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ABSTRACT OF THE THESIS 
 
 

Characterization of mice expressing APPSwe/Ind in DG, CA3 or CA1 of the Hippocampus 
 
 

by 
 
 

Katherine Elizabeth DeLoach 
 
 

Master of Science in Biology 
 
 

University of California, San Diego 
 
 

Professor Edward Koo, Chair 
Professor Nicholas Spitzer, Co-Chair 

 
 

A form of the amyloid cascade hypothesis proposes that soluble forms of Aβ are 

the initiating factor of pathogenesis in Alzheimer’s disease (AD). Aβ is known to alter 

the structure and function of synapses, and this synaptic malfunction is proposed to 

underlie the initial memory problems of AD, however it is currently unclear where the 

Aβ induced synaptic dysfunction is initiated. Specifically, is the synaptic toxicity initiated 

by the pre or post synaptic neuron. In this project we used triple transgenic mice 

employing the tet off and cre/loxP systems to direct expression of the Amyloid precursor 

protein (APP) in the dentate gyrus, CA3 or CA1 regions of the hippocampus. I provided 

basic characterizations of these three lines of triple transgenic mice, by ensuring the 

correct spatial location of cre/loxP recombination in the three lines, and by determining 

the approximate transgenic APP expression per transgenic APP expressing neuron in the 

three different genotypes.  We showed that CA1 and CA3 mice expressed similar levels 
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of APP, while DG mice expressed much less. Our results also showed that Aβ derived 

from the postsynaptic neuron did not cause significant LTP deficit, while presynaptically 

derived Aβ caused an LTP deficit in CA3 mice.  Expression of APP in dentate gyrus did 

not result in LTP deficit in the efferent synapses. However, because APP expression was 

substantially less in the DG neurons, reduction in DG mice is likely due to lower 

transgenic APP expression.  Treatment with doxycycline or γ-secretase inhibitor to 

inhibit APP or Aβ production, respectively, restored the defects in synaptic plasticity, 

thus confirming the notion that the LTP impairment is due to Aβ.  In conclusion, my 

studies provided strong evidence that Aβ-induced synaptic toxicity originated from the 

pre-synaptic neuron.  
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Introduction 
 

Alzheimer’s Disease: 

 

Alzheimer’s disease (AD) is the most common form of dementia and 

neurodegenerative disease. In 2011 an estimated 5.4 million Americans had AD, or one 

in eight people over the age of 65. Alzheimer’s Disease is ultimately fatal, with death 

usually occurring within 8-10 years of diagnosis; it was the sixth leading cause of death 

in the US in 2011  (Alzheimer's Association, Thies & Bleiler 2011) . AD symptoms 

include progressive impairments in memory (primarily and initially in episodic memory, 

particularly forming new memories), word-finding skills, spatial cognition, and executive 

functions as exemplified by personality changes (Karantzoulis, Galvin 2011). Also, it is 

now thought that a period of increasing milder cognitive dysfunction called mild 

cognitive impairment (MCI) precedes diagnosable AD, and initially manifests as more 

subtle deficits in episodic memory (Karantzoulis, Galvin 2011). As the disease 

progresses, eventually patients lose the ability to perform all basic activities of daily life 

without assistance, placing enormous burden and stress on caregivers. The total cost of 

care of US AD patients in 2011was estimated to be $183 billion  (Alzheimer's 

Association, Thies & Bleiler 2011) .  With the aging of the baby boomer generation the 

number of Americans with AD and its effect of society is expected to increase rapidly in 

the coming decades.  
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The pathological hallmarks of Alzheimer’s disease include the accumulation of 

extracellular amyloid β protein (Aβ) plaques, neurofibrillary tangles, synapse loss, and 

ultimately neuronal death. Neuritic amyloid plaques are extracellular and contain deposits 

of Aβ in filamentous form. They are composed mainly of Aβ 42, the longer and more 

hydrophobic form of Aβ that is thus more prone to aggregation, and low amounts of Aβ 

40, the naturally much more abundant form. These plaques are surrounded by dystrophic 

neurites and activated microglia and astrocytes (Selkoe 2001). Neurofibrillary tangles are 

composed of hyperphosphorylated tau protein intracellularly bundled into fibers (Selkoe 

2001). 

 

Amyloid Precursor Protein (APP) processing and Aβ: 

 

Amyloid precursor protein (APP) is an integral membrane protein. The human 

APP gene is located on chromosome 21 and can be alternately spliced to produce several 

different isoforms of APP, which range from 365 to 770 amino acid residues. APP 695 is 

the predominant form found in neurons. Aβ is derived from APP through sequential 

cleavage by β and γ-secretases (figure 1). Initially APP is cleaved by either α or β-

secretase. α-secretase cleaves APP at the cell membrane in the middle of the Aβ region 

preventing Aβ formation. Thus APP cleavage by α-secretase is non-amyloidogenic. 

Under normal conditions cleavage by α-secretase is much more frequent than cleavage by 

β-secretase. In amyloidogenic processing of APP, β secretase first cleaves at the N 

terminal of Aβ within the lumenol domain of APP. γ-Secretase then cleaves within the 

transmembrane domain of APP at the C terminus of Aβ, releasing the Aβ fragment 
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(Thinakaran, Koo 2008). γ-Secretase is made up of 4 transmembrane protein subunits: 

presenilin 1 or 2, nicastrin, APH1, and PEN2 (Edbauer et al. 2003). The main neuronal β-

secretase is BACE1 (Thinakaran, Koo 2008). One mechanism of Aβ generation is 

thought to first involve the endocytosis of APP and the processing into amyloidogenic 

fragments in the endocytic recycling pathway (Koo, Squazzo 1994). There is still some 

dispute over the exact location at which Aβ production occurs. These Aβ fragments can 

then be secreted into the extracellular space (Greenfield et al. 1999). Cleavage by γ-

secretase produces Aβ fragments ranging from 38 to 43 residues long, with the two major 

species being Aβ 40 and 42. Normally Aβ 40 accounts for about 90% of the Aβ produces, 

while Aβ42 normally accounts for less than 10% (Thinakaran, Koo 2008).  
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Figure 1: Diagram of APP processing 
 
Diagram showing the cleavage sites and the location of Aβ on APP (Thinakaran, Koo 
2008).  
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Genetics of Alzheimer’s Disease: 

 

The majority of Alzheimer’s disease cases are sporadic, caused by a mixture of 

environmental factors and some known genetic contributors. However, some cases of AD 

are familial, caused by mutations in three genes: APP, presenilin 1 and presenilin 2 

(Galimberti, Scarpini 2012). These familial AD mutations provided the initial evidence 

that Aβ accumulation is the causal factor of AD, because all familial AD mutations affect 

the processing of APP. All mutations in APP that cause AD either increase total Aβ 

produced by increasing β-secretase cleavage relative to α-secretase cleavage, or 

selectively increase Aβ 42, increasing the Aβ 42 to 40 ratio (Hardy, Selkoe 2002). 

Presenilin exists in two known forms, 1 and 2, and is a subunit of γ-secretase. Familial 

AD mutations in presenilin 1 and 2 all cause mutations that shift APP cleavage, also 

resulting in an increased ratio of Aβ 42 to 40 (Selkoe, Wolfe 2007). Increased evidence 

of the causal role of Aβ in AD comes from the fact that APP gene is on chromosome 21 

and is thus triplicated in Down’s syndrome, and older Down’s syndrome patients post 

mortem show extracellular deposits of Aβ  (Galimberti, Scarpini 2012).  

 

Amyloid Cascade Hypothesis / Synaptic Dysfunction hypothesis: 

 

The links between genetic causes of Alzheimer’s disease and increased Aβ 42 

production led to the development of the initial amyloid cascade hypothesis, which 

proposed that the deposition of Aβ into neuritic plaques was the initiating factor in AD 

pathogenesis, causing subsequent formation of neurofibrillary tangles, synapse loss and 
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neuron death (Hardy, Higgins 1992). However, it has been found in numerous studies 

that the number of amyloid plaques does not correlate well with the degree of cognitive 

impairment. This has led to a refining of the amyloid cascade hypothesis, which posits 

that soluble amyloid oligomers and diffuse plaques, rather than traditional fibrillary 

plaques, are the initiating factor in AD (Hardy, Selkoe 2002). In one study the levels of 

water-soluble Aβ were found to be 6 times higher in the brains of AD patients than 

normal individuals, and for Aβ 42 the disparity was even higher, or a 12 fold difference 

(Kuo et al. 1996). This modified amyloid cascade hypothesis is also supported by studies 

which show that the degree of dementia symptoms and cognitive decline, in both human 

AD patients and AD model mice, correlates well with the amount of soluble forms of Aβ 

(Naslund et al. 2000, Zhang et al. 2011). This hypothesis thus proposes that soluble Aβ 

oligomers and diffuse plaques cause early synaptic failure and neuritic injury, and then 

leads to progressive synapse and neuron loss and neurofibrillary tangles. It is important to 

note that the specific form(s) of Aβ that causes synaptic dysfunction are currently 

unknown (Shankar, Walsh 2009).  

A more specific interpretation of the amyloid cascade hypothesis is the synaptic 

dysfunction hypothesis. It proposes that original memory problems in AD, before plaque 

formation and neuronal death, are caused by synaptic dysfunction such as spine loss and 

changes in synaptic transmission. In another 2002 review Selkoe proposed that AD is 

caused by synaptic failure. AD begins with more subtle memory impairment, which he 

proposes is caused by synaptic failure before neuronal loss, and which is caused by 

soluble forms of Aβ (Selkoe 2002). In support of this theory, other papers have also 

shown lack of correlation between plaques and cognitive impairment, but found a 
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correlation between decreased synaptic density (synapse loss) and cognitive impairment 

in human AD patients (Terry et al. 1991). Spine loss is also common in animal models of 

AD. Aoki et al., using AD model mice, saw than structural changes occur first in the 

hippocampus and include increased average spine size and decreased spine density (Aoki 

et al. 2007). This synaptic dysfunction could be due to soluble Aβ. Changes in synaptic 

plasticity are also seen in AD model animals and in response to Aβ oligomers, as will be 

discussed in the next section.   

 

Aβ and synaptic dysfunction: 

 

Aβ oligomers have been shown in numerous studies to alter the structure and 

function of synapses. This idea is supported by evidence showing that soluble Aβ 

oligomers reduce long-term potentiation (LTP) (Walsh et al. 2002). LTP is a mechanism 

of synaptic plasticity and is a cellular mechanism underlying learning and memory. In 

this paper, Walsh et al. found that Aβ oligomers from a CHO cell line overexpressing 

human APP with the V717F mutation (7PA2 cells), at concentrations of Aβ oligomers 

found in the human brain, even in the absence of monomeric Aβ, are capable of reducing 

LTP in the rat hippocampus in vivo. It has also been reported that LTP is reduced in the 

hippocampus of mice transgenic for APP with human AD causing mutations, even long 

before actual Aβ plaques begin to form (Larson et al. 1999). A review of all LTP studies 

done in AD model mice shows frequent reduction of LTP in these mice  (Randall et al. 

2010). A recent study also showed that soluble Aβ extracted from the brains of human 

AD patients inhibited LTP, enhanced long term depression (LTD), and reduced dendritic 
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spine density in the mouse hippocampus (Shankar et al. 2008). While most LTP studies 

are performed at the schaffer collaterals or perforant pathway, (Witton et al. 2010) shows 

that LTP is also reduced at the mossy fibers in AD model mice. 

It has been suggested that Aβ decreases synaptic transmission and LTP and causes 

spine reduction by decreasing the number of surface AMPA receptors (Hsieh and others 

2006) and by either decreasing the number or inhibiting NMDA receptors (Hsieh et al. 

2006, Shankar et al. 2007). Given that the hippocampus is important for the consolidation 

of short-term memories to long-term memories and is one of the earliest brain regions 

affected in AD, it is likely some of the initial memory impairment seen in AD patients is 

due to synaptic deficits in the hippocampus. It has also been seen directly that cell 

derived oligomeric Aβ, and human Aβ injected intra-ventricularly, disrupted the memory 

of complex learned behavior in rats (Cleary et al. 2005, Shankar et al. 2008). 

A review by Shankar and Walsh proposes that soluble Aβ disrupts synaptic 

plasticity, which in turn causes synapse loss, which in turn causes early memory deficits 

in AD (Shankar, Walsh 2009). This is supported by the fact that induction of LTP is 

associated with increased spine formation and volume, while LTD induction is associated 

with spine loss and decreased spine volume. It is currently unknown how Aβ impairs 

synaptic plasticity. One possibility is a toxic gain of function caused by oligomerization. 

Another possibility is that Aβ has a normal physiological function, while excess Aβ may 

cause dysfunction (Shankar, Walsh 2009).  

It has been found that the amount of neuronal activity controls Aβ release. 

Increased synaptic activity in cultured hippocampal slices caused by adding picrotoxin (a 

GABA-A channel blocker) or by perforant pathway stimulation caused increased Aβ 
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levels, while decreased activity caused decreased Aβ levels (Cirrito et al. 2005, Kamenetz 

et al. 2003b).  Cirrito et al. 2008  have proposed that the activity dependent release of Aβ 

is due to increased APP endocytosis after synaptic transmission, which causes increased 

Aβ production and release into the extracellular fluid. Kamenetz et al. proposes that Aβ 

functions in a negative feedback loop to stop neuronal hyperactivity. They found that 

changing synaptic transmission alters extracellular Aβ levels in hippocampal slices. They 

also found that γ secretase activity is increased by synaptic activity, which results in 

increased Aβ production. Aβ then in turn depresses excitatory transmission, which is 

dependent on NMDA and AMPA receptors (Kamenetz et al. 2003a).  Also, a review by 

Palop and Mucke states that Aβ seems to be part of an activity-regulated mechanism to 

control synaptic activity, and that Aβ at low concentrations induces presynaptic 

facilitation, while Aβ at high concentrations induces postsynaptic depression (Palop, 

Mucke 2010).  

 

Hippocampus: 

 

The hippocampus is a brain region within the limbic system that is particularly 

important the consolidation of short-term memories to long-term memories  (Squire, 

Stark & Clark 2004) . People with hippocampal damage bilaterally experience 

anterograde amnesia. Medial temporal lobe lesions cause memory impairment of delayed 

memory, while immediate memory and perceptual and cognitive abilities are still intact. 

Also, memory for events prior to the lesion, called remote memory, is normal and thus 

the medial temporal lobe is thought to be important for consolidation and not long-term 
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storage. The early memory problems seen in AD occur mostly in the ability to form new 

episodic memories, which is similar to the effects of hippocampus damage. The 

hippocampus is one of the earliest affected brain regions in human AD patients (Barrak, 

1991) and AD mice models (Aoki, 2007), and thus it is possible that some of the initial 

memory impairment seen in AD patients is due to synaptic deficits in the hippocampus. 

The hippocampus receives highly processed information from all sensory streams 

from many parts of the brain through the entorhinal cortex (Palmer, Good 2011). In the 

hippocampus, the DG is innervated by neurons of the entorhinal cortex through the 

perforant pathway. The granular cells of the DG then project to CA3 pyramidal cells 

through their mossy fiber pathway, and CA3 neurons project to CA1 through Shaffer 

collaterals (Amaral, Witter 1989). All three are glutamatergic synapses. CA1 then 

projects outward to the subiculum, entorhinal cortex, and the frontal cortex (Palmer, 

Good 2011). CA3 neurons also have recurrent collaterals, or collaterals that terminate 

back on CA3 (Amaral, Witter 1989). CA3 pyramidal cells receive contacts from about 

2% of other CA3 pyramidal cells (Nakazawa et al. 2003), and the largest number of 

synaptic connections in CA3 comes from recurrent collaterals (Palmer, Good 2011). 

CA3 is thought to be important for both pattern separation and pattern 

completion. Pattern separation is the ability to distinguish new similar information from 

previously learned information to avoid interference. It is thought that the DG/CA3 

network could be an early target of amyloid pathology in AD (Palmer, Good 2011). This 

network is particularly important for pattern separation, which is a key process in the 

encoding of episodic memory. This is due to the sparse connections, or low firing rate 

due to strong inhibition in the DG, of this DG to CA3 connection, which creates a 
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competitive network. Older human patients with mild cognitive impairment show deficits 

in tasks requiring pattern separation, and show increased activity in the DG/CA3 region 

compared to controls while performing a task that requires pattern separation (Yassa et al. 

2010).  

 

Aβ release (pre/post synaptic): 

 

APP is synthesized in the cell bodies of neurons and transported by fast 

anterograde transport to the nerve terminals (Koo et al. 1990). Once there, as mentioned 

earlier in this paper, Aβ is thought to be generated at least in part in the endocytic 

recycling pathway (Koo, Squazzo 1994). Given this location of APP processing, it was 

suggested that the axon terminals are the location of Aβ release. Also, plaques somewhat 

seem to form more close to the axon terminals of corticocortical pathways (Arnold et al. 

1991), suggesting presynaptic release. Several papers have reported that APP is 

transported axonally from the entorhinal cortex (ERC) to the dentate gyrus (along the 

perforant pathway). They posit that Aβ is then released pre-synaptically from the ERC 

neurons, because when they lesioned the perforant pathway axons in AD mice, Aβ plaque 

load in the dentate gyrus were significantly reduced  (Lazarov et al. 2002, Sheng, Price & 

Koliatsos 2002) . Thus at least at this synapse the main source of Aβ seems to be 

presynaptic, however it does not rule out some postsynaptic release as well, and it does 

not examine any other synapses. Also, several papers have shown that Aβ release is 

dependent on synaptic activity (Cirrito et al. 2005, Kamenetz et al. 2003b). Thus, it is 
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possible that Aβ released from post-synaptic neurons of the DG decreased after the axons 

originating from the ERC were transected, thereby inhibiting synaptic activity. 

In a recent paper the researchers caused selective overexpression of mutant APP 

in the entorhinal cortex of the hippocampus of transgenic mice (Harris et al. 2010). They 

observed cognitive and behavioral deficits in these mice. The researchers observed 

increases in soluble Aβ in the dentate gyrus, and Aβ deposits at the EC but also at the 

locations where the EC axons, or the perforant pathway, terminate. This indicates that Aβ 

was released presynaptically but does not rule out postsynaptic release as well. 

A recent paper found that either dendritic or axonal acute APP overexpression and 

thus Aβ overproduction caused local spine loss and reduced plasticity, and therefore 

synaptic dysfunction, in nearby neurons that did not express Aβ (Wei et al. 2010). This 

seems to indicate Aβ released both pre- and postsynaptically causes synaptic deficits. 

However, they used acute production of Aβ, using viral infection in hippocampal slice 

culture, which is significantly different from our chronic model. We thus aim to use a 

more physiological system of transgenic mice. 

 

Specific aims: 

 

The question this project aims to answer is whether Aβ mediated synaptic toxicity 

is driven by the pre- or post-synaptic neuron in vivo. To test this question, we need to 

direct the expression of APP, hence Aβ release, in one defined neuronal population 

where pre- and post-synaptic compartments can be studies.  This is achieved by 

generating three different triple transgenic mouse lines that express mutant APP in CA1, 
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CA3, or the dentate gyrus (DG) of the hippocampus using both the cre/loxP system and 

the Tet off system. The Tet APP mice line we use was created by the Jankowsky lab. The 

APP used is a chimeric mouse/human APP, mAPP695, with a humanized Aβ domain. 

This domain contains two mutations of familial Alzheimer’s disease, the Swedish 

(K670M/N671L) and Indiana (V717F) mutations driven by the tetracycline responsive 

promoter (Tet). The Swedish mutation affects the β cleavage site, causing decreased α 

cleavage and increased β cleavage, increasing the total amount of Aβ produced. The 

Indiana mutation affects the γ cleavage site, increasing the ratio of Aβ 42 to 40. Mice that 

express this APP throughout the brain show an AD like phenotype, including increased 

Aβ levels and the formation of amyloid plaques (Jankowsky et al. 2005). Mice that 

express cre under site specific promoters will be used to control the expression site of 

APP (see figure 2 and table 1).  

If Aβ synaptic toxicity is caused by the presynaptic neuron, we should expect to 

see the characteristic synaptic deficits of AD, such as reduced LTP, at the mossy fiber in 

the DG mice and at the Shaffer collaterals in CA3 mice, and no reduced LTP at the 

Shaffer collaterals in CA1 mice. If Aβ mediated synaptic toxicity is caused by Aβ 

released post-synaptically, we would see synaptic deficits at the mossy fibers in CA3 

mice, and at the Shaffer collaterals in CA1 mice.  

My specific role is to provide basic characterizations of these three lines of triple 

transgenic mice, including to verify the reported expression sites and to calculate an 

approximate level of transgenic APP expression per transgenic APP positive neuron in 

the three lines, to aid in the interpretation of the electrophysiology results. Also, 

doxycycline and gamma secretase inhibitor (GSI) were used to determine whether 
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turning off this system or preventing Aβ production could reverse the 

electrophysiological deficit. Doxycycline should prevent the binding of tTA to tet 

promoter, thereby stopping the production of transgenic APP. Thus, this should reverse 

any electrophysiological deficit caused by the transgene. GSI reduces the production of 

Aβ, and thus should reduce electrophysiological deficits caused by increased Aβ levels. I 

performed Western blots to find the increase in APP C terminal fragments caused by GSI 

treatment, to verify its function. 

Characterizing the release of Aβ could help provide insight into the pathological 

mechanisms underlying Alzheimer’s disease. Given the prevalence of this disease, which 

is expected to rise even higher in the coming decades, it is important to understand as 

much as possible about AD pathology to aid in the development of effective treatments. 
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Materials and Methods 
 

Animals: 

  

 We used the cre/loxP and Tet off systems in triple transgenic mice to site 

specifically overexpress APP with two familial Alzheimer’s disease mutations. The Tet 

APP mice line expresses chimeric mouse APP, mAPP695, with a humanized Aβ domain 

under the control of the tetracycline responsive promoter (Tet) (Jankowsky et al. 2005). 

This Aβ domain contains two mutations of familial Alzheimer’s disease, the Swedish 

(K670M/N671L) and Indiana (V717F) mutations.  

 The second transgene present in all triple transgenics is a ubiquitous strong 

promoter (pCA) driving the expression of a loxP-flanked βgeo (lacZ/neomycin 

resistence) and a transcription stop site (three SV40 polyadenylation sequences) 

preceding the tetracycline transactivator (tTA) (Li et al. 2010a). When cre is present, 

recombination occurs between the loxP sites and tTA is expressed. 

 The third transgene is a region specific promoter controlling the expression of the 

cre recombinase gene. CA1 triple transgenics contain cre under the control of the 

αCamKII promoter. CA3 triple transgenics contain cre under the control of the regulatory 

region of the Grik 4 gene (one of the kainite receptor subunits). DG triple transgenics 

contain cre under the control of propiomelanocortin (POMC). A diagram of triple 

transgenic mice is shown in figure 2. 
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 CamKII-tTA x Tet APP mice are used as a positive control, as they express the 

same transgenic APP throughout the brain (Jankowsky et al. 2005). CamKII-tTA mice 

express the tetracycline-controlled transactivator protein (tTA) under the control of the 

calcium-calmodulin-dependent kinase II (Camk2a). 

 Reporter mice express loxP-flanked DNA STOP sequence preventing the 

expression of downstream lacZ gene. All transgenic mice used in this study are 

summarized in table 1. 
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Figure 2: Triple transgenic mice transgene diagram 
 
Diagram showing the three transgenes expressed, and the expression area of APP, in the 
triple transgenic mice lines. 
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Table 1: Transgenic mice information 
 
Source and description of all transgenic mice used in this study. 

 

 

  

Mouse 
line 

Source Original 
paper  

Description 

CA3-
Cre 

Tonegawa Lab 
Strain name: C57BL/6-
Tg(Grik4-cre)G32-4Stl/J 
 

(Nakazawa 
et al. 2002) 

Cre transgene driven by 
the transcriptional 
regulatory region of the 
KA1 gene (aka Grik4) 

CA1-
Cre 

Tonegawa Lab 
Strain Name: B6.Cg-
Tg(Camk2a-cre)T29-1Stl/J 
 

(Tsien et al. 
1996) 

Cre gene driven by the 
promotor of the 
αCamKII gene. 

DG-Cre Jackson lab 
Stock #: 010714 
Strain Name: B6.FVB-
Tg(Pomc-cre)1Stl/J 
 

(McHugh 
et al. 2007) 

Cre driven by 
proopiomelanocortin 
(POMC) promoter. 

Lox- 
stop-
LacZ-
Lox-tTA 

Luo lab at Stanford 
University 

 (Li et al. 
2010b, Li 
et al. 
2010a)  

pCA-loxP-β-geo-txn 
stop-loxP-tTA 

Tet APP Jankowski Lab 
Strain Name: B6.Cg-
Tg(tetO-
APPSwInd)107Dbo/Mmjax 
 

(Jankowsky 
et al. 2005) 

Chimeric mouse/ human 
APP695Swedish/Indiana 

CamKII-
tTA 

Mayford Lab 
 Strain Name: B6;CBA-
Tg(Camk2a-tTA)1Mmay/J 
 

(Jankowsky 
et al. 2005) 

Express the tetracycline-
controlled transactivator 
protein (tTA) under the 
control of the calcium-
calmodulin-dependent 
kinase II (Camk2a). 

Lox- 
stop-
Lox-
LacZ 
 

Jackson lab Stock #: 
003474  
Strain name: B6.129S4-
Gt(ROSA)26Sortm1Sor/J 

 Reborter line: loxP-
flanked DNA STOP 
sequence preventing the 
expression of 
downstream lacZ gene. 
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Genotyping: 

 

DNA extraction: DNA was extracted from mouse toes by digestion in 497 µl 

lysis buffer (100 mM TrisHCl, 5 mM EDTA, 0.2% SDS, 200 mM NaCl) + 3 µl 

proteinase K stock solution (20 mg/ml) heated 55 degrees for three hours. Samples were 

vortexed then centrifuged 13,000 rpm 10 minutes to sediment debris. DNA in the 

supernatant was then precipitated in isopropanol, collected with a pipet tip, and added to 

deionized water. 

Polymerase chain reaction (PCR): For genotyping for the presence of the APP 

transgene, 2 µl DNA was added to 5 µl 10x sample buffer, 0.2 µl 25 µM dNTP, the APP 

forward primer S36 (CCG AGA TCT CTG AAG TGA AGA TGG ATG) and the reverse 

primer PrP-AS-J (CCA AGC CTA GCA CAC GAG AAT GC). A segment of 

endogenous prion protein gene was also amplified as a control for DNA quality using the 

forward primer PrP-S-J (GGG ACT ATG TGG ACT GAT GTC GG) and the reverse 

primer PrP-AS-J.  

 For genotyping for the presence of the LacZ transgene, 2 µl DNA was added to 5 

µl 10x sample buffer, 0.2 µl 25 µM dNTP, the LacZ forward primer LacZ FWD (CGA 

TGA GCG TGG TGG TTA TGC) and the LacZ reverse primer LacZ REV (ACG ATC 

GCG CTG CAC CAT TC). The same segment of endogenous prion protein used for APP 

was used for lacZ as well, using PrP-S-J and PrP-AS-J. 

 For genotyping for the presence of the cre transgene, 1 µl DNA was added to 2.5 

µl 10x sample buffer, 0.2 µl 25 µM dNTP, the cre forward primer 1084 (GCG GTC TGG 

CAG TAA AAA CTA TC), and the cre reverse primer 1085 (GTG AAA CAG CAT 
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TGC TGT CAC TT). Primers 7338 (CAT GGC CAC AGA ATT GAA AGA TCT) and 

7339 (GTA GGT GGA AAT TCT AGC ATC ATC C) were used for the generation of 

the internal control band. 

 

Histology: 

  

β-Galactosidase staining: Sections were sliced coronally 10 µm thick with a 

cryostat microtome and mounted directly onto Fisher Scientific superfrost plus glass 

slides. Sections were allowed to air dry for one hour, then were fixed for 15 minutes in 

fixing buffer (5 mM EGTA, 2 mM MgCl2, and 0.2% glutaraldehyde in 0.1 M Phosphate 

buffer). Next, sections were rinsed for 5 minutes times 3 in wash buffer (2mM MgCl2, 

0.02% NP-40, and 0.01% Deoxycholate in 0.1 M Phosphate buffer) with shaking. 

Staining buffer (5 mM potassium ferrocyanide trihydrate, 5 mM potassium ferricyanide, 

2 mM MgCl2, 0.02% NP-40, and 0.01% Deoxycholate in 0.1 M Phosphate buffer) was 

rewarmed to 37 °C, then X-gal was added to a final concentration of 1 mg/ml. The slides 

were incubated in this solution for 5 minutes to 1 hour. The slides were then rinsed 5 

minutes times 3 with PBS, then counter stained with vector nuclear fast red counterstain. 

 APP immunohistochemistry: Sections were sliced coronally with a cryostat and 

mounted directly onto Fisher Scientific superfrost plus glass slides. Sections were 

allowed to air dry for one hour, then were fixed with 4% PFA fro 20 minutes. Slides were 

then incubated in 88% formic acid for retrieval. They were then incubated in H2O2 for 30 

minutes, TBS-A (TBS + 0.1% Triton) for 15 minutes, and TBS-B (TBS + 0.1% Triton + 

3% BSA) for 30 minutes. Slides were then left in biotinylated 6E10 (1:1,000) overnight. 
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The following day, slides were washed with TBS-A for 5 minutes x 3, then with TBS-B 

for 15 minutes. Sections were then incubated in ABC (VECTORSTAIN Elite ABC 

system from VECTOR laboratories) for 1 hour, washed for 5 minutes x 3, then reacted 

with DAB (VECTOR PEROXIDASE SUBSTRATE KIT DAB). Sections used for cell 

counting were then counterstained with hematoxylin. Slides were then washed 5 minutes 

x 3 and dehydrated and mounted. 2-3 sections from 3-4 mice were stained per genotype. 

 

Cell Counting: 

  

The cell layers of the hippocampus were defined according to morphology (figure 

3). Total cells and transgenic APP positive cells were counted from 2-3 sections per 

mouse 300 µm apart, stained with 6E10 and counterstained with hematoxylin. CA3 was 

counted to include cells inside of the dentate gyrus and continued to the beginning of 

CA1 (including what might be called CA2). The boundary between CA3/CA2 and CA1 

was clearly identifiable by the difference in the thickness of the two layers. The dentate 

gyrus granular cell layer was clearly identifiable by its isolated location.  
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Figure 3: Hippocampal subdivision 
 
Hippocampus stained with hematoxylin showing subdivision of hippocampus used when 
counting cells. 
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Doxycycline and GSI administration: 

  

Gamma secretase inhibitor LY-411,575 (gift from the Golde lab) was injected 

subcutaneously at 5 mg/kg. It was injected once a day at 5 mg/kg for 3 days with sacrifice 

occurring 20 hours after the last injection, or for 4 days with sacrifice 4 hours after the 

last injection. GSI was first given in DMSO diluted in 2-Hydroxypropyl-β-cyclodextrin, 

but this alone was found to cause electrophysiological deficits, so was replaced with 50% 

Polyethylene glycol + 20% Propylene glycol + 10% EtOH. Doxycycline was 

administered in dox-containing chow (TestDiet) at 50 mg/kg and 200 mg/kg. The average 

consumption was 5.5 g/day per mouse. 

 

Perfusion and hippocampus collection 

  

Mice were anesthetized with isofluorane and perfused with 60 mL cold PBS. 

Following brain extraction, the cerebellum was removed and the brain was hemisected. 

For use in histology, the frontal cortex was also removed and the cerebral hemisphere 

was embedded in O.C.T. compound and stored at -80 until sectioning. Slices were 

sectioned 10 µm thick using a cryostat microtome. For use in western blotting, the 

hippocampus was dissected using a dental cuvette and stored at -80 until extraction. 

 

Extraction: 
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2% SDS: 2% SDS + protease inhibitor cocktail (PIC) was added to the 

hippocampus samples at 150 mg/ml, then sonicated with 10 pulses three times. Samples 

were then centrifuged at 49,000 rpm for 1 hour at 4 °C. The supernatants were then 

collected in new tubes, and a portion was removed and diluted 1:20 with RIPA buffer and 

stored in -80 °C.  

 1% CHAPSO: 1% CHAPSO + PIC was added to the samples which were then 

sonicated with 10 pulses times three. Homogenates were then incubated for 30 minutes at 

4 °C with shaking. Samples were then centrifuged at 49,000 rpm for 1 hour at 4 °C. The 

supernatants were then collected in new tubes, and a portion was removed and diluted 

1:20 with RIPA buffer and stored in -80 °C. 

 

Western Blots: 

  

Protein concentration of the samples was measured using thermo scientific Micro 

BCA Protein Assay Kit. Protein concentration was read with the spectrophotometer at 

562 nm. 8% Tris-Glycine gels were used for the detection of full length APP using tris-

glycine running buffer, and 10% and 12% Bis-Tris gels were used for the detection of 

APP CTFs using MES SDS running buffer. They were transferred to nitrocellulose 

membrane at 380 mA for 1 hour or 20 V overnight. Membranes were blocked using 5% 

milk in TBS-T for 1 hour. Membranes were then stained using 6E10 (1:5,000) or CT15 

(1:10,000) at 4°C overnight. They were then rinsed 5 minutes times three with TBS-T, 

and detected with horseradish peroxidase conjugated goat anti mouse secondary antibody 

(for 6E10), or goat anti rabbit HRP (for CT15) for one hour. They were then rinsed again 
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five minutes times three with TBS-T, then visualized using chemiluminescence. Images 

were taken directly using FluoroChem Q system and the optical density was found using 

the AlphaView software. The optical densities were normalized to tubulin and divided by 

the value of the same CamKII tTA x Tet APP sample (the loading control), which was 

thus set as 1. 

 

Electrophysiology: 

  

Acute horizontal hippocampal slices 400 µm thick were made from triple 

transgenic mice and littermate controls. Mice were euthenized with isofluorane, and 

slices were cut with a vibroslicer (Campden Instruments, Leicester, UK). The slices were 

kept at room temperature for 1-2 hours before being transferred to the recording chamber 

containing artificial CSF (ACSF) containing (in mM) 125 NaCl, 2.4 KCl, 1.2 NaH2PO4, 1 

CaCl2, 2 MgCl2, 25 NaHCO3, and 25 glucose. Here slices were perfused with oxygenated 

ACSF containing 2 mM CaCl2 and 1 mM MgCl2. Extracellular recordings of excitatory 

postsynaptic potentials (fEPSPs) were obtained using microelectrodes filled with 

extracellular recording solution. For each animal, the fiber volley amplitude and initial 

slope of the fEPSP responses to a range of stimulation from 100 to 900 µA were 

measured, and the stimulus intensity was adjusted individually for each experiment to 

produce fEPSPs, which are 30-40% of the maximal responses (submaximal) that could be 

evoked. LTP was induced by 4 tetani given 20 seconds apart, each at 100 Hz for 1 second 

after a baseline period of 20 minutes. fEPSPs were found for 60 minutes after tetanus. 
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The data was collected and analysed using pClamp 10 software ((Molecular Devices, 

Sunnyvale, CA, USA).  

For CA1-3xTg mice:  Extracellular recordings of excitatory postsynaptic 

potentials (fEPSPs) were obtained from the stratum radiatum in the CA1 area using 

microelectrodes filled with extracellular recording solution. A bipolar stimulating 

electrode was placed in the stratum radiatum for stimulation of the Schaffer 

collateral/commissural (SCh) pathway. 

For CA3-3xTg mice:  The synaptic efficacy was tested at 2 sites.  (1) stimulated 

Schaffer collateral/commissural (SCh) pathway and recorded from CA1 area (2) 

stimulated Mossy fiber and recorded from CA3 area (A bipolar tungsten stimulating 

electrode was placed in the granule cell layer of the dentate gyrus to stimulate mossy 

fibers. Field-excitatory postsynaptic potentials (f-EPSP) and were recorded from the 

stratum radiatum of the CA3 region). 

For DG-3xTg mice:  The synaptic efficacy was tested by stimulating Mossy fiber 

and recording from CA3 area.    
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Results 
 

The overall goal of this project is to determine whether Aβ induced synaptic 

deficits are driven by Aβ released at the pre or postsynaptic neuron. My specific role in 

this team project is to provide basic characterizations of these three lines of triple 

transgenic mice. The presence of a synaptic deficit was determined mainly by an LTP 

deficit and all electrophysiology was performed by Dr. Sheue-Houy Tyan, a Project 

Scientist in the same lab. However, we first had to verify that the transgenes are 

expressed at their predicted locations, and then calculate the approximate level of APP 

expression in the three lines, as this information is necessary to interpret the 

electrophysiology results.  

 

CA1, CA3, and DG cre allow site-specific expression of LacZ in reporter mice 

 

The spatial pattern of cre/loxP recombination in the three site specific cre lines 

was studied by crossing them with a reporter line then staining brain sections with X-gal. 

Sections from 6-8 week and 4-6 month old reporter mice were stained with X-gal, and 

counter stained with vector nuclear fast red, as shown in figure 4. DG and CA3 reporters 

express cre fairly specifically, however CA1 reporters show some expression in CA3 and 

DG, as well as in the cortex. This is consistent with  (Wiltgen et al. 2010) , which used 

the same CA1 cre (CamKII-cre) and showed that there is considerable cre recombination 
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not only in CA1, but also in layer III of the cortex, as well as in a minor percentage of 

CA3 neurons.  
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Figure 4: DG, CA3, and CA1 cre reporter mice sections stained with X-gal and Nuclear 
Fast Red  
 
Micrographs of X-gal stained hippocampi in 6-8 week and 4-6 month old old DG, CA3, 
and CA1 cre crossed to mice containing a transgene of a floxed transcription stop site 
linked to LacZ (reporter mice). Sections were counterstained with vector Nuclear Fast 
Red. 
 



   
 

   

30 

Level of transgenic APP expression per transgenic APP positive neuron in each 
genotype 

 

A goal was to determine the approximate amount of transgenic APP expressed in 

each APP positive neuron in the three different triple transgenic lines. Toward this goal, 

the first aim was to determine the percentages of cells that express transgenic APP in 

each area of the hippocampus in each mouse line. Sections from each genotype were 

stained (by Dr. Kensaku Kasuga, who is primarily responsible for this study) using 6E10 

(Figure 5), an antibody that binds to amino acids 1-16 of human Aβ, which is specific to 

human Aβ sequence. It is seen that location specificity increases in triple transgenic mice 

compared to cre x reporter mice. The sections used for counting cells were also 

counterstained with hematoxylin. Cells were counted and percentages of transgenic APP 

positive cells were determined in the DG, CA1 and CA3 for each genotype at 6-8 weeks 

and 4-6 months (Figure 6). Cells were also counted for 1 year CA3 mice, but not for DG 

or CA1 mice. However, it was observed that 1 year old CA1 mice have significant 

expression of transgenic APP outside of CA1, including in CA3. CA1 triple transgenic 

mice overall have the highest percentage of APP positive cells in their respective area, 

but also have the highest expression outside of the desired area. 
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Figure 5: Transgenic APP staining of 6-8 week and 4-6 month old triple transgenic mice 
 
Micrographs of 6E10 stained hippocampi in 6-8 week and 4-6 month old DG, CA3, and 
CA1 triple transgenic mice. 
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Figure 6: Percentages of cells expressing transgenic APP in each hippocampal subregion 
in triple transgenic mice 
 
Percentages of cells in the DG, CA3, and CA1 that express transgenic APP in 6-8 week 
and 4-6 month old DG, CA3 and CA1 triple transgenic mice, expressed as mean + SEM. 
n= 3-4 mice per group, 2-3 sections per mouse. 
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The second step was to determine the level of APP expression in the hippocampus 

of each triple transgenic mice line. Figure 7 shows that when using 6E10, a transgenic 

APP bands does not appear for mice lacking the tet APP transgene, and only a very light 

band appears for mice that have the tet APP transgene but are missing the other two 

transgenes necessary for it’s expression. The latter indicated a minor degree of 

“leakiness” in the tetAPP transgene in the absence of tTA. By densitometry, the 

transgenic APP level of the control containing only the tetAPP transgene is 3.73 % of the 

level seen in the triple transgenics, which corresponds well to the 4% leakiness 

mentioned in the original Jankowski paper (Jankowsky et al. 2005). 6E10 western blots 

and densitometry were used to determine the amounts of transgenic APP in each triple 

transgenic line at 6-8 weeks and 4-6 months old, and for CA1 and CA3 mice at 1 year old 

(figures 8, 9, and 10). The optical densities of APP level were normalized to the loading 

control, a 9 month CamKII tTA x Tet APP sample. The average relative APP level in the 

hippocampus of 6-8 week old samples was 0.043 for DG 3xTgs, 0.051 for CA3 3xTgs, 

and 0.285 for CA1 3xTgs. The average relative APP level in the hippocampus of 6 month 

old samples was 0.058 for DG 3xTgs, 0.17 for CA3 3xTgs, and 0.34 for CA1 3xTgs.  

The final step was to approximate the level of transgenic APP expression per 

expressing cell. First the estimated total number of transgenic APP positive neurons per 

region in each genotype were found by multiplying the percentages of transgenic APP 

positive cells in each area by the approximate number of total neurons per section found 

using the optical dissector method in the paper (von Bohlen und Halbach, Unsicker 2002) 

which were 0.749 million in CA1, 0.394 million in CA3, and 0.876 million in the dentate 

gyrus. I added these up to find the approximate total number of transgenic APP positive 



   
 

   

34 

cells in the hippocampus per genotype and age (table 2). Then the western blot APP 

optical density values for each genotype were divided by this total number of tg APP 

positive cells to produce the approximate transgenic APP level per transgenic APP 

positive cell (figure 11). In approximating this value for the CamKII tTA x Tet APP 

sample, I made the assumption that all neurons in the hippocampus express transgenic 

APP, which is reasonable given the high levels of expression seen in the Jankowski 

paper. CA1 and CA3 6-8 week triple transgenic mice express very similar levels per 

neuron, while DG triple transgenic mice express much less. CA3 mice express the most, 

while CA1 mice express 0.94 times as much, and DG mice 0.24 times as much. For 6 

month old triple transgenics, CA3 mice again express the most, and CA1 mice express 

0.63 times as much, and DG mice express 0.22 times as much.  
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Figure 7: Western blotting of APP with 6E10 and CT15 
 
Western blot for APP using 6E10 and CT15 of triple and non triple transgenic mice 
hippocampi, a CamKII tTA x Tet APP sample, and a J20 sample. All samples were 2% 
SDS extracted hippocampus homogenates.  
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Figure 8: Western blotting of transgenic APP in 6-8 week and 4-6 month triple transgenic 
mice 
 
Transgenic APP was detected from 2% SDS extracted hippocampus homogenates using 
6E10  
A.) Western blot of 8 week and 6 month old CA1 and CA3 triple transgenic mice B.) 
Western blot of 6-8 week and 5-6 month old dentate gyrus triple transgenic mice.  
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Figure 9: Western Blotting of transgenic APP in 1 year CA1 and CA3 triple transgenic 
mice. 
 
Western blotting using 6E10 from 2% SDS extracted 1 year old CA3 and CA1 triple 
transgenic mice.  
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Figure 10: Relative transgenic APP levels in 6-8 week and 4-6 month old triple 
transgenic mice 
 
Transgenic APP levels were measured using western blotting from 2% SDS extracted 6-8 
week and 4-6 month old DG, CA3 and CA1 triple transgenic mice. Tubulin was used as a 
loading control, and values are expressed as mean + SEM. n= 3 mice per group. The 9 
month CamKII tTA x Tet APP sample was used as the loading control. 
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Table 2: Table showing calculation of transgenic APP level per transgenic APP 
expressing neuron. 
 
Estimated total number of transgenic APP+ neurons per hippocampus and age/genotype 
are based on multiplying percentages of tg APP+ neurons per subregion (found from cell 
counting) and total number of neurons per subregion (taken from  (von Bohlen und 
Halbach, Unsicker 2002) . To find the approximate tg APP level per Tg APP+ neuron, 
the relative tg APP levels found using western blotting were divided by the estimated 
total number of tg APP positive neurons. 
 

  

Estimated total 
Transgenic 
APP+ neurons 

WB transgenic 
APP level 

~transgenic 
APP level per 
transgenic 
APP+ neuron 
(a.u.) 

CA1 3xTg 6-8 week 500,000 0.28 5.7 x 10-7 

CA1 3xTg 4-6 month 720,000 0.34 4.8 x 10-7 

CA3 3xTg 6-8 week 83,000 0.05 6.1 x 10-7 

CA3 3xTg 4-6 month 220,000 0.17 7.6 x 10-7 

CA3 3xTg 1 yr 290,000 0.18 6.2 x 10-7 

DG 3xTg 6-8 week 300,000 0.04 1.5 x 10-7 

DG 3xTg 4-6 month 350,000 0.06 1.7 x 10-7 
9M CamKII tTA x 
Tet APP 2,000,000 1 5.0 x 10-7 
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Figure 11: Approximate transgenic APP levels per APP positive neuron in triple 
transgenic mice 
 
Estimates of transgenic APP level per transgenic expressing neuron in CA1, CA3, and 
DG triple transgenic mice. Values were found by dividing optical density APP levels by 
the estimated total number of transgenic APP expressing cells. 
 

   

0 

0.0000001 

0.0000002 

0.0000003 

0.0000004 

0.0000005 

0.0000006 

0.0000007 

0.0000008 

CA1 
3xTg 

CA3 
3xTg 

DG 
3xTg 

CA1 
3xTg 

CA3 
3xTg 

DG 
3xTg 

CA3 
3xTg 

CamKII 
tTA x 

Tet APP 

6-8 weeks 4-6 months 1year 9 months 

~T
g 

A
PP

 le
ve

l p
er

 T
g 

A
PP

 +
 n

eu
ro

n 
(a

.u
.) 



   
 

   

41 

Further comparisons of APP levels in 8 week CA3 3xTgs, and 8 week and 9 month 

CamKII tTA x Tet APP mice  

  

Another goal was to find an exact comparison of transgenic APP levels in the 

hippocampus of the CamKII tTA x Tet APP mice and one of the low expressing triple 

transgenic mice. A western blot with an 8 week CA3 3xtg and varying fractions of 9 

month CamKII tTA x Tet APP was performed to generate a standard curve (figure 12). 

From this standard curve it was found that 9 month CamKII tTA x Tet APP mice express 

6.94 times as much transgenic APP in the hippocampus than as 8 week CA3 triple 

transgenic mice.  

Another goal was to compare the level of transgenic APP expression in 8 week 

verses 9 month triple transgenic mice. Another western blot was performed to compare 

the 8 week vs 9 month  CamKII tTA x Tet APP transgenic APP expression level (figure 

13). It was found that the 8 week sample expressed 0.69 times as much transgenic APP as 

the 9 month sample. 
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Figure 12: Western blotting of APP and CamKII tTA x Tet APP standard curve 
 
A.) Transgenic APP was detected from 2% SDS extracted brain homogenates of the 
standard 9 month old CamKII tTA x Tet APP mouse and 8 week old CA3 triple 
transgenic using western blotting with 6E10 antibody. B.) APP optical density levels 
verses fraction of CamKII tTA x Tet APP sample. The 8 week CA3 3xTg is shown on 
curve as diamond, its value on the x axis is 0.144. The curve was generated using Graph 
Pad Prism 4. 
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Figure 13: Western blot and transgenic APP levels in the hippocampus of 8 week and 9 
month old CamKII tTA x Tet APP mice 
 
Transgenic APP was detected from 2% SDS extracted hippocampus homogenates using 
6E10. Tubulin was used as a loading control. n= 1 per age.  
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LTP is reduced in CA3 triple transgenic mice when stimulated at the schaffer 

collaterals and recorded at CA1 (presynaptic) 

  

All electrophysiology was performed by Dr. Sheue-Houy Tyan, but is relevant to 

the interpretation of my data. The ultimate question of this project is whether Aβ 

mediated synaptic toxicity is driven by the pre- or post-synaptic neuron. The method of 

determining synaptic toxicity is through electrophysiology, mainly by the presence of an 

LTP deficit. Thus, we tested LTP with the Aβ expressing site both pre and post synaptic 

to the synapse, thus testing whether pre or post synaptically released Aβ causes the LTP 

deficits.  

 For CA1 triple transgenic mice, only the post synaptic hypothesis site was tested. 

Hippocampal slices of CA1 triple transgenic mice were stimulated at the Schaffer 

collaterals and recorded at CA1. For this genotype, there was no significant difference in 

LTP for 6-8 week and 4-6 month mice compared to non transgenic littermate controls.  

 CA3 triple transgenic hippocampal slices were stimulated at the Schaffer 

collaterals and recorded at CA1 to test whether Aβ presynaptic to the synapse here causes 

synaptic deficits. Reduced LTP was seen for both 6-8 week and 4-6 month old triple 

transgenic mice. CA3 triple transgenic hippocampal slices were also stimulated at the 

mossy fibers and recorded at CA3 to test the postsynaptic hypothesis. At this site there 

was no significant difference in LTP for 6-8 week 3xTgs compared to controls. 

 Only the presynaptic dentate gyrus site has been tested so far. DG triple 

transgenic hippocampal slices were stimulated at mossy fibers and recorded at CA3. No 
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LTP reduction was observed in 6-8 week or 4-6 month old mice. LTP results are 

summarized in table 3. 
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Table 3: Summary of Long Term Potentiation results 
 
Table showing reduced, unchanged (=), or currently unknown (blank) Long Term 
Potentiation results of triple transgenic mice compared to littermate controls. n= 5-8 mice 
and 6-15 slices per group. 
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Doxycycline and GSI treatment causes LTP rescue 

  

To demonstrate that the reduction in LTP in CA3 triple transgenic mice were due 

to the expression of the APP transgene, 8 weeks old mice treated for 2 weeks with 50 

mg/kg doxycycline.  Preliminarily, LTP defects were rescued in mice treated with 

doxycycline (figure 14). We are currently comparing doxycline administered in food 

pellet vs. drinking water to assess the level of suppression of the APP transgene.    

Finally, to determine whether the defects in LTP in CA3 triple transgenic mice 

were due to Aβ itself, mice were treated with a γ-secretase inhibitor to inhibit Aβ 

production.  To first verify that the GSI was active in brain, the changes in the levels of 

APP CTFs in the hippocampus was measured by western blotting. Brains of mice 

sacrificed after 4 days of GSI treatment, and within 4 hours of the last dose showed a 

large increase in the levels of CTFs as compared to vehicle treated controls in both 8 

week CA3 and 5 month CA1 triple transgenic hippocampi (figure 15).   This was the 

expected outcome of GSI inhibition as the substrate for γ-secretase, i.e. CTFs, would 

accumulate in the absence of γ-secretase activity.  Similar to the doxycycline results, the 

LTP defects were restored in CA3 triple transgenic mice after a short course of GSI 

treatment (figure 16).  
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Figure 14: LTP after doxycycline treatment 
 
Field EPSP after 4 tetani given at 100 Hz for 1 second each showing LTP of 8 week non 
transgenic and CA3 triple transgenic mice treated and untreated with 50 mg/kg 
doxycycline. n = 5-6 mice, 9-11 slices per group. 
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Figure 15: Western blots of APP CTFs with and without GSI treatment 
 
APP CTFs were detected from 1% CHAPSO extracted brain homogenates using western 
blotting with CT15 antibody. The GSI used was LY- 411575 (5 mg/kg). A. Western blot 
of 5 month CA1 triple transgenics untreated, GSI treated for 3 days and sacrificed 20 
hours after last injection, and GSI treated for 4 days and sacrificed 4 hours after the last 
injection. B. Western blot of 8 week CA3 triple transgenics untreated or GSI treated for 4 
days and sacrificed 4 hours after the last injection. 
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Figure 16: LTP after GSI treatment 
 
LTP of gamma secretase inhibitor treated CA3 triple transgenic mice and non transgenic 
littermate controls. N= 6 pairs, 12-13 slices per group. LTP was stimulated with 4 tetani 
given at 100 Hz for 1 second each, 20 seconds apart. 
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Discussion 
  

The first step was to examine the specificity of the DG, CA1 and CA3 promotor – 

cre transgenes, and of the triple transgenics themselves. All three reporter lines express 

LacZ largely in the correct locations, and the location specificity was seen to increase 

slightly in triple transgenic mice. Thus there is very little leakiness of expression outside 

the intended regions in DG and CA3 mice. CA1 triple transgenics, however, do have 

some expression throughout the cortex, and in about 10% of CA3 neurons.  

APP could not be detected by 6E10 Western blot from mice lacking the tet APP 

transgene. This verifies that the 6E10 antibody, which binds to the first 16 amino acids of 

the human Aβ region, binds specifically to transgenic APP present in the hippocampus of 

our triple transgenic mice and not to endogenous APP. Also, 6E10 could detect only a 

very light transgenic APP band in the cre negative, lacZ negative, Tet APP positive 

mouse, confirming that there is very little leakiness of the Tet APP transgene without the 

presence of the other two transgenes. By densitometry, the transgenic APP level of the 

control containing only the tetAPP transgene is about 4% of the level seen in the triple 

transgenics, which corresponds well to the 4% leakiness mentioned in the original 

Jankowski paper (Jankowsky et al. 2005). 

The main goal of my part of this project was to approximate the levels of 

transgenic APP expressed per expressing neuron in the three triple transgenic mouse 

lines. First I counted cells and determined the exact percentages of tg APP positive cells 

in each hippocampal subregion in each genotype and age. Then I found the transgenic 
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APP levels in the hippocampi of all genotypes and age groups. The dentate gyrus triple 

transgenic mice had the lowest average relative APP level in the hippocampus in both age 

ranges. At 6-8 weeks, CA3 3xTgs had 1.18 times as much, and CA1 3xTgs had 6.57 

times as much as the DG 3xTgs. At 4-6 months, CA3 3xTgs had 2.95 times as much, and 

CA1 3xTgs had 5.91 times as much as the DG 3xTgs. From this data alone, CA1 mice 

seem to express much more than CA3 mice. However, CA1 contains about twice as many 

cells as CA3, and CA1 mice express transgenic APP in a significantly higher percentage 

of cells in their respective areas.  

After taking into account these factors of differences in total cell number and 

percentages of transgenic APP positive cells, I estimated that CA1 and CA3 triple 

transgenic mice express similar amounts of transgenic APP per transgenic APP 

expressing neuron, particularly at the 6-8 week age. CA3 mice in fact express the most 

transgenic APP per APP positive neuron. At 6-8 weeks, CA3 mice express 1.07 times as 

much as CA1 mice, and at 4-6 months, CA3 mice express 1.60 times as much per 

transgenic APP expressing neuron. Assuming that CAmKII tTA x Tet APP mice express 

transgenic APP in every DG, CA3 and CA1 neuron in the hippocampus, these mice 

express very similar levels of tg APP per expressing neuron as CA3 and CA1 mice. 

However, dentate gyrus triple transgenic mice still express 2.85-4.55 times less 

transgenic APP per expressing neuron than the CA mice.  

It might be thought that this difference could be due to the smaller size of granular 

cells of the dentate compared to pyramidal cells of the CA regions.  (Ahmad et al. 2002)  

calculated the cell body size in mm2 of granular cells of the dentate gyrus to be 67.7 

septally and 77.3 temporally, while the pyramidal cells of CA2/3 were 232.9 septally and 
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198.1 temporally. Thus CA cell bodies could be approximated as being 2.56-3.44 times 

larger than cell bodies of the dentate gyrus, and this size difference might make up for the 

difference in expression level. However, the difference in size probably does not alleviate 

the difference in effect cause by that much less transgenic APP expression. If most Aβ is 

released presynaptically but the location of the effect on LTP is on the postsynaptic 

neuron as has been suggested, then the smaller amount of Aβ per DG neuron would still 

be expected to cause less of an effect on LTP. Thus, overall my results indicate that CA1 

and CA3 mice express comparable amounts of transgenic APP per expressing neuron, 

while DG mice express about 3 to 4.5 times less. 

A standard curve of fraction of the CamKII tTA x Tet APP standard sample added 

plotted against the transgenic APP optical density was used to verify the ratio of APP in 

this sample compared to an 8 week CA3 mouse. It was found that 9 month CamKII tTA x 

Tet APP mice express about 7 times as much transgenic APP in the hippocampus than as 

8 week CA3 triple transgenic mice. I also used western blotting and optical density to 

find that the 9 month CamKII tTA x Tet APP sample expressed 1.45 times as much 

transgenic APP as the 8 week sample. 

LTP was only reduced when Aβ was presynaptic to the synapse tested. LTP was 

reduced in CA3 triple transgenic mice when Aβ was presynaptic (stimulate Shaffer 

collaterals and record at CA1), but not when Aβ is postsynaptic (stimulate mossy fibers 

and record at CA3). LTP in dentate gyrus triple transgenic mice is not reduced when Aβ 

is presynaptic (stimulate mossy fibers and record at CA3). This might be due to the lower 

expression level of transgenic APP in dentate gyrus mice.  
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Both doxycycline and GSI treatment restored the LTP defect in CA3 triple 

transgenic mice, providing support that the defect in synaptic plasticity is due to 

expression of the APP transgene, and more specifically, due to the secreted Aβ peptides.   

An interesting observation from our studies (Figure 15) is that in CamKII tTA x Tet APP 

mice, which express the transgenic APP throughout the brain, have significantly higher 

levels of β-CTF than α-CTF. This is because the APP used contains the Swedish 

mutation, which makes β-secretase cleavage more prevalent than α-secretase cleavage. 

However our triple transgenic mice have more α-CTF when we would have predicted 

more β-CTF species.  A likely explanation of this finding is that because the APP 

transgene is only expressed in a fraction of cells within the CA3 region, a high fraction, 

perhaps even a majority, of APP CTF was produced from endogenous APP.  The latter 

would normally generate more α- rather than β-CTF species. 

Aβ plaque formation results in older mice shows that plaques form at the axon 

terminal fields of the transgenic APP expressing neurons. Plaques form in the subiculum 

of CA1 triple transgenic mice by 6 months, and in CA1 of CA3 triple transgenic mice. At 

6-8 week and 4-6 month ages, when CA1 and CA3 tg APP levels per expressing neuron 

are comparable and APP expression outside CA1in CA1 mice is still reasonably low, 

LTP is reduced when the Aβ expression site is presynaptic, but not when it is 

postsynaptic. This, taken together with the preliminary plaque results, seems to indicate 

that Aβ mediated synaptic toxicity is driven by the presynaptic neuron. 
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