.

] Secretin supplementation has not proven to be an effective treatment, but the
secretin signaling system may represent a target for future autism
therapeutics.

Conclusion
] Animal models of human cognitive disorders have limitations.
] Mouse models for human cognitive disorders can be useful in understanding

the molecular mechanisms of specific gene disruption, and provide a model
for the development of human therapeutics.
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C/

Figure 1. The hippocampal trisynaptic pathway and electrophysiology recording
The hippocampus consists of a trisynaptic pathway that can be maintained through acute

lateral slicing of the mouse brain. Using this technique, the ex vivo slices can be artificially
stimulated and recordings can be made across well-known sites of synaptic connections. The
hippocampal DG receives major inputs from the EC through activation of the pp. (A) STIM
of the pp can be recorded as an excitatory postsynaptic potential (EPSP) in the dendritic
field of the DG. The granule cells of the DG synapse onto the dendrites of the pyramidal
cells composing area CA3 via the mf. The pyramidal neurons of CA3 project to area CAl
via the SC synapses to the pyramidal neurons of area CA1. Presynaptic STIM of CA3 axons
results in EPSPs in area CA1 recorded from either (B) the cell body layer or (C) dendritic
fields of CAL. The primary output of the hippocampus is to the subiculum in area CA1, and
subsequent signaling exits the hippocampus to the EC.

DG: Dentate gyrus; EC: Entorhinal cortex; mf: Mossy fiber; pp: Perforant path; SC;
Schaffer collateral; STIM: Stimulation.
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Figure 2. Model of Reelin, apoE, neurofibromatosis 1, CBP, secretin and Ube3a at the synapse
The molecular machinery associated with signaling of Reelin, apoE, NF1, CBP, secretin and

Ube3a are shown in the postsynaptic cell. Dotted lines are used to indicated transition
through other signaling machinery not included (e.g., G-protein signaling). Individual
pathways are color-coded and cross-talk is indicated by solid lines. Signaling through all six
pathways ultimately affects synaptic function by the regulation of ion channels and/or by
altering transcription, thereby modulating learning and memory. Genes, protein products and
their associated cognitive disorders as discussed in the text are shown.
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AMPAR: AMPA receptor; ApoER2: ApoE receptor 2; CBP: CREB binding protein; Glu:
Glutamate; NF1: Neurofibromatosis 1; NMDAR: N-methyl-D-aspartate receptor; Nt:
Neurotransmitter; SR: Secretin receptor.
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