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PS since its identification in 1995, more work is needed to 
define the molecular and cellular mechanisms by which PS 
controls brain functions and the dysfunction conferred by 
disease-causing mutations.   © 2013 S. Karger AG, Basel

  
  
   Presenilins   (PS1  and  PS2)  are the major causative genes 

of early-onset familial Alzheimer’s disease (AD) and har-
bor more than 200 mutations, which represent approxi-
mately 90% of all identified mutations. Presenilins (PS) 
are essential components of γ-secretase, a multi-subunit 
protease complex that catalyzes the intramembranous 
cleavage of a number of type I transmembrane proteins, 
including Notch and the amyloid precursor protein. PS 
are essential for embryonic development, as  PS1–/–  mice 
die at birth and  PS–/–  mice die before embryonic day 9.5 
 [1–3] . During neural development, loss of PS results in 
the depletion of neural progenitor cells due to premature 
exit of cell cycle to differentiate into postmitotic neurons 
as well as neuronal migration defects, and PS regulates 
these processes primarily through the Notch signaling 
pathway  [1, 4–7] .

  The embryonic lethality of  PS  germline knockout 
(KO) mice necessitated the employment of conditional 
gene target technology to develop conditional KO mice 
in which PS inactivation is restricted to specific cell types 
in the adult brain  [8] . Using a specific α CaMKII-Cre  
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  Abstract

  The  presenilin   (PS)  genes harbor approximately 90% of the 
identified mutations linked to familial forms of Alzheimer’s 
disease, and the presenilin (PS) proteins are essential com-
ponents of the γ-secretase complex involved in the proteo-
lytic cleavage of type I receptors, such as Notch and the am-
yloid precursor protein. Genetic analysis employing cell 
type-specific conditional knockout technology highlighted 
the importance of PS in the adult brain, including learning 
and memory, synaptic function and age-dependent neuro-
nal survival. In the central synapse, PS regulates neurotrans-
mitter release, short- and long-term synaptic plasticity and 
calcium homeostasis. However, the molecular mechanisms 
by which PS maintains these essential functions are less 
clear. Although many γ-secretase substrates have been iden-
tified, their physiological relevance is often unclear. The find-
ings that nicastrin and  PS  conditional knockout mice exhibit 
similar deficits in memory and age-dependent neurodegen-
er ation are consistent with the notion that γ-secretase-
dependent activities of PS are required for the maintenance 
of memory and neuronal survival, though the γ-secretase 
physiological substrates, Notch receptors, are not targets of 
PS in the adult brain. Thus, despite of the intense interest in 
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transgenic line, we inactivated PS selectively in excitatory 
pyramidal neurons of the forebrain beginning at approx-
imately postnatal day 18  [9] . Analysis of these  PS  condi-
tional double KO (cDKO) mice at 2 months of age in the 
water maze and contextual fear conditioning paradigms 
revealed impaired spatial and associative memory  [10] . 
Synaptic function is also selectively affected, as indicated 
by deficits in short- and long-term plasticity, such as syn-
aptic facilitation and long-term potentiation (LTP), but 
use-dependent synaptic depression and long-term de-
pression are unaffected  [10–12] . Interestingly, presynap-
tic function (e.g., synaptic facilitation) is affected prior to 
postsynaptic defects (e.g., NMDA receptor-mediated re-
sponses), highlighting the importance of PS in the pre-
synaptic terminal  [12] .

  To determine the precise synaptic site of PS function, 
we further developed two unique lines of cDKO mice to 
restrict PS inactivation to hippocampal CA1 or CA3 neu-
rons  [11] . This strategy permitted identification of the ef-
fects of PS inactivation in either presynaptic or postsyn-
aptic neurons of the Schaeffer collateral pathway. LTP 
and short-term plasticity are impaired after presynaptic 
but not postsynaptic deletion of PS, and the probability of 
evoked glutamate release is also reduced by presynaptic 
inactivation of PS. Thus, presynaptic inactivation of PS 
alone is sufficient to impair glutamatergic neurotransmit-
ter release and LTP induction, even though NMDA re-
ceptor-mediated responses are normal. Interestingly, de-
pletion of calcium internal stores by thapsigargin or inhi-
bition of calcium release from these stores by ryanodine 
receptor inhibitors mimics and occludes the effects of 
presynaptic PS inactivation, suggesting that disrupted 
calcium homeostasis may underlie the presynaptic de-
fects caused by PS inactivation  [11, 13] . These findings 
also raise the possibility that presynaptic mechanisms 
may play a primary role in the pathophysiology of neuro-
degenerative disease  [14] , which is further supported by 
the presence of PS and γ-secretase substrates in presyn-
aptic terminals  [11, 15] .

  Strikingly,  PS  cDKO mice develop synaptic, dendritic 
and neuronal degeneration in an age-dependent manner 
with accompanying astrogliosis and hyperphosphoryla-
tion of tau, demonstrating an essential role for PS in neu-
ronal survival  [10, 16] . The mechanism by which PS pro-
tects cortical neurons during aging is unique  [17] . First, 
cortical neurons lacking PS appear to die via apoptosis, and 
the onset of apoptosis (about 2 months postnatally) is sig-
nificantly delayed from the time of PS inactivation (about 
1 month). Second, apoptosis occurs only in a tiny percent-
age (approximately 0.1%) of these neurons during aging 

despite the fact that PS is inactivated in most if not all of 
these neurons. Over time, this low percentage of cell death 
rate can cumulatively lead to about 9 and 18% of neuron 
loss at 4 and 6 months of age, respectively  [17] . By 6 months 
of age, these  PS  cDKO mice completely failed to learn the 
water maze and the fear conditioning tasks and exhibited 
behavioral deficits in the open field and the rotarod tests, 
suggesting that the significant loss of neurons is the likely 
cause for these severe behavioral phenotypes  [10] .

  While the importance of PS in the promotion of neu-
ronal survival during aging is unequivocal, the molecular 
target(s) by which PS protects cortical neurons has not 
been identified. The findings that conditional inactiva-
tion of nicastrin, another component of the γ-secretase 
complex, in the adult cerebral cortex similarly resulted in 
progressive memory impairment and neurodegeneration 
as in  PS  cDKO mice suggest that PS promotes memory 
and neuronal survival in a γ-secretase-dependent manner 
 [18] . Although many substrates of γ-secretase have been 
reported  [19] , most of them were identified in overex-
pression systems and cell lines, so it is unclear how many 
of them are physiological substrates and whether 
γ-secretase-mediated cleavages of these substrates have 
physiological relevance. While Notch receptors appear to 
be key targets of PS during development  [4, 5, 20] , condi-
tional inactivation of Notch1 and Notch2 using the same 
α CaMKII-Cre  transgenic line as we previously used to in-
activate PS1 and nicastrin did not produce similar pheno-
types as observed in  PS  cDKO and  nicastrin  cKO mice 
 [10, 18, 21] . Furthermore, mRNA and protein levels of 
Notch1 and Notch2 are unaffected in the cerebral cortex 
of  Notch1  and  Notch2  cKO mice, respectively, indicating 
that Notch1 and Notch2 are not normally expressed in 
the excitatory pyramidal neurons of the cerebral cortex, 
which are selectively targeted by the α CaMKII-Cre  trans-
genic line  [21] . Thus, additional genetic efforts are need-
ed to elucidate the molecular pathways underlying PS-
dependent neuronal survival.

  Based on these in vivo findings and a large number of 
reports on the effects of familial AD-linked mutations in 
culture and in vitro systems as well as in  Caenorhabditis 
elegans,  we previously proposed that PS mutations may 
cause dementia and neurodegeneration in AD via a par-
tial loss-of-function mechanism  [22] . Through the estab-
lishment of a sensitive cell culture system that lacks en-
dogenous PS and allows quantitative assessment of 
γ-secretase activity from exogenous  PS  cDNAs, we found 
that all PS mutations impaired γ-secretase activity, and 
different mutations affected γ-secretase activity differen-
tially  [23] . One mutation in particular, L435F in the PAL 
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motif, abolished γ-secretase activity completely, whereas 
the C410Y mutation had little residual activity  [23] . Fur-
ther in vivo analysis of these mutations through the gen-
eration of knockin mice would be informative to deter-
mine the consequence of these mutations under physio-
logical conditions. The phenotypes of these mice will also 
be compared to another knockin mouse we recently de-
veloped, in which the  PS1 c.548G>T  mutation associated 
with frontotemporal dementia was introduced to exam-
ine the effects of this mutation  [24] . Interestingly, this 
mutation, which resides at the boundary of exon and in-
tron 6, causes exon skipping, and the aberrantly spliced 
products are degraded via nonsense-mediated decay, 
leading to decreased mRNA expression, though the cor-
responding G183V amino acid substitution does not af-
fect γ-secretase activity  [24] .

  In summary, our genetic studies have uncovered a 
novel loss-of-function pathogenic mechanism for AD 
and further suggested that defects in presynaptic neu-
rotransmitter release may represent a convergent mecha-
nism leading to neurodegeneration in affected circuits in 
neurodegenerative diseases. Therapeutic strategies di-
rected toward restoring PS dysfunction may be effective 
in combating neurodegeneration in AD.
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