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Abstract  

Transgenic mice expressing both mutant amyloid precursor protein (APPswe) and 

presenilin-1 (PS1∆E9) develop amyloid deposits as early as 4 months of age and 

preliminary evidence suggests that this may be associated with degenerative changes in 

serotonin axons innervating the dentate gyrus of the hippocampus. In the present 

investigation, which focused on further delineating the effects of amyloid deposition on 

hippocampal neurochemistry, decreases in serotonin neurotransmitter levels (-25%) 

were discovered to be present at 18 months in APP+/PS1+ mice, while norepinephrine 

was reduced in the hippocampus of 12 (-30%) and 18 month-old (-45%) APP+/PS1+ 

double mutants. In addition, brain derived neurotrophic factor (BDNF) protein levels 

were investigated since changes in BDNF are reported to occur in AD, and BDNF has 

been shown to have trophic effects on serotonin and norepinephrine neurons. In 

doubly, but not singly mutant mice, hippocampal BDNF levels were increased at 12 

(+70%) and 18 months (+170%). Furthermore, in a different model of serotonergic and 

noradrenergic degeneration, BDNF protein levels were similarly increased in response 

to depletions in hippocampal serotonin and norepinephrine caused by the chemical 

neurotoxin 1-methyl-4-(2’-aminophenyl)-1,2,3,6-tetrahydropyridine (2’-NH2-MPTP). 

These findings show that early amyloid deposition in mice expressing mutant human 

APP and PS-1 is associated with a progressive loss of serotonin and norepinephrine 

neurotransmitter levels in the hippocampus later in life. Furthermore, BDNF protein 

levels are increased in APP+/PS1+ and 2'-NH2-MPTP-treated mice, possibly as a 
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compensatory response to serotonergic and noradrenergic neurodegeneration in a brain 

region important for learning and memory.  

 

 

Keywords (10 keywords): 

Serotonin 
Norepinephrine 
Monoamine 
Brain derived neurotrophic factor 
Amyloid precursor protein 
Presenilin 1 
Degenerative disease 
Alzheimer’s disease 
Aβ Peptide  
2'-NH2-MPTP 



 4

1.  Introduction 

 Familial Alzheimer’s disease (FAD) is associated with mutations in the genes 

encoding amyloid precursor protein (APP), presenilin 1 (PS1) or presenilin 2 (PS2) 

(Levy, 1990; Van Broeckhoven, 1990; Campion, 1995; Cruts, 1995; Levy-Lahad, 1995a; 

Levy-Lahad, 1995b; Price, 1998a). Specific mutations in these genes lead to altered 

proteolytic processing of APP with missense mutations in the presenilins affecting γ–

secretase, an enzyme that cleaves APP at the C-terminus (De Strooper, 1998; Wolfe, 

1999). Altered metabolism of APP results in increased production of total β-amyloid 

(Aβ) (Gordon, 2002) and specifically, the highly amyloidogenic Aβ42 peptide (Duff, 

1996; Citron, 1997; Kurt, 2001; Qi, 2003). Aβ aggregates to form extracellular plaques 

and together with neurofibrillary tangles, these constitute the neuropathological 

hallmarks of familial and sporadic AD (Hanger, 1992; Lantos, 1992).  

 Neurodegeneration associated with plaque formation in AD has been widely 

investigated (for reviews see: (Kanazawa, 2001; Hardy, 2002)). However, while much 

attention has focused on degeneration of basal forebrain cholinergic neurons 

(Whitehouse, 1982; Kopelman, 1986; Koliatsos, 1994), other neuronal subtypes have 

been found to sustain degenerative insult. A meta-analysis of post-mortem studies in 

AD patients demonstrated a significant loss of neurons not only in the cholinergic 

nucleus basalis, but also in the dorsal raphe and the locus coeruleus containing the 

serotonergic and noradrenergic cell bodies, respectively (Lyness, 2003). In addition, a 

small loss of dopamine neurons originating in the substantia nigra also was observed. 

The neurotoxic effects of β-amyloid on monoamine neurotransmitter systems is further 
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reflected by decreases in serotonin, norepinephrine and dopamine neurotransmitter 

levels detected in multiple brain regions in AD patients (Herregodts, 1989; Nazarali, 

1992; Storga, 1996) with Herregodts et al. concluding that the serotonin system sustains 

the greatest degenerative loss of neurons in AD. Loss of serotonergic neurons also has 

been associated with the formation of senile plaques in rhesus monkeys (Kitt, 1989). 

Thus the progressive memory loss and cognitive impairments indicative of AD most 

likely result from neurodegeneration occurring in multiple forebrain neurotransmitter 

systems (Arai, 1984; Herregodts, 1989; Engelborghs, 1997; Lyness, 2003).  

 In addition to research in humans and nonhuman primates, many strains of 

genetically engineered mice have been produced to investigate the effects of accelerated 

cerebral amyloid deposition on neurodegeneration (for reviews see: (Duff, 1998; Price, 

1998b; Wong, 2002)). Specifically, three lines of mice coexpressing mutant APP and PS1 

have been produced (Borchelt, 1997; Lee, 1997; Holcomb, 1998; Jankowsky, 2004). 

Among these, transgenic (Tg) mice expressing both the APPswe (APP695: K595N and 

M596L mutations; APP+) and the PS1∆E9 (PS1+) mutations show highly accelerated Aβ 

deposition and neuritic pathology in hippocampus at 6 months of age, which is not 

present in age-matched mice expressing either mutation alone (Jankowsky, 2004). 

Preliminary data suggests that this latter strain of APP+/PS1+ Tg mice also exhibits 

degeneration of serotonin axons innervating the dentate gyrus of the hippocampus at 12 

months of age, with evidence of continued axon loss occurring at 18 months (Yoo, 2002). 

Furthermore, 12 month-old doubly mutant APPswe+/PS1+ (A246E) Tg mice, but not 

singly mutant mice show impaired performance in the Morris water maze, suggesting 
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that a decrease in hippocampal-dependent spatial memory occurs in mice with early 

accumulation of Aβ (Puolivali, 2002; Savonenko, 2003).  

 Based on the potential contributions of serotonin, norepinephrine and dopamine 

neuronal degeneration to the cognitive impairments and other phenotypic 

abnormalities associated with AD, we investigated the effects of coexpression of APPswe 

and PS1∆E9 on monoamine neurochemistry. We analyzed serotonin, norepinephrine 

and dopamine levels and their major metabolites in various brain regions of 12 and 18 

month-old mutant APP+, PS1+ and APP+/PS1+ transgenic mice. We also explored the 

effects of accelerated Aβ formation on the neurotrophin, brain derived neurotrophic 

factor. BDNF is a 27 kD homodimeric protein that has been shown to have trophic 

effects on serotonergic (Mamounas, 2000), noradrenergic (Fawcett, 1998), dopaminergic 

(Lara, 2003) and cholinergic neurons (Koliatsos, 1994). Changes in BDNF expression 

appear to occur in Alzheimer’s disease patients (for review see: (Murer, 2001)) and 

BDNF immunoreactivity is associated with senile plaques (Ferrer, 1999; Murer, 1999; 

Burbach, 2004). However, evidence to date has been conflicting and BDNF has been 

reported to be increased (Durany, 2000), as well as decreased (Connor, 1997; Hock, 

2000; Michalski, 2003) in the hippocampus of human post-mortem Alzheimer’s brain. 

Therefore, we investigated alterations in hippocampal BDNF protein levels associated 

with the neurodegenerative processes occurring in APP+/PS1+ Tg mice. 

To further investigate the selective effects of serotonergic and noradrenergic 

neurodegeneration on BDNF levels, the chemical toxin 1-methyl-4-(2'-aminophenyl)-

1,2,3,6-tetrahydropyridine (2'-NH2-MPTP) was employed. This amine-substituted 
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analog of the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) has been shown to deplete forebrain serotonin and norepinephrine in mice 

(Andrews, 1993a; Andrews, 1993c; Andrews, 1993b; Andrews, 1996) and rats (Unger, 

2002), while having no long-term effects on striatal dopamine. Furthermore, glial 

fibrillary acidic protein (GFAP), a marker of reactive gliosis, as well as argyrophilia are 

increased 2-3 days after 2'-NH2-MPTP administration (Luellen, 2003), both of which are 

markers of neurodegeneration. In the present study, the effect of 2'-NH2-MPTP on 

BDNF protein levels was investigated to determine whether chemically-mediated 

serotonergic and noradrenergic neurodegeneration alters hippocampal BDNF protein 

levels. 
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2.  Materials and Methods: 

Animals 

Transgenic mice expressing FAD-linked mutant amyloid precursor protein (APP) or 

FAD-linked mutant presenilin 1 (PS1) were developed at the Johns Hopkins University 

School of Medicine. These two strains of mice were crossbred to create doubly 

transgenic APP+/PS1+ (Prp-APP/swe/Prp-PS1∆E9) mice (Borchelt, 1997; Lee, 1997). 

Four genotypes of mice (APP-/PS1-, APP+/PS1-, APP-/PS1+, APP+/PS1+) at 12 or 18 

months of age were used for the present experiments (n=6-8/genoptype/age). Twelve 

week-old CD-1 male mice from Charles River Laboratories, Inc. (Wilmington, MA), 

weighing 30 to 40 g were used for the neurotoxin experiment. All mice were maintained 

at 20-22ºC on a 12 hour light/dark cycle with food and water available ad libitum. 

Experimental protocols strictly adhered to the National Institutes of Health Animal 

Care Guidelines and were approved by the Johns Hopkins University School of 

Medicine and the Pennsylvania State University Institutional Animal Care and Use 

Committees. 

 

Neurotoxin Treatment 

2'-NH2-MPTP was administered in four intraperitoneal injections of 20 mg/kg at 2-h 

intervals. Doses were calculated as the free base and given in a volume of 0.1 mL sterile 

water. Control animals received similarly timed injections of sterile water. These dosing 

regimens were selected because they have been shown to cause long-term depletions in 

cortical and hippocampal 5-HT and NE (Andrews, 1993a; Andrews, 1993c; Luellen, 
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2003). To determine the acute time course of the effects of 2'-NH2-MPTP on 

hippocampal neurochemistry and BDNF protein levels, two cohorts of mice (n=24) 

were treated with 2'-NH2-MPTP (n=14) or water (control, n=10) and a single cohort was 

sacrificed at 3 or 21 days post-treatment. The mice were killed by cervical dislocation 

and their brains were rapidly removed and dissected over ice to obtain hippocampus. 

The samples then were stored at -70 ºC pending analysis. Half (n=7 for 2'-NH2-MPTP 

and n=5 for water) of the hippocampal samples were used for neurotransmitter analysis 

and the other half were reserved for BDNF protein analysis. 

 

Monoamine Neurotransmitter Analysis  

In addition to the 2'-NH2-MPTP-treated mice described in the previous section, 

APP/PS1 mice were sacrificed by cervical dislocation and the brains were rapidly 

dissected on ice. Samples were stored at -70 ºC prior to analysis. Brain region samples 

from one half of the brain (brainstem, hippocampus, frontal cortex and striatum) were 

analyzed for monoamine neurotransmitters and metabolites by high performance liquid 

chromatography with electrochemical detection (HPLC-ED) at +0.240 mV (Andrews, 

1996). Serotonin (5-HT), its metabolite 5-hydroxyindoleacetic acid (5-HIAA), 

norepinephrine, dopamine, and its metabolites 3,4-dihydroxyphenylacetic acid 

(DOPAC) and homovanillic acid (HVA) were separated and quantified in a single 

chromatogram. 5-Hydroxy-Nω-methyltryptamine oxalate was used as the internal 

standard. Relative peak areas of the sample peaks were compared to external standards 
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for quantitation. Total tissue protein levels were measured by the method of Lowry et 

al. (Lowry, 1951). 

 

Measurement of BDNF Protein Levels 

Hippocampus samples from the remaining side of the brain were analyzed using the 

BDNF Emax Immunoassay kit (Promega Co. Madison, WI) with an extraction 

procedure developed by us (Szapacs, 2004). Samples were weighed and homogenized 

in 2 mL of lysis buffer (100 mM PIPES pH 7, 500 mM NaCl, 0.2% Triton X-100, 0.1% 

NaN3, 2 mM EDTA, 200 µM PMSF, 10 µM leupeptin, 0.3 µM aprotinin, and 1 µM 

pepstatin). Samples were then divided and half of each sample was spiked (250 pg/mL 

BDNF) to quantify recovery. Using the manufacturer’s extraction procedure, percent 

recoveries determined in previous experiments were only 2-5% (Szapacs, 2004). On the 

other hand, the modified procedure typically results in ~70% recovery of BDNF from 

hippocampal tissue. Samples then were centrifuged at 16,000 g for 30 minutes and the 

supernatants were analyzed for BDNF protein levels by ELISA according to the 

manufacturer’s protocol (Promega, 2000). 

 

Drugs and Chemicals 

Components of the mobile phase and neurotransmitter standards were of HPLC grade 

or the highest quality obtainable from Sigma-Aldrich (St. Louis, MO). All chemicals 

used to make the BDNF extraction buffer and TBST wash buffer also were obtained 

from Sigma-Aldrich. 2'-NH2-MPTP was synthesized at The Pennsylvania State 
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University (University Park, PA) and is currently available from Sigma-Aldrich 

(A7969). The identity of 2'-NH2-MPTP was verified by 1H-NMR and mass spectrometry. 

The purity of 2'-NH2-MPTP was ~99% by gas chromatography and was stored 

desiccated at 4 ºC.  
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3.  Results: 

Serotonin neurotransmitter levels are decreased in hippocampus at 18 months in APP+/PS1+ 

transgenic mice 

At 12 month of age, no significant differences in 5-HT levels were detected in 

hippocampus [F(3,26)=1.7, p=0.19], frontal cortex [F(3,25)=2.9, p=0.054] or brain stem 

[F(3,26)=1.4, p=0.27] in APP+, PS1+ or APP+/PS1+ Tg mice compared to nonTg mice 

(Figure 1A). However at 18 months of age, PS1+ Tg mice showed a statistically 

significant 20% decrease in 5-HT in hippocampus and APP+/PS1+ Tg mice showed a 

25% decrease in hippocampal 5-HT levels [F(3,23)=11, p<0.0001] (Figure 1B). No 

changes were observed in 5-HT in frontal cortex [F(3,23)=0.87, p=0.47] or brain stem 

[F(3,22)=0.79, p=0.51] at 18 months. Changes in 5-HIAA, the major metabolite of 

serotonin, were similar to those of 5-HT, except for the fact that decreases were only 

significant in the APP+/PS1+ genotype at 18 months of age (-25%) [F(3,23)=4.7, p<0.01] 

(data not shown). 

 

Norepinephrine is significantly decreased at 12 and 18 months in APP+/PS1+ mice 

In 12 month-old mice, NE levels in the hippocampus were significantly decreased by 

25% in APP+ Tg mice and by 30% in APP+/PS1+ Tg mice compared to nonTg littermates 

([F(3,26)=3.1, p<0.05], Figure 2A). By contrast, NE levels were increased by 25% in PS1+ 

transgenic mice in frontal cortex [F(3,25)=6.0, p<0.01]. No changes in norepinephrine 

levels were detected in brain stem at 12 months of age [F(3,26)=1.8, p=0.18]. In 18 

month-old mice, hippocampal NE levels were further decreased by 45% in APP+/PS1+ 
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transgenic mice [F(3,23)=5.3, p<0.01] with no changes detected in frontal cortex 

[F(3,23)=2.8, p=0.063] or brain stem [F(3,22)=0.91, p=0.45] (Figure 2B).   

 

No alterations in striatal dopamine are present at either age  

The levels of dopamine (Figure 3) and its metabolites DOPAC and HVA (data not 

shown) were assessed in striatum in APP+, PS1+ and APP+/PS1+ Tg mice at 12 and 18 

months of age. No statistically significant changes were detected in DA (12 month-old 

[F(3,26)=1.3, p=0.31], 18 month-old [F(3,22)=0.35, p=0.79]), DOPAC (12 month-old 

[F(3,26)=1.9, p=0.15], 18 month-old [F(3,22)=1.3, p=0.30]) or HVA (12 month-old 

[F(3,25)=0.71, p=0.55], 18 month-old [F(3,22)=0.08, p=0.97]) with respect to genotype. 

 

Hippocampal BDNF protein levels are elevated at 12 and 18 months of age in APP+/PS1+ mice 

BDNF has been shown to cause regenerative sprouting of damaged serotonergic axons 

in the adult brain (Mamounas, 1995; Mamounas, 2000). Furthermore, genetically 

induced decreases in the expression of BDNF result in accelerated age-dependent 

degeneration of serotonergic innervation to the forebrain (Lyons, 1999). Thus, we 

explored whether BDNF protein levels may be altered in response to serotonergic and 

possibly, noradrenergic terminal degeneration in hippocampus in APP+/PS1+ Tg mice. 

Determination of BDNF protein levels by quantitative ELISA demonstrated a significant 

increase in hippocampal BDNF levels (+70%) in 12 month-old APP+/PS1+ Tg mice 

compared to APP+ and PS1+ transgenic mice and nonTg littermates [F(3,26)=6.7, p<0.01] 

(Figure 4). In 18 month-old APP+/PS1+ Tg mice, BDNF protein levels were elevated to 
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an even greater extent (+170%) compared to nonTg levels in hippocampus 

[F(3,21)=20.72, p<0.001] (Figure 4).  

 

5-HT and NE levels are reduced and BDNF protein levels are increased in the hippocampus 
following 2'-NH2-MPTP treatment 
 
In this experiment, we utilized the potent and selective serotonin and norepinephrine 

neurotoxin 2'-NH2-MPTP to model hippocampal serotonergic and noradrenergic 

neurodegeneration occurring in APP/PS1 transgenic mice (Andrews, 1993a; Andrews, 

1993c; Andrews, 1993b; Andrews, 1996; Unger, 2002; Luellen, 2003). Serotonin levels 

were significantly decreased by 80% 3 days post-treatment [F(3,22)=45.5, p<0.001] and 

50% 21 days post-treatment [F(3,22)=45.5, p<0.001] with 2'-NH2-MPTP in hippocampus. 

Norepinephrine also was significantly depleted by 80% 3 days post-treatment 

[F(3,21)=31.8, p<0.001] and 70% 21 days post-treatment [F(3,21)=31.8, p<0.001].   

To determine if hippocampal BDNF was altered in response to 2'-NH2-MPTP, 

BDNF protein levels were measured using ELISA. These data revealed a significant 

increase in BDNF (+75 %) between 2'-NH2-MPTP-treated and control mice at 3 days 

([t(10)=-3.8, p<0.01]; Fig. 5). On the other hand, hippocampal BDNF levels were not 

significantly different between the two groups 21 days after 2'-NH2-MPTP treatment 

[t(10)=-1.4, p=0.19].  
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4.  Discussion 

 The major findings of this study are three-fold. First, loss of monoamine 

neurotransmitters in mice coexpressing FAD-linked APP and PS1 occurred specifically 

in the hippocampus where 5-HT, 5-HIAA and NE levels were decreased in an age-

dependent manner. Second, losses of 5-HT and NE was concomitant with an age-

dependent increase in BDNF protein levels in hippocampus in APP+/PS1+ mice. Third, 

mice with reductions in hippocampal serotonin and norepinephrine levels caused by 

the neurotoxin 2'-NH2-MPTP also showed a time-dependent increase in BDNF.  

Preliminary immunocytochemical studies by others in APP+/PS1+ Tg mice 

suggest that a decrease in serotonin axon density occurs in the dentate gyrus of the 

hippocampus beginning at 12 months of age and this becomes more pronounced by 18 

months (Yoo, 2002). In the present investigation, decreases in serotonin 

neurotransmitter levels became evident by 18 months of age. Tissue serotonin levels 

have been shown to underestimate neuronal damage detectable by 

immunocytochemistry, particularly when degeneration is limited to specific subregions 

(Lyons, 1999). Moreover, the ability of the brain to compensate for the loss of 

serotonergic innervation by increasing the synthesis of 5-HT in remaining neurons may 

mask changes reflective of the early stages of axonal degeneration in 12 month-old 

APP+/PS1+ Tg mice and result in only a modest (25%) decrease in 5-HT in 18 month-old 

APP+/PS1+ Tg mice.  

Previous studies have reported decreases in 5-HT cell body numbers in brain 

stem in postmortem human Alzheimer patients (Lyness, 2003), however, we detected 
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no change in brain stem 5-HT levels in doubly mutant APP+/PS1+ Tg mice. Once again, 

increased serotonin synthesis may account for these findings. Alternately, they may be 

indicative of the time course over which plaques form in transgenic mice (~12 months) 

compared to the duration of AD in the human patients studied (3-11 years with 

exposure to amyloid plaques presumably predating the diagnosis of AD). Shorter β-

amyloid exposure in mice may not allow sufficient time for axonal damage to cause 

retrograde degeneration of 5-HT cell bodies. Furthermore, serotonergic neuronal 

perikarya may be relatively resistant to degeneration in mice (Andrews, 1993a; 

Mamounas, 2000). Overall however, the current data lend support to the hypothesis 

that early onset Aβ deposition in mice is associated with degeneration of 5-HT axons 

projecting to the hippocampus. 

Notably, the present study also revealed a decrease in hippocampal NE at both 

12 and 18 months in APP+/PS1+ Tg mice, signifying that degeneration of noradrenergic 

axons potentially occurs. Significant differences in striatal levels of DA or its major 

metabolites were not detected, suggesting that the nigrostriatal dopamine system may 

be relatively unaffected by amyloid plaque formation in APP+/PS1+ Tg mice. 

Immunocytochemical studies using antibodies directed against tyrosine hydroxylase 

and serotonin are planned to further assess neurodegenerative changes in 

noradrenergic, dopaminergic and serotonergic forebrain innervation in APP+/PS1+ 

transgenic mice. 

Decreases in serotonin and norepinephrine levels may contribute to learning and 

memory deficits previously reported to occur in APP+/PS1+ Tg mice (Puolivali, 2002). 
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Reductions in both serotonergic and/or noradrenergic neurotransmission have been 

found to affect learning and memory in humans and rats (Richter-Levin, 1989; Nilsson, 

1990; Chen, 1992; Clayton, 2000; Parvizi, 2001; Madhyastha, 2002; Myhrer, 2003; Porter, 

2003; Collier, 2004). In a clinical trial, acute depletions of tryptophan, the precursor to 5-

HT caused impairment in working memory in Alzheimer-type senile dementia patients 

and control patients (Porter, 2003). Other studies have indicated that the combined loss 

of serotonergic and cholinergic neurons leads to a spatial learning defecit in rats 

(Richter-Levin, 1989; Nilsson, 1990) that can be reversed by grafting both serotonergic 

and cholinergic neurons into the hippocampus (Nilsson, 1990). Finally, one study 

implicated serotonin and norepinephrine in spatial learning and memory tasks with as 

little as a 10-15% decrease in tissue levels of 5-HT and NE leading to impairment 

(Madhyastha, 2002). Together these data suggest that degeneration in the serotonin 

and/or noradrenergic systems, possibly in combination with the loss of cholinergic 

innervation, has profound effects on cognitive brain function.   

Phillips et al. first reported a decrease in BDNF mRNA in the hippocampus in 

patients with AD (Phillips, 1991). Subsequent studies demonstrated reductions in BDNF 

protein, its preprotein and specific BDNF mRNA transcripts in the parietal cortex of 

Alzheimer’s disease patients at the time of death (Fahnestock, 2002; Garzon, 2002; 

Michalski, 2003). However, postmortem studies conducted in humans offer only a 

snapshot of the changes occurring in BDNF in the late stages of the disease. On the 

other hand, transgenic mouse models such as APP+/PS1+ mice present the opportunity 

to investigate alterations in BDNF during earlier stages of β-amyloid deposition. The 
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current findings show an ongoing increase in BDNF protein levels in 12 versus 18 

month-old mice coexpressing mutant APP and PS1 transgenes linked to FAD. Increases 

in BDNF protein levels may reflect an early onset compensatory mechanism in response 

to neuronal degeneration associated with Aβ deposition. Infusion of Aβ42 directly into 

the brain has been shown to increase BDNF mRNA expression in the hippocampus 

(Tang, 2000). Furthermore, studies on the effects of p-chloroamphetamine, a 

serotonergic neurotoxin, demonstrated a toxin-induced decrease in the number of 5-HT 

immunoreactive fibers in hippocampus concomitant with an increase in BDNF mRNA 

in the dentate gyrus, CA1 and CA3 pyramidal cell regions of the hippocampus 

(Zetterstrom, 1999). These findings, together with the present data from mice treated 

with 2'-NH2-MPTP support the idea that an increase in BDNF occurs in response to 

damage to serotonergic, and possibly noradrenergic axons projecting to the 

hippocampus. 

An alternate explanation for our findings in doubly mutant APP+/PS1+ mice is 

that β-amyloid plaque formation may impair BDNF retrograde transport in 

degenerating serotonergic and noradrenergic neurons projecting from the brain stem to 

the hippocampus. Cooper et al. have demonstrated that failed retrograde transport of 

another neurotrophin, nerve growth factor (NGF) occurs in basal forebrain cholinergic 

neurons in a Down's Syndrome model of cholinergic degeneration (Cooper, 2001). 

Many studies have addressed the subject of retrograde BDNF transport (DiStefano, 

1992; Mufson, 1994; Sobreviela, 1996) and Mufson and colleagues have summarized 

these data in a recent review (Mufson, 1999). BDNF is transported from dorsal 
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hippocampus to hypothalamic, diagonal band and basal forebrain cholinergic nuclei, 

entorhinal cortex, contralateral hippocampus and adjacent subfields of the ipsalateral 

hippocampus (Sobreviela, 1996; Mufson, 1999). However, these authors did not find 

evidence of BDNF retrograde transport directly from hippocampus to the medial or 

dorsal raphe regions of the brain stem where the serotonergic cell bodies are located, or 

to the locus coeruleus noradrenergic cell bodies. By contrast, others have found 

evidence for anterograde BDNF transport in the CNS (Altar, 1997; Conner, 1997; 

Fawcett, 1998; Spalding, 2002). Double labeling studies for dopamine β-hydroxylase (a 

marker of noradrenergic neurons) and BDNF showed that these two proteins are highly 

co-localized in brain stem (Fawcett, 1998) and the authors postulated that these data, in 

combination with previous in situ hybridization studies (Castren, 1995) indicate that 

BDNF is synthesized in norepinephrine cell bodies and anterogradely transported into 

noradrenergic axons and terminals. Thus trafficking of BDNF is complex and does not 

appear to involve direct retrograde transport from hippocampus to brain stem. In light 

of this, uncovering possible alterations in BDNF trafficking in APP+/PS1+ mice will 

require detailed comprehensive studies.  

Previous experiments assessing cholinergic degeneration in a separate line of 

doubly mutant APP+/PS1+ mice (APPswe/PS1:M146L) have been mixed. In one report 

using p75NTR-immunoreactivity as a marker for cholinergic basal forebrain innervation, 

no changes in cholinergic axons projecting to the hippocampus of doubly mutant mice 

compared to nontg mice were detected (Jaffar, 2001). However, in a second study 

utilizing an antibody directed against the vesicular acetylcholine transporter, a modest 
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decrease in the size of hippocampal cholinergic synapses was detected at 8 months of 

age in doubly mutant mice that was not accompanied by a change in cell body number. 

Additional in depth histological analyses of neurodegenerative changes in the 

cholinergic neurotransmitter system, as well as the monoamine systems over a wide 

range of ages in APPswe/PS1∆E9 mice appears warranted, as well as studies aimed at 

investigating the molecular mechanisms underlying the increased expression of BDNF 

occurring in response to coexpression of these mutant forms of APP and PS1 proteins. 

 In conclusion, the two time-points studied herein reveal increasingly pronounced 

changes in hippocampal neurochemistry in mice with a greater density of Aβ deposits 

(18 months of age) compared to mice with fewer Aβ deposits (12 months of age) 

(Borchelt, 1997). We observed decreases in NE levels and increases in BDNF as early as 

12 months of age in the hippocampus of APP+/PS1+ Tg mice, suggesting that even at 

lower densities, plaque formation adversely affects hippocampal neurochemistry. In 18 

month-old APP+/PS1+ Tg mice with continued advancement of plaque deposition, 5-

HT neurotransmitter levels were decreased, NE levels were further reduced and BDNF 

protein levels were elevated to a greater extent implying that a progressive 

neurodegenerative pathology is present in APP+/PS1+ Tg mice. In further support of these 

data, BDNF protein levels also were increased as early as 3 days after neurotoxic 

damage to the forebrain serotonergic and noradrenergic systems by 2'-NH2-MPTP, 

however, they began to return to normal by 21 days after this type of acute insult. 

In light of the present findings on BDNF in APP+/PS1+ Tg mice, it appears that 

increases in the expression of this neurotrophic factor occur in response to hippocampal 
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neurodegeneration. Drugs that inhibit the reuptake of serotonin (i.e. Prozac, Paxil), 

which are commonly used in the treatment of mood and anxiety disorders also have 

been reported to increase BDNF mRNA (Nibuya, 1995) and more recently, to stimulate 

hippocampal neurogenesis (Santarelli, 2002). Therefore, β-amyloid associated increases 

in BDNF may act to stimulate the generation of new neurons in APP+/PS1+ Tg mice as 

part of a compensatory response to continuing degeneration. APP+/PS1+ Tg mice will 

serve as a good model to further explore these hypotheses, especially with regard to the 

development and testing of novel neuroprotective or neuro-regenerative therapeutic 

strategies (Altar, 1999).  



 22

Acknowledgements 

The authors sincerely thank Drs. David Borchelt and Michael Lee for providing the 

APP/PS1 transgenic animals used in the present investigation, as well as Dr. Raymond 

Funk for synthesis of 2'-NH2-MPTP and Beth Luellen for her help with the 2'-NH2-MPTP 

treatments. Support for this study came from the National Institute of Mental Health 

(R03 MH067713-01), Eli Lilly and Company and the Pennsylvania State University 

Department Chemistry and Schreyer Honors College.  



 23

References 

Altar, C. A. (1999). Neurotrophins and depression. Trends Pharmacol Sci 20(2): 59-61. 
Altar, C. A., N. Cai, T. Bliven, M. Juhasz, J. M. Conner, A. L. Acheson, R. M. Lindsay and S. J. 

Wiegand (1997). Anterograde transport of brain-derived neurotrophic factor and its role 
in the brain. Nature 389(6653): 856-60. 

Andrews, A. M., B. Ladenheim, C. J. Epstein, J. L. Cadet and D. L. Murphy (1996). Transgenic 
mice with high levels of superoxide dismutase activity are protected from the neurotoxic 
effects of 2'-NH2-MPTP on serotonergic and noradrenergic nerve terminals. Mol 
Pharmacol 50(6): 1511-9. 

Andrews, A. M. and D. L. Murphy (1993a). 2'-NH2-MPTP in Swiss Webster mice: evidence for 
long-term (6-month) depletions in cortical and hippocampal serotonin and 
norepinephrine, differential protection by selective uptake inhibitors or clorgyline and 
functional changes in central serotonin neurotransmission. J Pharmacol Exp Ther 267(3): 
1432-9. 

Andrews, A. M. and D. L. Murphy (1993b). Fluoxetine and desipramine selectively attenuate 2'-
NH2-MPTP-induced depletions in serotonin and norepinephrine. Eur J Pharmacol 
250(2): 215-21. 

Andrews, A. M. and D. L. Murphy (1993c). Sustained depletion of cortical and hippocampal 
serotonin and norepinephrine but not striatal dopamine by 1-methyl-4-(2'-aminophenyl)-
1,2,3,6-tetrahydropyridine (2'-NH2-MPTP): a comparative study with 2'-CH3-MPTP and 
MPTP. J Neurochem 60(3): 1167-70. 

Arai, H., K. Kosaka and R. Iizuka (1984). Changes of biogenic amines and their metabolites in 
postmortem brains from patients with Alzheimer-type dementia. J Neurochem 43(2): 
388-93. 

Borchelt, D. R., T. Ratovitski, J. van Lare, M. K. Lee, V. Gonzales, N. A. Jenkins, N. G. 
Copeland, D. L. Price and S. S. Sisodia (1997). Accelerated amyloid deposition in the 
brains of transgenic mice coexpressing mutant presenilin 1 and amyloid precursor 
proteins. Neuron 19(4): 939-45. 

Burbach, G. J., R. Hellweg, C. A. Haas, D. Del Turco, U. Deicke, D. Abramowski, M. Jucker, 
M. Staufenbiel and T. Deller (2004). Induction of brain-derived neurotrophic factor in 
plaque-associated glial cells of aged APP23 transgenic mice. J Neurosci 24(10): 2421-30. 

Campion, D., J. M. Flaman, A. Brice, D. Hannequin, B. Dubois, C. Martin, V. Moreau, F. 
Charbonnier, O. Didierjean, S. Tardieu and et al. (1995). Mutations of the presenilin I 
gene in families with early-onset Alzheimer's disease. Hum Mol Genet 4(12): 2373-7. 

Castren, E., H. Thoenen and D. Lindholm (1995). Brain-derived neurotrophic factor messenger 
RNA is expressed in the septum, hypothalamus and in adrenergic brain stem nuclei of 
adult rat brain and is increased by osmotic stimulation in the paraventricular nucleus. 
Neuroscience 64(1): 71-80. 

Chen, M. F., T. H. Chiu and E. H. Lee (1992). Noradrenergic mediation of the memory-
enhancing effect of corticotropin-releasing factor in the locus coeruleus of rats. 
Psychoneuroendocrinology 17(2-3): 113-24. 

Citron, M., D. Westaway, W. Xia, G. Carlson, T. Diehl, G. Levesque, K. Johnson-Wood, M. 
Lee, P. Seubert, A. Davis, D. Kholodenko, R. Motter, R. Sherrington, B. Perry, H. Yao, 
R. Strome, I. Lieberburg, J. Rommens, S. Kim, D. Schenk, P. Fraser, P. St George 
Hyslop and D. J. Selkoe (1997). Mutant presenilins of Alzheimer's disease increase 



 24

production of 42- residue amyloid beta-protein in both transfected cells and transgenic 
mice. Nat Med 3(1): 67-72. 

Clayton, E. C. and C. L. Williams (2000). Posttraining inactivation of excitatory afferent input to 
the locus coeruleus impairs retention in an inhibitory avoidance learning task. Neurobiol 
Learn Mem 73(2): 127-40. 

Collier, T. J., J. G. Greene, D. L. Felten, S. Y. Stevens and K. S. Collier (2004). Reduced cortical 
noradrenergic neurotransmission is associated with increased neophobia and impaired 
spatial memory in aged rats. Neurobiol Aging 25(2): 209-21. 

Conner, J. M., J. C. Lauterborn, Q. Yan, C. M. Gall and S. Varon (1997). Distribution of brain-
derived neurotrophic factor (BDNF) protein and mRNA in the normal adult rat CNS: 
evidence for anterograde axonal transport. J Neurosci 17(7): 2295-313. 

Connor, B., D. Young, Q. Yan, R. L. Faull, B. Synek and M. Dragunow (1997). Brain-derived 
neurotrophic factor is reduced in Alzheimer's disease. Brain Res Mol Brain Res 49(1-2): 
71-81. 

Cooper, J. D., A. Salehi, J. D. Delcroix, C. L. Howe, P. V. Belichenko, J. Chua-Couzens, J. F. 
Kilbridge, E. J. Carlson, C. J. Epstein and W. C. Mobley (2001). Failed retrograde 
transport of NGF in a mouse model of Down's syndrome: reversal of cholinergic 
neurodegenerative phenotypes following NGF infusion. Proc Natl Acad Sci U S A 
98(18): 10439-44. 

Cruts, M., H. Backhovens, S. Y. Wang, G. Van Gassen, J. Theuns, C. D. De Jonghe, A. Wehnert, 
J. De Voecht, G. De Winter, P. Cras and et al. (1995). Molecular genetic analysis of 
familial early-onset Alzheimer's disease linked to chromosome 14q24.3. Hum Mol Genet 
4(12): 2363-71. 

De Strooper, B., P. Saftig, K. Craessaerts, H. Vanderstichele, G. Guhde, W. Annaert, K. Von 
Figura and F. Van Leuven (1998). Deficiency of presenilin-1 inhibits the normal cleavage 
of amyloid precursor protein. Nature 391(6665): 387-90. 

DiStefano, P. S., B. Friedman, C. Radziejewski, C. Alexander, P. Boland, C. M. Schick, R. M. 
Lindsay and S. J. Wiegand (1992). The neurotrophins BDNF, NT-3, and NGF display 
distinct patterns of retrograde axonal transport in peripheral and central neurons. Neuron 
8(5): 983-93. 

Duff, K. (1998). Recent work on Alzheimer's disease transgenics. Curr Opin Biotechnol 9(6): 
561-4. 

Duff, K., C. Eckman, C. Zehr, X. Yu, C. M. Prada, J. Perez-tur, M. Hutton, L. Buee, Y. 
Harigaya, D. Yager, D. Morgan, M. N. Gordon, L. Holcomb, L. Refolo, B. Zenk, J. 
Hardy and S. Younkin (1996). Increased amyloid-beta42(43) in brains of mice expressing 
mutant presenilin 1. Nature 383(6602): 710-3. 

Durany, N., T. Michel, J. Kurt, F. F. Cruz-Sanchez, J. Cervas-Navarro and P. Riederer (2000). 
Brain-derived neurotrophic factor and neurotrophin-3 levels in Alzheimer's disease 
brains. Int J Dev Neurosci 18(8): 807-13. 

Engelborghs, S. and P. P. De Deyn (1997). The neurochemistry of Alzheimer's disease. Acta 
Neurol Belg 97(2): 67-84. 

Fahnestock, M., D. Garzon, R. M. Holsinger and B. Michalski (2002). Neurotrophic factors and 
Alzheimer's disease: are we focusing on the wrong molecule? J Neural Transm 
Suppl(62): 241-52. 



 25

Fawcett, J. P., S. X. Bamji, C. G. Causing, R. Aloyz, A. R. Ase, T. A. Reader, J. H. McLean and 
F. D. Miller (1998). Functional evidence that BDNF is an anterograde neuronal trophic 
factor in the CNS. J Neurosci 18(8): 2808-21. 

Ferrer, I., C. Marin, M. J. Rey, T. Ribalta, E. Goutan, R. Blanco, E. Tolosa and E. Marti (1999). 
BDNF and full-length and truncated TrkB expression in Alzheimer disease. Implications 
in therapeutic strategies. J Neuropathol Exp Neurol 58(7): 729-39. 

Garzon, D., G. Yu and M. Fahnestock (2002). A new brain-derived neurotrophic factor transcript 
and decrease in brain-derived neurotrophic factor transcripts 1, 2 and 3 in Alzheimer's 
disease parietal cortex. J Neurochem 82(5): 1058-64. 

Gordon, M. N., L. A. Holcomb, P. T. Jantzen, G. DiCarlo, D. Wilcock, K. W. Boyett, K. Connor, 
J. Melachrino, J. P. O'Callaghan and D. Morgan (2002). Time course of the development 
of Alzheimer-like pathology in the doubly transgenic PS1+APP mouse. Exp Neurol 
173(2): 183-95. 

Hanger, D. P., D. M. Mann, D. Neary and B. H. Anderton (1992). Tau pathology in a case of 
familial Alzheimer's disease with a valine to glycine mutation at position 717 in the 
amyloid precursor protein. Neurosci Lett 145(2): 178-80. 

Hardy, J. and D. J. Selkoe (2002). The amyloid hypothesis of Alzheimer's disease: Progress and 
problems on the road to therapeutics. Science 297(5580): 353-6. 

Herregodts, P., M. Bruyland, J. De Keyser, C. Solheid, Y. Michotte and G. Ebinger (1989). 
Monoaminergic neurotransmitters in Alzheimer's disease. An HPLC study comparing 
presenile familial and sporadic senile cases. J Neurol Sci 92(1): 101-16. 

Hock, C., K. Heese, C. Hulette, C. Rosenberg and U. Otten (2000). Region-specific neurotrophin 
imbalances in Alzheimer disease: Decreased levels of brain-derived neurotrophic factor 
and increased levels of nerve growth factor in hippocampus and cortical areas. Arch 
Neurol 57(6): 846-51. 

Holcomb, L., M. N. Gordon, E. McGowan, X. Yu, S. Benkovic, P. Jantzen, K. Wright, I. Saad, 
R. Mueller, D. Morgan, S. Sanders, C. Zehr, K. O'Campo, J. Hardy, C. M. Prada, C. 
Eckman, S. Younkin, K. Hsiao and K. Duff (1998). Accelerated Alzheimer-type 
phenotype in transgenic mice carrying both mutant amyloid precursor protein and 
presenilin 1 transgenes. Nat Med 4(1): 97-100. 

Jaffar, S., S. E. Counts, S. Y. Ma, E. Dadko, M. N. Gordon, D. Morgan and E. J. Mufson (2001). 
Neuropathology of mice carrying mutant APP(swe) and/or PS1(M146L) transgenes: 
Alterations in the p75(NTR) cholinergic basal forebrain septohippocampal pathway. Exp 
Neurol 170(2): 227-43. 

Jankowsky, J. L., D. J. Fadale, J. Anderson, G. M. Xu, V. Gonzales, N. A. Jenkins, N. G. 
Copeland, M. K. Lee, L. H. Younkin, S. L. Wagner, S. G. Younkin and D. R. Borchelt 
(2004). Mutant presenilins specifically elevate the levels of the 42 residue beta-amyloid 
peptide in vivo: evidence for augmentation of a 42-specific gamma secretase. Hum Mol 
Genet 13(2): 159-70. 

Kanazawa, I. (2001). How do neurons die in neurodegenerative diseases? Trends Mol Med 7(8): 
339-44. 

Kitt, C. A., L. C. Walker, M. E. Molliver and D. L. Price (1989). Serotoninergic neurites in 
senile plaques in cingulate cortex of aged nonhuman primate. Synapse 3: 12-18. 

Koliatsos, V. E., D. L. Price, G. K. Gouras, M. H. Cayouette, L. E. Burton and J. W. Winslow 
(1994). Highly selective effects of nerve growth factor, brain-derived neurotrophic factor, 



 26

and neurotrophin-3 on intact and injured basal forebrain magnocellular neurons. J Comp 
Neurol 343(2): 247-62. 

Kopelman, M. D. (1986). The cholinergic neurotransmitter system in human memory and 
dementia: A review. Q J Exp Psychol A 38(4): 535-73. 

Kurt, M. A., D. C. Davies, M. Kidd, K. Duff, S. C. Rolph, K. H. Jennings and D. R. Howlett 
(2001). Neurodegenerative changes associated with beta-amyloid deposition in the brains 
of mice carrying mutant amyloid precursor protein and mutant presenilin-1 transgenes. 
Exp Neurol 171(1): 59-71. 

Lantos, P. L., P. J. Luthert, D. Hanger, B. H. Anderton, M. Mullan and M. Rossor (1992). 
Familial Alzheimer's disease with the amyloid precursor protein position 717 mutation 
and sporadic Alzheimer's disease have the same cytoskeletal pathology. Neurosci Lett 
137(2): 221-4. 

Lara, J., K. Kusano, S. House and H. Gainer (2003). Interactions of cyclic adenosine 
monophosphate, brain-derived neurotrophic factor, and glial cell line-derived 
neurotrophic factor treatment on the survival and growth of postnatal mesencephalic 
dopamine neurons in vitro. Exp Neurol 180(1): 32-45. 

Lee, M. K., D. R. Borchelt, G. Kim, G. Thinakaran, H. H. Slunt, T. Ratovitski, L. J. Martin, A. 
Kittur, S. Gandy, A. I. Levey, N. Jenkins, N. Copeland, D. L. Price and S. S. Sisodia 
(1997). Hyperaccumulation of FAD-linked presenilin 1 variants in vivo. Nat Med 3(7): 
756-60. 

Levy, E., M. D. Carman, I. J. Fernandez-Madrid, M. D. Power, I. Lieberburg, S. G. van Duinen, 
G. T. Bots, W. Luyendijk and B. Frangione (1990). Mutation of the Alzheimer's disease 
amyloid gene in hereditary cerebral hemorrhage, Dutch type. Science 248(4959): 1124-6. 

Levy-Lahad, E., W. Wasco, P. Poorkaj, D. M. Romano, J. Oshima, W. H. Pettingell, C. E. Yu, P. 
D. Jondro, S. D. Schmidt, K. Wang and et al. (1995a). Candidate gene for the 
chromosome 1 familial Alzheimer's disease locus. Science 269(5226): 973-7. 

Levy-Lahad, E., E. M. Wijsman, E. Nemens, L. Anderson, K. A. Goddard, J. L. Weber, T. D. 
Bird and G. D. Schellenberg (1995b). A familial Alzheimer's disease locus on 
chromosome 1. Science 269(5226): 970-3. 

Lowry, O. H., N. J. Rosebrough, A. L. Farr and R. J. Randall (1951). Protein measurement with 
the folin phenol reagent. J Biol Chem 193: 265-275. 

Luellen, B. A., D. B. Miller, A. C. Chisnell, D. L. Murphy, J. P. O'Callaghan and A. M. Andrews 
(2003). Neuronal and astroglial responses to the serotonin and norepinephrine 
neurotoxin: 1-methyl-4-(2'-aminophenyl)-1,2,3,6-tetrahydropyridine. J Pharmacol Exp 
Ther 307(3): 923-31. 

Lyness, S. A., C. Zarow and H. C. Chui (2003). Neuron loss in key cholinergic and aminergic 
nuclei in Alzheimer disease: A meta-analysis. Neurobiol Aging 24(1): 1-23. 

Lyons, W. E., L. A. Mamounas, G. A. Ricaurte, V. Coppola, S. W. Reid, S. H. Bora, C. Wihler, 
V. E. Koliatsos and L. Tessarollo (1999). Brain-derived neurotrophic factor-deficient 
mice develop aggressiveness and hyperphagia in conjunction with brain serotonergic 
abnormalities. Proc Natl Acad Sci U S A 96(26): 15239-44. 

Madhyastha, S., S. N. Somayaji, M. S. Rao, K. Nalini and K. L. Bairy (2002). Hippocampal 
brain amines in methotrexate-induced learning and memory deficit. Can J Physiol 
Pharmacol 80(11): 1076-84. 



 27

Mamounas, L. A., C. A. Altar, M. E. Blue, D. R. Kaplan, L. Tessarollo and W. E. Lyons (2000). 
BDNF promotes the regenerative sprouting, but not survival, of injured serotonergic 
axons in the adult rat brain. J Neurosci 20(2): 771-82. 

Mamounas, L. A., M. E. Blue, J. A. Siuciak and C. A. Altar (1995). Brain-derived neurotrophic 
factor promotes the survival and sprouting of serotonergic axons in rat brain. J Neurosci 
15(12): 7929-39. 

Michalski, B. and M. Fahnestock (2003). Pro-brain-derived neurotrophic factor is decreased in 
parietal cortex in Alzheimer's disease. Brain Res Mol Brain Res 111(1-2): 148-54. 

Mufson, E. J., J. S. Kroin, T. J. Sendera and T. Sobreviela (1999). Distribution and retrograde 
transport of trophic factors in the central nervous system: functional implications for the 
treatment of neurodegenerative diseases. Prog Neurobiol 57(4): 451-84. 

Mufson, E. J., J. S. Kroin, T. Sobreviela, M. A. Burke, J. H. Kordower, R. D. Penn and J. A. 
Miller (1994). Intrastriatal infusions of brain-derived neurotrophic factor: retrograde 
transport and colocalization with dopamine containing substantia nigra neurons in rat. 
Exp Neurol 129(1): 15-26. 

Murer, M. G., F. Boissiere, Q. Yan, S. Hunot, J. Villares, B. Faucheux, Y. Agid, E. Hirsch and 
R. Raisman-Vozari (1999). An immunohistochemical study of the distribution of brain-
derived neurotrophic factor in the adult human brain, with particular reference to 
Alzheimer's disease. Neuroscience 88(4): 1015-32. 

Murer, M. G., Q. Yan and R. Raisman-Vozari (2001). Brain-derived neurotrophic factor in the 
control human brain, and in Alzheimer's disease and Parkinson's disease. Prog Neurobiol 
63(1): 71-124. 

Myhrer, T. (2003). Neurotransmitter systems involved in learning and memory in the rat: a meta-
analysis based on studies of four behavioral tasks. Brain Res Brain Res Rev 41(2-3): 268-
87. 

Nazarali, A. J. and G. P. Reynolds (1992). Monoamine neurotransmitters and their metabolites in 
brain regions in Alzheimer's disease: A postmortem study. Cell Mol Neurobiol 12(6): 
581-7. 

Nibuya, M., S. Morinobu and R. S. Duman (1995). Regulation of BDNF and trkB mRNA in rat 
brain by chronic electroconvulsive seizure and antidepressant drug treatments. J Neurosci 
15(11): 7539-47. 

Nilsson, O. G., P. Brundin and A. Bjorklund (1990). Amelioration of spatial memory impairment 
by intrahippocampal grafts of mixed septal and raphe tissue in rats with combined 
cholinergic and serotonergic denervation of the forebrain. Brain Res 515(1-2): 193-206. 

Parvizi, J., G. W. Van Hoesen and A. Damasio (2001). The selective vulnerability of brainstem 
nuclei to Alzheimer's disease. Ann Neurol 49(1): 53-66. 

Phillips, H. S., J. M. Hains, M. Armanini, G. R. Laramee, S. A. Johnson and J. W. Winslow 
(1991). BDNF mRNA is decreased in the hippocampus of individuals with Alzheimer's 
disease. Neuron 7(5): 695-702. 

Porter, R. J., B. S. Lunn and J. T. O'Brien (2003). Effects of acute tryptophan depletion on 
cognitive function in Alzheimer's disease and in the healthy elderly. Psychol Med 33(1): 
41-9. 

Price, D. L. and S. S. Sisodia (1998a). Mutant genes in familial Alzheimer's disease and 
transgenic models. Annu Rev Neurosci 21: 479-505. 

Price, D. L., S. S. Sisodia and D. R. Borchelt (1998b). Genetic neurodegenerative diseases: The 
human illness and transgenic models. Science 282(5391): 1079-83. 



 28

Promega (2000). BDNF Emax ImmunoAssay System. Promega Corporation Technical Bulletin 
No. 257. 

Puolivali, J., J. Wang, T. Heikkinen, M. Heikkila, T. Tapiola, T. van Groen and H. Tanila (2002). 
Hippocampal A beta 42 levels correlate with spatial memory deficit in APP and PS1 
double transgenic mice. Neurobiol Dis 9(3): 339-47. 

Qi, Y., M. Morishima-Kawashima, T. Sato, R. Mitsumori and Y. Ihara (2003). Distinct 
mechanisms by mutant presenilin 1 and 2 leading to increased intracellular levels of 
amyloid beta-protein 42 in Chinese hamster ovary cells. Biochemistry 42(4): 1042-52. 

Richter-Levin, G. and M. Segal (1989). Spatial performance is severely impaired in rats with 
combined reduction of serotonergic and cholinergic transmission. Brain Res 477(1-2): 
404-7. 

Santarelli, L., G. Gobbi, P. Blier and R. Hen (2002). Behavioral and physiologic effects of 
genetic or pharmacologic inactivation of the substance P receptor (NK1). J Clin 
Psychiatry 63 Suppl 11: 11-7. 

Savonenko, A. V., G. M. Xu, D. L. Price, D. R. Borchelt and A. L. Markowska (2003). Normal 
cognitive behavior in two distinct congenic lines of transgenic mice hyperexpressing 
mutant APP SWE. Neurobiol Dis 12(3): 194-211. 

Sobreviela, T., M. Pagcatipunan, J. S. Kroin and E. J. Mufson (1996). Retrograde transport of 
brain-derived neurotrophic factor (BDNF) following infusion in neo- and limbic cortex in 
rat: relationship to BDNF mRNA expressing neurons. J Comp Neurol 375(3): 417-44. 

Spalding, K. L., M. M. Tan, I. A. Hendry and A. R. Harvey (2002). Anterograde transport and 
trophic actions of BDNF and NT-4/5 in the developing rat visual system. Mol Cell 
Neurosci 19(4): 485-500. 

Storga, D., K. Vrecko, J. G. Birkmayer and G. Reibnegger (1996). Monoaminergic 
neurotransmitters, their precursors and metabolites in brains of Alzheimer patients. 
Neurosci Lett 203(1): 29-32. 

Szapacs, M. E., T. A. Mathews, L. Tessarollo, W. E. Lyons, L. A. Mamounas and A. M. 
Andrews (2004). Exploring the relationship between serotonin and brain derived 
neurotrophic factor: analysis fo BDNF protein and extraneuronal 5-HT in mice with 
reduced serotonin transporter or BDNF expression. J Neurosci Methods in press. 

Tang, Y., K. Yamada, Y. Kanou, T. Miyazaki, X. Xiong, F. Kambe, Y. Murata, H. Seo and T. 
Nabeshima (2000). Spatiotemporal expression of BDNF in the hippocampus induced by 
the continuous intracerebroventricular infusion of beta-amyloid in rats. Brain Res Mol 
Brain Res 80(2): 188-97. 

Unger, E. L., P. Mazzola-Pomietto, D. L. Murphy and A. M. Andrews (2002). 2'-NH(2)-MPTP 
[1-methyl-4-(2'-aminophenyl)-1,2,3,6-tetrahydropyridine] depletes serotonin and 
norepinephrine in rats: a comparison with 2'-CH(3)-MPTP [1-methyl-4-(2'-
methylphenyl)-1,2,3,6-tetrahydropyridine]. J Pharmacol Exp Ther 303(2): 527-33. 

Van Broeckhoven, C., J. Haan, E. Bakker, J. A. Hardy, W. Van Hul, A. Wehnert, M. Vegter-Van 
der Vlis and R. A. Roos (1990). Amyloid beta protein precursor gene and hereditary 
cerebral hemorrhage with amyloidosis (Dutch). Science 248(4959): 1120-2. 

Whitehouse, P. J., D. L. Price, R. G. Struble, A. W. Clark, J. T. Coyle and M. R. Delon (1982). 
Alzheimer's disease and senile dementia: loss of neurons in the basal forebrain. Science 
215(4537): 1237-9. 



 29

Wolfe, M. S., W. Xia, B. L. Ostaszewski, T. S. Diehl, W. T. Kimberly and D. J. Selkoe (1999). 
Two transmembrane aspartates in presenilin-1 required for presenilin endoproteolysis and 
gamma-secretase activity. Nature 398(6727): 513-7. 

Wong, P. C., H. Cai, D. R. Borchelt and D. L. Price (2002). Genetically engineered mouse 
models of neurodegenerative diseases. Nat Neurosci 5(7): 633-9. 

Yoo, M., W. Stirling, O. Lee, W. Li, W. E. Lyons, M. Mamounas, M. Blue and M. K. Lee 
(2002). Regionally Selective and Progressive Degeneration of 5-HT System in a 
Transgenic Mouse Model of AD. 2002 Abstract Viewer/Itinerary Planner Program No. 
18.4. 

Zetterstrom, T. S., Q. Pei, T. R. Madhav, A. L. Coppell, L. Lewis and D. G. Grahame-Smith 
(1999). Manipulations of brain 5-HT levels affect gene expression for BDNF in rat brain. 
Neuropharmacology 38(7): 1063-73. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 30

 
 

Hippocampus Frontal Cortex Brain Stem
0

50

100

150
APP+

PS1+

APP+/PS1+

12 month / 5-HT
%

 n
on

-T
g

Hippocampus Frontal Cortex Brain Stem
0

50

100

150
APP+

PS1+

APP+/PS1+

*** ***

18 month / 5-HT

%
 n

on
-T

g
A.

B.

 
 
Figure 1.  Serotonin levels measured by HPLC-ED in hippocampus, frontal cortex and 
brain stem of (A) 12 month-old and (B) 18 month-old APP+ (n=7,7 respectively), PS1+ 
(n=8,7) or APP+/PS1+ (n=7,7) Tg mice graphed as percent of nonTg littermate levels 
(n=8,6).  Control group means ± SEM in hippocampus, frontal cortex and brain stem 
respectively, were as follows:  12 mo. old, 5.7 ± 0.4, 5.1 ± 0.3 and 11 ± 1 and 18 mo. old, 
6.5 ± 0.2, 5.5 ± 0.4 and 8.2 ± 0.6 ng/mg protein. The probabilities indicated in the figure 
are:  ***p<0.001 for differences from nonTg values. 
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Figure 2.  Norepinephrine levels measured by HPLC-ED in the hippocampus, frontal 
cortex and brain stem of (A) 12 month-old and (B) 18 month-old APP+ (n=7,7 
respectively) PS1+ (n=8,7) or APP+/PS1+ (n=7,7) Tg mice graphed as percent of nonTg 
littermate levels (n=8,6).  Control group means ± SEM in the hippocampus, frontal 
cortex and brain stem respectively, were as follows:  12 mo. old,  3.6 ± 0.2, 3.1 ± 0.2 and 
9.1 ± 0.9 and 18 mo. old, 3.9 ± 0.3, 3.0 ± 0.3 and 8.0 ± 0.7 ng/mg protein. The 
probabilities indicated in the figure are:  *p<0.05 and **p<0.01 for differences from 
nonTg values. 
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Figure 3.  Dopamine levels measured by HPLC-ECD in striatum of 12 and 18 month-old 
APP+ (n=7,7 respectively), PS1+ (n=8,7) or APP+/PS1+ (n=7,7) Tg mice graphed as 
percent of nonTg littermate levels (n=8,6). Control group means ± SEM in the striatum 
were as follows:  12 mo. old, 87 ± 5 and 18 mo. old 110 ± 6 ng/mg of protein. 
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Figure 4.  BDNF levels measured by ELISA in the hippocampus of 12 and 18 month-old 
nonTg (n=8,5 respectively), APP+ (n=7,7), PS1+ (n=8,6) or APP+/PS1+ (n=7,7) Tg mice in 
ng BDNF/ g wet tissue weight. The probabilities indicated in the figure are:  **p<0.01 
and ***p<0.001 for differences from nonTg values. 
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Figure 5.  BDNF levels measured by ELISA in the hippocampus of CD-1 mice treated 
with 2'-NH2-MPTP or control at 3 day (n=7,5 respectively) and 21 day (n=7,5 respectively) 
post-treatment. BDNF levels are reported as ng BDNF/ g wet tissue weight. The probabilities 
indicated in the figure are:  **p<0.01 for differences from control animals. 
 
 
 
 
 


