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Abstract
The amyloid precursor protein (APP) is the source of β-amyloid, a pivotal peptide in the pathogenesis
of Alzheimer’s disease (AD). This study examines the possible effect of APP transgene expression
on neuronal size by measuring the volumes of cortical neurons (μm3) in transgenic mouse models
with familial AD Swedish mutation (APPswe), with or without mutated presenilin1 (PS1dE9), as
well as in mice carrying wild-type APP (APPwt). Overexpression of APPswe and APPwt protein,
but not of PS1dE9 alone, resulted in a greater percentage of medium-sized neurons and a
proportionate decrease in the percentage of small-sized neurons. Our observations indicate that the
overexpression of mutant (APPswe) or wild-type APP in transgenic mice is necessary and sufficient
for hypertrophy of cortical neurons. This is highly suggestive of a neurotrophic effect and also raises
the possibility that the lack of neuronal loss in transgenic mouse models of AD may be attributed to
overexpression of APP.
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1. Introduction
The neuropathology of Alzheimer’s disease (AD) is characterized by amyloid plaques,
neurofibrillary tangles, degeneration of synapses, and loss of neurons (Price and Sisodia,
1998). The β-amyloid (Aβ) peptide, derived from the cleavage of the amyloid precursor protein
(APP) (Selkoe, 1997), is the major component of senile plaques (Masters et al., 1985), and its
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oligomers have critical neurotoxic effects (Lambert et al., 1998; Lesne et al., 2006; Walsh et
al., 2002). Therefore, it appears that Aβ has a critical and early role in the pathogenesis of AD
(Hardy and Selkoe, 2002). This notion has been the impetus for the development of various
transgenic (tg) mice that model the β-amyloid and/or tau abnormalities of AD (Borchelt et al.,
1996; Games et al., 1995; Hsiao et al., 1996; Oddo et al., 2003; Sturchler-Pierrat et al., 1997),
with overexpression of familial AD (FAD) mutations in APP as one of the common features
(Price et al., 1998).

APP has many putative roles (Turner et al., 2003; Zheng and Koo, 2006). APP (Breen et al.,
1991), along with its paralogues amyloid precursor-like proteins 1 and 2 (APLP1 and APLP2),
is thought to have roles in cell adhesion (Soba et al., 2005). APP is also believed to have a role
in cell motility (Chen and Yankner, 1991) as well as in neuronal survival and neurite outgrowth
(Perez et al., 1997; Qiu et al., 1995).

The murine models of AD mentioned above have contributed significantly to the understanding
of the pathophysiology of AD, although they do not fully reproduce the pathological changes
of AD. For example, most of these animals do not develop tau lesions and many do not show
loss of neurons (Irizarry et al., 1997a,b). In this study, to further explore the parallels between
the pathology of these animal models and that of human AD, we set out to examine whether
cortical neurons in mouse models of AD undergo atrophy similar to that described in various
stages of AD (Riudavets et al., 2007). To this end, we compared the cortical neuron volumes
of tg mouse models overexpressing the familial AD Swedish mutation (APPswe), the PS1
mutation (PS1dE9), and their combination (APPswe/PS1dE9) to those of their non-transgenic
(ntg) littermates. Furthermore, we also examined mice overexpressing wild-type APP
(APPwt). We observed a greater percentage of medium size neurons in tg mice that over-
express mutated or wild-type APP compared to their ntg littermates. These differences are
observed irrespectively of the genetic background of the mice or the tissue processing method.

2. Methods
2.1. Transgenic mouse models

APPswe/PS1dE9 tg and ntg littermates with B6/C3 hybrid background (Line 85) express a
chimeric mouse/human (Mo/Hu) APP-695 with mutations linked to familial AD (KM 594/595
NL). The Mo/Hu APP695swe construct has mouse sequence throughout the extra- and
intracellular regions, and human sequence within the Aβ domain (Jankowsky et al., 2004). The
APP/PS1dE9 tg mouse model develops amyloid deposits in cerebral cortex and hippocampus
by 6 months of age. Twelve 9-month-old mice were used in this study (tg mice, n = 7 each;
ntg, n = 5). There were 3 females and 4 males in the APPswe/PS1dE9 tg group, and 5 males
in the ntg littermate control group.

APPswe, PS1dE9, APPswe/PS1dE9, and ntg littermates with congenic C57BL/6J background
(Line C3-3 × S9) have been described previously (Jankowsky et al., 2004; Savonenko et al.,
2005). Twenty 8-month-old mice, all males, were used in this study (APPswe, n = 4; PS1dE9,
n = 6; APP-swe/PS1dE9, n = 4; ntg, n = 6).

APPswe transgenic mice express a chimeric Mo/Hu APP-695 with mutations linked to familial
AD (KM 594/595 NL) (Jankowsky et al., 2004).

APPwt transgenic mice with congenic C57BL/6J background express a chimeric Mo/Hu
APP-695 without any mutation. Two independent lines of APPwt mice (A-2, B-8; n = 9 each)
were used (unpublished data, D. Borchelt, G. Xu, personal communication). Twenty-five 8-
month-old mice, all females, were used in this study (two groups of tg mice, n = 9 each and 1
group of ntg mice, n = 7).
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2.2. Tissue preparation
All of the mice were sacrificed by ether (Mallinckrodt Baker, Phillipsburg, NJ) inhalation, and
their brains were immersion-fixed in 4% paraformaldehyde. The brains of APPswe/PS1dE9
transgenic mice with B6/C3 hybrid background (Line 85) were also treated with 30% sucrose
for cryoprotection, then stored frozen at −80 °C. Frozen brains were cut serially at 40 μm
thickness on the parasagittal plane. The brains of APPswe/PS1dE9 transgenic mice (Line C3-3
× S9) and APPwt tg mice, both with C57BL/6J background, were immersion-fixed in similar
manner as above, embedded in paraffin, and cut serially at 10 μm thickness. All sections were
stained with cresyl violet (Sigma–Aldrich, St. Louis, MO). All animal procedures were
performed in accordance with the Johns Hopkins Animal Care and Use Committee Guidelines.

2.3. Stereology
To measure the volume of cortical neurons, we examined one parasagittal brain section from
each mouse. These sections were from comparable levels and included cerebral cortex and
hippocampus. Hippocampal neurons were not examined because of the difficulty defining their
outlines. Using the Stereo Investigator Optical Dissector software (Microbrightfield, Williston,
VT), the entire cortex was outlined in each section including the transitional zone between
cortex and hippocampus. Sampling sites were selected with a grid size of 300 μm × 300 μm,
and the counting frame was 45 μm × 35 μm. The cortical neuron cell volumes were measured
with the Nucleator probe as described previously (Riudavets et al., 2007). Minimum of 100
neurons were measured per section. Images were obtained with a 100×, NA 1.30, oil Uplan
FL ∞/0.17 objective and captured with a video camera Hitachi HV-C20 3CCD. All of the
cortical neuronal volume measurements were performed by a single investigator blinded to the
section assignments.

To estimate the total number of cortical neurons, we examined 10 parasagittal sections at
equally spaced intervals (240 μm) using the Stereo Investigator software (Microbrightfield,
Williston, VT). The rostral and caudal limits of the cortical reference volumes were determined
by the rostral and caudal ends of the hippocampus. The optical fractionator probe was used to
systematically sample the cortical ribbon (West et al., 1991). Sampling sites were selected with
a grid size of 500 μm × 500 μm, and the counting frame was 20 μm × 15 μm. Images were
obtained as described above. The co-efficient of error (CE) for all of the estimates of the cortical
neurons were <0.10. All of the cortical neuronal counts were performed by a single investigator
blinded to the section assignments.

2.4. Data analysis
We compared differences among the means of neuronal volumes and their size distribution of
tg mice versus ntg littermate. Analysis of data distribution for neuronal volume revealed
significant departures from normal distribution with significant right skewness. Parametric and
non-parametric (Kruskal–Wallis) ANOVAs were applied to test the null hypothesis. In case
of a significant main effect, ANOVAs were followed by post hoc tests (Kolmogorov–Smirnov)
to analyze differences between particular groups. The Kolmogorov–Smirnov test was chosen
based on its particular sensitivity to changes in the shapes of distribution. The results represent
arbitrary categories of small, medium and large neurons to simplify the description of changes
in the shape of distributions. Due to different processing methods, different ranges of cortical
neuronal sizes were observed in each experiment. For each experiment the range of neuronal
sizes from small to large neurons included >95% of all neurons and was divided equally to
represent small, medium, and large size neurons. Large neurons were omitted from the figures
representing the Kolmogorov–Smirnov test due to negligible percentages observed. Statistical
analyses were performed for raw (not-clustered) data. These were performed using Statistica
6.0, StatSoft, Inc., Tulsa, OK, USA. The Mann–Whitney test was used to compare the means
of the total numbers of cortical neurons in the ntg versus tg APP-swe/PS1dE9 transgenic mice
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with B6/C3 hybrid background (Line 85). This was performed using GraphPad Prism version
4.00 for Windows, GraphPad Software, San Diego, CA, USA.

3. Results
3.1. APPswe/PS1dE9 tg mouse (Line 85) display significantly larger neurons than those of
ntg littermates, in the absence of cortical neuron loss

The mean cortical neuron volumes in the APPswe/PS1dE9 tg mice (Line 85) were 38% larger
than those of ntg littermates (APPswe/PS1dE9, n = 7, p < 0.01; ntg, n = 5) (Fig. 1A). This
difference was due to a greater proportion of medium-sized (2000–4000 μm3) neurons in the
tg mice compared to ntg littermates. The ntg mice had a greater proportion of their neurons in
the small size range (1–1999 μm3). This difference in the distribution of the cortical neuronal
sizes was significant on the Kolmogorov–Smirnov test (p < 0.001) (Fig. 1B). A subgroup
analysis limited to male mice also demonstrated mean cortical neuronal volumes in the male
tg mice that were 38% larger than those of the ntg littermates (APPswe/PS1dE9, n = 4, p <
0.03; ntg, n = 5) (Supplementary Fig. 1).

Since the changes in size distribution of neurons could be the consequence of selective loss of
neurons, we estimated the number of cortical neurons. The total number of cortical neurons in
the tg mice was 2.8 × 106 compared to 2.45 × 106 in the ntg littermates, a non-significant
difference (p = 0.15) (Fig. 1C).

3.2. The increased volume of cortical neurons is independent of the expression of the
PS1dE9 gene in the APPswe/PS1dE9 tg mouse model

Next, in order to examine the individual contribution of each transgene to the larger neuronal
size in the APP-swe/PS1dE9 tg mice, we compared the cortical neuron volumes of tg mice
with either APPswe or PS1dE9 mutation alone, or with both mutations (APPswe/PS1dE9).
These mice were congenic with C57BL/6J strain background (Line C3.3 × S9). The cortical
neuron volumes of APPswe and APPswe/PS1dE9 tg mice were increased compared to their
ntg littermates, but the differences among these means were not significant by non-parametric
ANOVA (p > 0.05) (Fig. 2A). However, we observed a significant shift in the distribution of
the cortical neuronal volumes. APPswe and APP-swe/PS1dE9 tg mice had a greater proportion
of cortical neurons in the medium size range (1200–2400 μm3) compared to their ntg
littermates. The ntg littermates had a greater proportion of their neurons in the small size range
(1–1199 μm3). The Kolmogorov–Smirnov test demonstrated that the changes in the
distribution of the cortical neuron sizes were significant for both APPswe and APPswe/PS1dE9
as compared to their ntg littermates (p < 0.01 and p < 0.001, respectively) (Fig. 2B). In contrast,
overexpression of PS1dE9, in the absence of co-expression of APPswe, did not result in any
significant change in the distribution of cortical neuron size distribution compared to their ntg
littermates (Fig. 2B). This suggests that the changes in the distribution of the neuronal sizes
are attributable to the APPswe overexpression.

3.3. Overexpression of APPwt also results in increased volumes of cortical neurons
Having demonstrated that the overexpression of APPswe results in larger cortical neurons, it
remained unclear whether this effect was attributable to the APPwt gene or the Swedish
mutation. To answer this question, we compared the neuronal cell volumes of two different
lines of APP tg mice (A2 and B8) overexpressing APPwt to their ntg littermates. The
Kolmogorov–Smirnov test demonstrated that both lines of APPwt tg mice had significant
changes in the distribution of the cortical neuron volumes (p < 0.001) compared to their ntg
littermates (Fig. 3). Once again, this difference was due to the greater proportion of medium-
sized (900–2000 μm3) cortical neurons in the APPwt tg mice compared to their ntg littermates.
The ntg littermates had a larger proportion of their cortical neurons in the small size range (1–
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899 μm3). It should be noted that due to different processing methods, different ranges of
neuronal sizes were assigned to each mouse model, as explained in Section 2.

4. Discussion
In this study, we observed that overexpression of APPswe protein resulted in an increase in
the mean volume of cortical neurons. Both APPswe and APPswe/PS1dE9 tg mice had a greater
proportion of medium compared to small size neurons than their ntg littermates. One possible
explanation for this effect is the selective loss of small neurons. This explanation, however,
appears unlikely since we did not find a loss in the total number of cortical neurons in the tg
mice. Another possible explanation for the observed effect is that the “neuronal hypertrophy”
is a compensatory mechanism or reaction to the neuronal injury caused by Aβ deposition, which
in APPswe/PS1dE9 begins by age of 6 months (Jankowsky et al., 2004). Nevertheless, similar
effects are seen in the APPwt tg mice in which there is no Aβ deposition nor high levels of
Aβ peptides. Therefore, the effect observed in APPwt mice is more likely due to a neurotrophic
effect of APP, albeit we cannot completely rule out a possible contribution from a response to
Aβ accumulation in APPswe or APPswe/PS1dE9 tg mice. We have also demonstrated that the
change in the distribution in the volume of cortical neurons is not caused by the PS1dE9
mutation, since there was no change in the size of cortical neurons in PS1dE9 tg mice compared
to their ntg littermates.

An important caveat in the interpretation of our findings is the possible influence of factors
other than the expression of the transgenes, i.e. age, gender, genetic background, or differences
in tissue processing. In order to control for the changes in staining intensity that occur with
aging (Finch, 1993; Fischer et al., 1992), we studied tg mice of similar ages. Sex hormones are
also known to affect the neuronal sizes (Cooke, 2006), but we have demonstrated similar effects
in both all male (Line C3.3 × S9) and all female (APPwt) cohorts of tg mice. In the mixed
gender cohort (Line 85), a subgroup analysis of the male mice also showed significantly
increased mean cortical neuronal volume in tg mice compared to those of their ntg littermates.
We have also demonstrated similar effects in the brain sections of tg mice that are processed
by different methods (paraffin or frozen), as well as different backgrounds (B6/C3 or C57BL/
6J). Moreover, the key finding of our study is a change in the proportion of medium and small
size cortical neurons, a parameter less sensitive to tissue processing than the absolute size of
those cells.

In the literature, there are limited data on the effects of APP on neuronal size in APP tg mice.
In a recent study, the cortical neuronal area (μm2) was measured in a group of 9-month-old
B6-Py8.9 tg mice, which expresses wild-type human APP (Lamb et al., 1993) and compared
to their ntg littermates (Alpar et al., 2006). The B6-Py8.9 model expresses human APP (hAPP)
at levels comparable to endogenous mouse APP (Lamb et al., 1993). Perikaryon and dendrites
of the pyramidal cells were outlined by retrograde labeling with injection of biotinylated
dextran amine. This study showed that the mean neuronal area in the APPwt mouse model was
smaller than its ntg counterpart. It is possible that the difference in outcome between this study
and ours is due to the slight differences in amino acid sequences of the chimeric Mo/Hu APP695
construct in our APPwt mouse model compared to the wild-type hAPP construct in B6-Py8.9
(Lamb et al., 1993). However, the mouse and human APP sequence is approximately 98%
homologous ((De Strooper et al., 1991), therefore, the following explanations may be more
likely. The study by Alpar et al had significant methodological differences with our study, as
it was limited to the commissural neurons of layers II/III of the primary somatosensory cortex
(S1), and only 10 neurons were examined per animal. Further, the B6-Py8.9 model also
expresses different isoforms of hAPP (APP 770, 751 and 695) (Lamb et al., 1993), whereas
our model expresses the murine isoform APP 695. Thus, it is possible that different variants
of APP may have different neurotrophic properties.
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It is also possible that in mouse models of Aβ, we may be observing the antagonistic effects
of APP (neurotrophic) and Aβ (neurotoxic). Indeed, this may explain, at least in part, why the
many available murine models of AD fail to fully reproduce the pathologic changes of AD in
humans. Besides the absence of neurofibrillary changes, most of these animal models do not
demonstrate overt neuronal loss (Irizarry et al., 1997a,b), with some exceptions (Calhoun et
al., 1998). Several explanations have been proposed for this phenomenon including species
variability in neuronal vulnerability, lack of certain human-type inflammatory factors and tau
protein (Hardy and Selkoe, 2002), as well as species variability in Aβ burden and different
types of plaques that accumulate in different tg mouse models (Bondolfi et al., 2002). Given
our data, it is possible that the neurotrophic effects of APP overexpression may protect the
brain of these animals from Aβ-mediated neuronal injury and loss.

The underlying mechanism of the neuronal hypertrophy is unclear at this time. However, a
study by Han et al demonstrated that defects in neurite outgrowth and branching seen in the
primary neuronal cultures isolated from APP knockout (APP KO) mice were restored by
sAPPα (Han et al., 2005). This neurotrophic effect of sAPPα was suggested to be due to its
inhibitory effect on cyclin-dependent kinase 5 (CDK5), as addition of the CDK5 inhibitor
roscovitine was reported to increase neuritic outgrowth on glutamate-treated primary neuronal
cultures from APP KO mice (Han et al., 2005). While there is no direct evidence linking the
effects of sAPPα on CDK5 to neuronal hypertrophy, they may be explored in future studies.
Study of neuronal volumes in old versus young group of tg mice would also be important since
animals of different ages may have different vulnerabilities to the effect of Aβ, and the
neuroprotective effect of APP may be age-dependent.

In conclusion, our observations indicate that the overexpression of mutant (APPswe) or wild-
type APP in tg mice is necessary and sufficient to increase the size of cortical neurons, and
that this effect is highly suggestive of a neurotrophic effect. It is possible that the lack of
neuronal loss in transgenic mouse models of AD that overexpress APP can be attributed to
such neurotrophic mechanisms.
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Fig. 1.
Mean neuronal volumes (μm3) of APPswe/PS1dE9 (n = 7) and ntg (n = 5) littermates with B6/
C3 background which were processed as frozen sections. The mean cortical neuronal volumes
in the tg mice (mean = 1050 ± 53 μm3) compared to those of their ntg littermates (mean = 759
± 63 μm3) were 38% larger (*p < 0.01) (A); this was largely due to the greater proportion of
medium-sized cortical neurons in the tg mice compared to the ntg littermates. Statistical
analysis (Kolmogorov–Smirnov Test) demonstrated highly significant differences (**p <
0.001) in the distribution of the cortical neuronal sizes between tg vs. ntg littermates (B). No
significant differences in the neuron counts were noted in the cortex of the APPswe/PS1dE9
and ntg littermates (C).
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Fig. 2.
Mean neuronal volumes (μm3) of APPswe (n = 4), PS1dE9 (n = 6), APPswe/PS1dE9 (n = 4),
and ntg (n = 6) littermates with C57BL/6J background which were processed as paraffin
sections. The data suggest a trend towards larger mean cortical neuronal volumes in the APP
overexpressing tg mice (APPswe and APPswe/PS1dE9) compared to their ntg as well as
PS1dE9 littermates, however it was not statistically significant (p > 0.05) (A). Statistical
analysis (Kolmogorov–Smirnov Test) demonstrated highly significant differences in the
distributions of the cortical neuronal sizes of APPswe (*p < 0.01) and APPswe/PS1dE9 (**p
< 0.001) compared to their ntg littermates. There was no statistically significant difference
between ntg littermates and PS1dE9 tg mice (B).
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Fig. 3.
Mean neuronal volumes (μm3) of APPwt (Line A-2 and Line B-8), and ntg littermates.
Statistical analysis (Kolmogorov–Smirnov Test) demonstrated highly significant differences
in the distribution of the cortical neuronal sizes between two different lines that overexpress
wild-type APP, APPwt Line A-2 (n = 9, *p < 0.001) and APPwt Line B-8 (n = 9, **p < 0.001)
compared to their ntg littermates (n = 7).

Oh et al. Page 11

Neurobiol Aging. Author manuscript; available in PMC 2009 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


