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Abstract.
Background: Neuronal damage resulting from increased oxidative stress is important in the development of late onset/age-
related Alzheimer’s disease (LOAD). We have developed an oxidative stress–related mouse model of LOAD based on
gene deletion of aldehyde dehydrogenase 2 (ALDH2), an enzyme important for the detoxification of endogenous aldehydes
arising from lipid peroxidation. Compared to wildtype (WT) mice, the knockout (KO) mice exhibit AD-like pathologies and
a progressive decline in recognition and spatial memory. This progression presumably has a morphological basis induced by
oxidative damage.
Objective: We performed morphometric analyses in the dorsal hippocampal CA1 region (dCA1) to determine if altered
neuronal structure can help account for the progressive cognitive impairment in 3- to 12-month-old KO mice.
Methods: Dendritic morphology was quantitatively analyzed by branched structured analysis and Sholl analysis following
Golgi-Cox staining in WT mice (148 neurons) versus KO mice (180 neurons).
Results: The morphology and complexity of dCA1 pyramidal neurons were similar at age 3 months in WTs and KOs.
However, by 6 months there were significant reductions in apical and basal dendritic length, dendrite complexity, and spine
density in KO versus WT mice that were maintained through ages 9 and 12 months. Immunostaining for protein adducts of
the lipid peroxidation product 4-hydroxynonenal revealed significant increases in staining in dCA1 (but not ventral CA1) by
3 months, increasing through 12 months.
Conclusion: This specific and progressive increase in dCA1 oxidative damage preceded detectable synaptic trimming in KO
mice, in keeping with studies showing that lesions to dorsal hippocampus primarily impair cognitive memory.
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INTRODUCTION

Oxidative stress is considered a primary driving
force in the etiology of late-onset Alzheimer’s disease
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(LOAD) [1, 2]. An important mediator of oxidative
damage in AD is the lipid peroxidation product, 4-
hydroxynonenal (HNE), and increased levels of both
free HNE and HNE protein adducts accumulate in
the brains of AD patients at both early and late
stages of disease progression [3–5]. Many of these
proteins have been identified, and oxidative modi-
fications by HNE adduct formation often result in

ISSN 1387-2877/21/ © 2021 – The authors. Published by IOS Press. This is an Open Access article distributed under the
terms of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

mailto:andrewd@{penalty -@M }queensu.ca
https://creativecommons.org/licenses/by-nc/4.0/


1548 R.H. Mehder et al. / Aging and Cutback of CA1 Dendrites in LOAD

altered activity [6]. These include proteins involved
in the regulation of energy metabolism, antioxidant
defense, neuronal communication, stress responses,
cytoskeletal integrity, cell signaling, and amyloid-�
(A�) disposition. We have developed a mouse model
that mimics this manifestation of oxidative damage,
based on gene deletion of aldehyde dehydrogenase
2 (ALDH2), a key enzyme in one of the primary
detoxification pathways for HNE [7]. Aldh2 knockout
(KO) mice exhibit increased levels of HNE protein
adducts in the hippocampus and cortex [7, 8], and
a progressive age-related decline in hippocampus-
dependent working and spatial memory tasks [7, 9].
Aldh2 KO mice also exhibit numerous AD-like patho-
logical changes, including age-related increases in
A�, phosphorylated tau protein and activated cas-
pases, synaptic loss, defective CREB signaling, and
several vascular pathologies [7].

In the current study, we performed morphometric
analysis of pyramidal neurons in the dorsal hip-
pocampal CA1 region (dCA1) of wildtype (WT) and
KO mice sampled at ages 3, 6, 9, and 12-13 months.
We recently showed in 12-month-old KO mice that
dCA1 neurons specifically display considerable cut-
back in their arborization compared to WT mice.
Furthermore, this dendritic trimming was compara-
tively minimal in KO ventral CA1 neurons (vCA1)
as well as in overlying layer V pyramidal neurons
of the primary sensory neocortex [10]. So the most
striking loss of synaptic input was in dCA1, part
of the circuitry that registers a cognitive map for
navigation, enabling animals to properly orient and
execute behaviors in a learned environment [11]. This
reflects defects in dCA1-dependent cognitive func-
tion that we have previously reported in Aldh2 KO
mice [7, 9]. The purpose of the current study was to
determine the timeline for the development of lost
CA1 dendritic structure and if such loss is corre-
lated with oxidative damage. Therefore, an important
question we address here is if elevated oxidative
damage precedes dendritic decline in KO versus
WT mice.

MATERIALS AND METHODS

Animals

All procedures for animal experimentation were
undertaken in accordance with the principles and
guidelines of the Canadian Council on Animal Care
and were approved by the Queen’s University Animal
Care Committee. All mice were maintained under

a 12-h light/dark cycle, with free access to food
and water. The Aldh2−/− mice have a C57BL/6J
background and were generated by gene target-
ing knockout as previously described [12]. Mice
were kindly provided by Dr. T. Kawamoto (Uni-
versity of Occupational and Environmental Health,
Kitakyushu, Japan). Wildtype and Aldh2−/− cohorts
used in the current study were generated by mating
heterozygotes and genotyping progeny by PCR anal-
ysis of genomic DNA extracted from ear punches
using the primers as reported [13].

Golgi-cox staining

Golgi-cox staining was performed as we described
previously [10]. Briefly, brains were perfused with
20 ml PBS by transcardiac perfusion under isoflu-
rane anesthesia, after which brains were removed
and processed using the FD Rapid GolgiStain™ Kit
(FD NeuroTechnologies, Columbia, MD) following
the manufacturer’s instructions. A Leica VT1000 S
Vibrating-blade vibratome was used to cut 130 to
150 �m coronal sections of the fixed brains. The
sections were cut in artificial cerebrospinal fluid
(aCSF) comprised of 240 mM sucrose, 3.3 mM KCl,
26 mM NaHCO3, 1.3 mM MgSO4·7H2O, 1.23 mM
NaH2PO4, 11 mM D-glucose, and 1.8 mM CaCl2.
Sections were mounted on gelatin-coated slides and
dried in the dark in a fume hood for at least 24 h prior
to staining.

Morphological analyses

Morphological analyses were carried out using the
Neurolucida System Version 11.03, and Neurolucida
Explorer Software (MBF Bioscience, VT, USA) as
described [10], with the operator blinded as to the
genotype of the animal. Pyramidal neurons (Fig. 1A)
were traced and analyzed under a 40x objective lens.
In each animal, both apical and basal dendritic arbors
were examined. We used coronal sections in the CA1
region of the dorsal hippocampus between Bregma
–2.6 and –3.8. Neurons were visually inspected for
the integrity of dendritic branches, to confirm that
dendrites displayed no breaks in their staining, and
that dendrites were not obscured by other neurons.
The age groups and the numbers of neurons analyzed
are shown in Table 1.

Sholl analysis maximizes the chances of detect-
ing changes in dendritic morphology that develop
with age. Using the Neurolucida Explorer Software,
a Sholl analysis [14] was performed on each neuron.



R.H. Mehder et al. / Aging and Cutback of CA1 Dendrites in LOAD 1549

Fig. 1. A) Golgi-Cox-stained coronal slice at the level of the dorsal CA1 region of a 6-month-old mouse. CA1 stratum pyramidale with
apical dendrites in the stratum radiatum. Ai) Pyramidal neurons in a hippocampus from a wild-type (WT) mouse. Aii) Higher magnification
of apical dendritic branches showing healthy dendrites with spines (blue arrows). A single example of an abnormal dendritic bleb or ‘bead’
(red arrow at top of Figure) is noted. Aiii) Pyramidal neuron in dCA1 from a knockout (KO) mouse. Aiv) and Av) Higher magnification
of apical dendrite branches showing minor dendritic beading (red arrows) alongside dendritic spines. B) Digital tracings of dCA1 neurons
showing apical and basal dendritic arbors, dendrites (lines), and Sholl rings (circles) placed at 20 �m diameter intervals. Dots along dendrites
are click points during tracing. Compared to the two representative WT neurons, the two pyramidal traces from KO mice show a reduced
dendritic arbor.
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Table 1
Numbers of mice and neurons analyzed morphometrically in each
age group. Morphometry was carried out with the experimenter
blinded to WT or KO groups. The 12M group has been described
previously [10] and is used here for age comparisons. Spine density

analysis was carried out in 2 of the 4 neurons in each group

Age Type Mouse n Males Females Neurons/ Total
mouse neurons

3 M WT 10 5 5 4 40
KO 10 5 5 4 40

6 M WT 10 5 5 4 40
KO 10 5 5 4 40

9 M WT 8 5 3 4 32
KO 10 5 5 4 40

12 M WT 9 4 5 4 36
KO 15 5 10 4 60

Concentric rings, each increasing in radius by 20 �m,
were centered on the cell body (Fig. 1B). Dendrite
length was measured within a concentric ring area
and plotted. Branching points (nodes) were reported
as the number per concentric ring area. Intersections
were determined as the number of points where the
processes crossed a ring.

Complexity, as defined in Neurolucida Explorer,
refers to the normalization and comparison of
dendrites among fundamentally different neurons.
Complexity = [Sum of the terminal orders + Number
of terminals] * [Total dendritic length / Number of pri-
mary dendrites], A ‘terminal’ is defined as a dendritic
ending, and ‘Terminal order’ is the number of “sis-
ter” branches encountered while proceeding from the
terminal to cell body (calculated for each terminal)
[15].

A branched structure analysis was also performed
on each neuron. (https://www.mbfbioscience.com/
help/nx11/Content/Analyses/Branched Structure
Analysis.htm). This included a variety of analyses,
one being the neuron summary that provides an
overview of the selected neuron components: axons,
dendrites, and cell body. The overview includes
dendritic lengths, complexity, and the number of
nodes and ends. Also, the number of basal dendrites
per cell body was counted to determine if any
primary dendrites were completely lost in KO versus
WT.

For spine density analyses, the dCA1 region was
compared between the WT and KO mice (under
blinded conditions) because only this region proved
to have significantly reduced dendritic arbors in KO
versus WT mice [10]. Two neurons per mouse were
sampled and data averaged separately for each ani-
mal. For each neuronal average, one segment was

chosen from a proximal apical dendrite (30–120 �m
from the cell body), one from a distal apical dendrite
(220–340 �m from the cell body), and one from a
basal dendrite [16]. The number of spines along each
10 �m length was counted under oil immersion using
a 100X objective lens. Apical and basal spine counts
were pooled.

Immunohistochemical staining for HNE protein
adducts

Immunohistochemical analyses were performed
on 30 �m cryostat sections from mouse brain fol-
lowing perfusion and immersion fixation with 4%
PFA. Brain sections were treated with 1% H2O2
for 15 min, blocked for 1.5 h with 6% normal goat
serum + 2% bovine serum albumin + 0.3% Triton
X-100 in PBS, and incubated for 24 h at 4◦C with
rabbit anti-HNE antibody (1:400, bs-6313R, Bioss).
Sections were then incubated with secondary biotiny-
lated goat anti-rabbit IgG for 2 h at room temperature
(1:200, BA-1000, Vector Laboratories), and staining
completed using a Vectastain Elite ABC kit (PK-
6100, Vector Laboratories). Sections were mounted
on glass slides, dehydrated through an ethanol and
xylene series, and coverslipped. To normalize illumi-
nation for each immunohistochemical run of slides,
the image brightness was adjusted using a con-
trol slide (without antibody) to set light intensity
and exposure time. These values were held constant
during density measurements of the immunostained
slides.

Statistical analysis

For the morphological analyses, we used WT and
KO mice and analyzed 4 dCA1 neurons in each mouse
(Table 1). The mean value of the 4 replicate neurons
for each neuronal trait in each animal was then aver-
aged for the WT or KO mice. For the spine density
analysis of dCA1 neurons, two neurons per mouse
were analyzed. For the immunohistochemical analy-
ses, 9–14 sections from each of 3-4 mice per group
were analyzed. Differences between KO and WT ani-
mals for Sholl analysis of each neuronal trait were
analyzed using a Student’s t-test for unpaired data,
whereas comparisons of the summary data for each
trait, and for the immunohistochemical analysis, were
analyzed by 2-way ANOVA and a Tukey post-hoc
test for multiple comparisons. All statistical analy-
ses were performed using GraphPad Prism, Version
8.2.1.

https://www.mbfbioscience.com/help/nx11/Content/Analyses/Branched_Structure_Analysis.htm
https://www.mbfbioscience.com/help/nx11/Content/Analyses/Branched_Structure_Analysis.htm
https://www.mbfbioscience.com/help/nx11/Content/Analyses/Branched_Structure_Analysis.htm
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RESULTS

Figure 1A shows coronal Golgi-Cox- stained sec-
tions of the 6-month-old mouse brain at the level of
the dorsal CA1 region. Two adjacent CA1 neurons in
a WT mouse are shown in Fig. 1Ai. At higher mag-
nification, Fig. 1Aii shows the apical dendritic arbor
of a WT mouse. Typically, dendritic spines are vis-
ible (blue arrows) with the rare dendritic bleb (red
arrow at top of Figure). Figure 1Aiii shows a single
dCA1 neuron from a KO mouse. Higher magnifi-
cation shows that spines are present, but blebs are
common (Fig. 1Aiv and 1Av, red arrows), although
we have not quantified this. Dendritic blebs, or beads,
are areas of a dendrite that have lost their spines and
taken on a beaded appearance due to loss of cytoskele-
ton and a bulging out of the plasma membrane. This
is typical of ischemic neurons in the early phases of
deterioration.

Whether overall dendritic arbors are affected
requires digital reconstruction. Digital renderings of
two representative dCA1 pyramidal neurons from
two WT mice (Fig. 1B, left) illustrate dendritic arbors
compared to cells from two KO mice (Fig. 1B, right).
Sholl rings are overlaid at 20 �m-diameter incre-
ments and centered on the cell body. These traces
illustrate apparent reductions in the extent of dCA1
arbors in KO mice, but this requires more stringent
measurements in more neurons. Thus, we examined
both apical (Fig. 2) and basal (Fig. 3) dendritic length
in dCA1 pyramidal neurons using the Sholl analysis.
At three months of age (3 M), there is no statistical
difference in the length of apical dendrites between
WT and KO mice (Fig. 2A, 3M). This changes dra-
matically by six months (6 M) where dendrite length
measured at each Sholl ring is reduced in knockout
(KO) versus wild type (WT) mice (Fig. 2A, 6M). This
reduction is also reflected in the total dendritic length
and is highly significant both in apical (Fig. 2B) and
basal (Fig. 3B) dendrites of the dCA1 pyramidal neu-
rons. These arbor reductions in KO versus WT mice
are maintained in the 6, 9, and12 month cohorts.

Nodes

The number of nodes (branch points) in apical
(Fig. 4, 3M) and basal (Fig. 5, 3M) arbors are similar
between WT and KO mice at 3 months of age. How-
ever, by 6 months, node numbers are significantly
reduced in KO versus WT mice both in apical (Fig. 4,
6M) and basal (Fig. 5, 6M) arbors. This reduction is
maintained through 9 and 12 months but with only

the latter being statistically significant. The reduced
numbers of ends in KO mice indicates a loss of den-
dritic branches from both apical and basal arbors.

Ends

The number of ends in both apical (Fig. 6, 3M) and
basal (Fig. 7, 3M) arbors are also similar between WT
and KO mice at 3 months but by 6 months, end num-
bers are significantly reduced in KO versus WT mice
both in apical (Fig. 6, 6M) and basal (Fig. 7, 6M)
arbors. This reduction is maintained through 9 and
12 months but with only the latter being statistically
significant. The reduced numbers of ends in KO mice
indicates a loss of dendritic branches from both api-
cal and basal arbors. (As noted below, the consistent
number of basal dendrites measured at the pyramidal
cell body throughout the 3- to 12-month period indi-
cates that the parent dendrites themselves are not cut
back at the level of the soma).

Intersections

The trend described above regarding nodes and
ends is repeated in the counts of the number of
intersections between dendrites and each Sholl ring.
Again, there are no differences at 3 months in
WT versus KO mice in apical (Fig. 8A) and basal
arbors (Fig. 9A), but there are statistically significant
reductions, particularly at 6 months, which remain
significant in the older age groups (Figs. 8A, 9A).
This reduction is particularly striking in the basal
dendrites across the 6-, 9-, and 12-month age groups
(Fig. 9A).

Complexity score

Using the calculation of arbor complexity, the
above KO reductions combine to reduce the arbor
complexity score. Regarding the apical arbor, the 3-
month complexity score is equivalent in WT and KO
groups (Fig. 8B), but then essentially doubles by 6
months and then progressively drops over 9 and 12
months. Basal dendrite complexity better reflects the
previous measurements. That is, there is no statisti-
cal difference at 3 months in KO versus WT mice,
but then significant reductions are seen at 6, 9, and
12 months (Fig. 9B). Note that the 9-month WT com-
plexity value of the apical and basal dendrites appears
low (Fig. 8B,9B, arrow). It reflects the reductions in
KO nodes, ends, and intersections observed in pre-
vious figures. The unexpected reduction at 9 M in
WT mice is however also observed in an independent
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Fig. 2. A, B) At 3 months of age (3M), dendritic length within the apical arbor is not significantly reduced in the dorsal CA1 (dCA1)
pyramidal cell region of KO mice compared to WT. However, by 6 months (6 M), KO dendrite length is significantly reduced compared to
WT controls. This difference is maintained at 9 and 12 M. Data represent the mean ± SEM of measurements from 8–15 mice per group (see
Table 1) and were analyzed by Student’s t-test for unpaired data (A), and two-way ANOVA and a Tukey multiple comparison post-hoc test
(B). *significant difference between WT and KO as indicated (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

Fig. 3. A, B) Similar to Fig. 2, at 3 months (3M), dendritic length within the basal arbor is not significantly reduced in dCA1 of KO mice
compared to WT. However, by 6 months (6 M), KO dendrite length is significantly less This difference is maintained at 9 and 12 M. Data
represent the mean ± SEM of measurements from 8–15 mice per group and were analyzed by Student’s t-test for unpaired data (A), and
two-way ANOVA and a Tukey multiple comparison post-hoc test (B). *significant difference between WT and KO as indicated (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001).

measurement, specifically spine density, as described
below.

Dendritic spine density

The apparent pruning of the pyramidal arbors and
loss of spines of KO versus WT mice in the dorsal

(but not ventral) CA1 region of 12-month KOs [10]
prompted us to examine at what age the density of
spines (i.e., the number of spines/10 �m of dendritic
length) was reduced and whether it coincided with
cutback of the dendritic arbor in KO versus WT mice.
Spines counts were made along dendrites confirmed
as originating from dCA1 pyramidal cell bodies.
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Fig. 4. A, B). The number of apical dendritic nodes [branch points] in a dCA1 arbor is similar in KO versus WT mice at 3 M but is significantly
reduced by 6 M. This difference is narrowed by 9 M but is more apparent at 12 M, even as WT numbers also are reduced. Data represent
the mean ± SEM of measurements from 8–15 mice per group and were analyzed by Student’s t-test for unpaired data (A), and two-way
ANOVA and a Tukey multiple comparison post-hoc test (B). *significant difference between WT and KO as indicated (∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001).

Fig. 5. A, B). As with the apical arbor in Fig. 4, the number of nodes in the basal arbor is no different at 3 M in KO versus WT mice. However,
the KO number is significantly reduced compared to WT by 6 M. This reduction is narrowed by 9 M but is again apparent at 12 M. Data
represent the mean ± SEM of measurements from 8–15 mice per group and were analyzed by Student’s t-test for unpaired data (A), and
two-way ANOVA and a Tukey multiple comparison post-hoc test (B). *significant difference between WT and KO as indicated (∗p < 0.05,
∗∗p < 0.01).

Figure 10 shows spine density change with age along
WT versus KO dendrites. Values in the apical and
basal regions were pooled because we previously
found no difference in the spine density reduction
between the two arbors in 12-month-old KO mice
[10]. Total spine density was not significantly dif-
ferent between 3-month-old mice WT and KO mice

(Fig.10, 3M), whereas at 6 months the reduction in
KO mice was highly significant compared to WT.
The reduction was less apparent in 9 M and 12 M
KO mice, suggesting some recovery in KO mice.
There was an unexpected reduction in the 9 M WT
mice (Fig. 9B, arrow), This was the specific time
point when this specific cohort of WT mice also
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Fig. 6. A, B). The number of apical dendritic ends in a dCA1 arbor as a measure of total dendrite branches is not significantly reduced in KO
versus WT mice at 3 M. Then between 3 to 6 M, KO end numbers are significantly decreased compared to WT. This difference is narrowed
by 9 M but is again apparent at 12 M. Data represent the mean ± SEM of measurements from 8–15 mice per group and were analyzed by
Student’s t-test for unpaired data (A), and two-way ANOVA and a Tukey multiple comparison post-hoc test (B). *significant difference
between WT and KO as indicated (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

Fig. 7. A,B). Similar to the apical arbor, at 3 months the number of ends in the basal arbor is similar in KO versus WT mice. Then between
3 to 6 M, KO end numbers are significantly decreased compared to WT. This difference is narrowed by 9 M but is again apparent at 12 M.
Data represent the mean ± SEM of measurements from 8–15 mice per group and were analyzed by Student’s t-test for unpaired data (A), and
two-way ANOVA and a Tukey multiple comparison post-hoc test (B). *significant difference between WT and KO as indicated (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001).

displayed an unexpected decrease in the complex-
ity score (Fig. 9B, arrow), a measure independent of
spine density. Despite this apparent reduced synaptic
input to the 9 M WT cohort, spine loss was consis-
tently greater in KOs versus WTs at 6, 9, and 12
months.

Pyramidal cell bodies

One possibility that might account for the reduced
dendritic arbor of the dorsal hippocampal neurons
(at least for the basal dendritic arbors) in KOs is
that these neurons have lost one or more dendrites
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Fig. 8. The extent of apical arborization can be further gauged by A) counting the number of dendrite intersections with Sholl rings. This
value is significantly less in the dCA1 apical region of KO versus WT by 6 months but not at 3 months. KO Intersection numbers remain
consistently lower, but less so through 9 and 12 months. B) Calculating the apical arbor complexity score. This parameter is similar in WT
and KO mice at 3 months, but by 6 months complexity has greatly increased but in WT mice only. KOs fail to further develop over 9 and
12 months whereas the WT complexity peak decreases over the same period. The unexpected complexity reduction at 9 M in WT mice
(arrow) is also observed in an independent measurement (specifically spine density shown in Fig. 10). Data represent the mean ± SEM of
measurements from 8–15 mice per group and were analyzed by Student’s t-test for unpaired data (A), and two-way ANOVA and a Tukey
multiple comparison post-hoc test (B). *significant difference between WT and KO as indicated (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

Fig. 9. A). The extent of basal arborization is significantly less in the dCA1 basal region of KO versus WT across all ages. B) Likewise,
the basal arbor complexity score is less in KO versus WT mice across all ages. The unexpected reduction in complexity at 9 M in WT mice
(arrow) is also observed in an independent measurement (specifically spine density shown in Fig. 10). Data represent the mean ± SEM of
measurements from 8–15 mice per group and were analyzed by Student’s t-test for unpaired data (A), and two-way ANOVA and a Tukey
multiple comparison post-hoc test (B). *significant difference between WT and KO as indicated (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

emanating from the cell body. We addressed this pos-
sibility in Fig. 11 where the number of basal dendrites
emerging from the cell body were counted. There was
no consistent age-related reduction in basal dendrite
number in the KO mice between 3 and 12 months,

indicating that the reduced basal dendritic arbors in
the dorsal hippocampus of KOs do not result from
lost primary dendrites arising from a cell body. There
is a possible increase in basal dendritic numbers at
nine months (Fig. 11, 9M). However, because both
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Fig. 10. Age-related changes in spine density (pooled apical+basal arbors) of WT and KO mice display similar densities at age 3 M. By
6 M, WT values are unchanged whereas KO values significantly drop. Oddly, the WT value drops at 9 M and this is also observed in the
independent complexity score measured at 9 M (arrows in Figs. 8B, 9B). Nevertheless, spine density is consistently lower in KO versus WT
across age groups. Data represent the mean ± SEM of measurements from 8–15 mice per group and were analyzed by two-way ANOVA
and a Tukey multiple comparison post-hoc test. *significant difference between WT and KO as indicated (∗p < 0.05, ∗∗∗p < 0.001).

WT and KO littermates were affected, it could merely
represent a general increase among this particular age
cohort.

Oxidative damage measurements

Our mouse model displays a progressive increase
in HNE protein adducts (a proxy for oxidative dam-
age) in the KO mice based on immunoblot analysis
of hippocampal homogenates [7]. We wanted to con-
firm this immunohistochemically in KO dCA1 where
we found dendritic cutback to be most apparent [10].
Moreover, did the onset of oxidative damage precede
the dendritic loss in dCA1 that is first apparent at 6
months?

Compared to 12-month-old WT mice (Fig. 12A1),
HNE staining of dCA1 pyramidal cell bodies in
KO mice was dramatic (Fig. 12A3, arrows). And
yet staining in the vCA1 was minimal in both WT
(Fig. 12A2) and KO mice (Fig. 12A4). The difference
is further shown in a single section of a 9-month-old
mouse (Fig. 12B1) where obvious staining in dCA1
pyramidal neurons (Fig. 12B2, arrows) transitions to
minor staining in vCA1 (Fig. 12B3, arrows).

Age-related immunohistochemical staining of
dorsal CA1 cell bodies were plotted as density mea-
surements from sections taken from 3, 6, 9, and
12-month WT versus KO mice (Fig. 13A). There was
a significantly higher density of staining in the dCA1
pyramidale layer of the KO mice, as well as in the stra-
tum radiatum of the dCA1 region (not plotted). As the
KO mice aged through 6, 9, and 12 months, this dis-
parity in staining density increased compared to WT.
Regression analysis of the difference in HNE stain-
ing between dCA1 pyramidale in KO versus WT over
time (Fig. 13C) indicated a strong linear correlation
(R2 = 0.91).

In contrast, there was no significant increase in the
ventral CA1 pyramidale layer throughout 3, 6, 9, or 12
months in KO versus WT (Fig. 13B). Likewise, there
was no difference in HNE staining in ventral CA1
stratum radiatum, nor in the medial septal region of
the basal forebrain nor in the retrosplenal and entorhi-
nal cortices (data not shown).

The increase in HNE staining in the dCA1 (but not
vCA1) pyramidale was observable across the entire
dorsal hippocampus of KO (Fig. 12A3) versus WT
sections (Fig. 12A1). This included the cell body and
dendritic regions of CA1, CA2, CA3, and dentate
gyrus (not plotted).

DISCUSSION

We recently reported that in 12-month-old
Aldh2−/− (KO) mice, both basal and apical CA1
dendrites of pyramidal neurons located in the dorsal
but not ventral hippocampus are significantly shorter,
have fewer branches, and have reduced complex-
ity and spine density compared to age-matched WT
mice [10]. However, the cell body perimeter and the
number of primary dendrites emanating from these
same pyramidal neurons were not affected, indicat-
ing that dendrites, not their cell bodies, were altered
structurally in the in dCA1 of the KO mice. Cut-
back of basal CA1 dendritic arbors in human AD
has been reported [17], and a number of other studies
in human AD have shown spine loss and reduced
dendritic arbors in the hippocampus [18–20]. We
concluded that the reduced complexity and spine
density of dCA1 pyramidal cells could reflect a
regional vulnerability to oxidative damage, or that
there was a reduction in synaptic input specifically
to dCA1 pyramidal neurons that could have com-
promised the circuitry involving recognition and
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Fig. 11. Because of the significant reduction in the dCA1 arborization of basal dendrites observed in KO versus WT mice (Figs. 1, 3, 5,
7, 9), the number of primary basal dendrites were measured in this region as mice aged. There were no significant differences in the total
number of primary basal dendrites in KO versus WT mice at any age. Data represent the mean ± SEM of measurements from 8–15 mice per
group, analyzed by two-way ANOVA and a Tukey multiple comparison post-hoc test.

Fig. 12. In KO versus WT mice, HNE immunostaining (indicating oxidative damage) increased with aging in the dorsal CA1 region, but
not in the ventral CA1 region. Arrows demarcate the CA1 cell body layer. A) Examples of HNE staining in the dorsal hippocampus from a
WT mouse (A1) and from a KO mouse (A3) at age 12 months. Examples of HNE staining in the ventral hippocampus from a WT mouse
(A2) and from a KO mouse (A4) at age 12 months. DG represents the dentate gyrus. B) In a single HNE-stained section (B1), the transition
from darker staining in dCA1 (B2) to lighter staining in vCA1 (B3) is apparent.
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Fig. 13. A) Measuring the density of staining along the CA1 cell body layer at each age it was apparent that KO mice exhibited elevated
staining compared to WT mice in the dorsal CA1. This elevation was statistically significant at 3 M and progressively increased through
12 M. B) No comparable increases were observed in the ventral CA1 pyramidale of the same mice. Data represent the mean ± SEM of
measurements from 9–14 sections from 3-4 mice per group and were analyzed by two-way ANOVA and a Tukey multiple comparison
post-hoc test. *significant difference between WT and KO as indicated (**p < 0.01, ***p < 0.001). C) As the KO mice aged, the disparity
in staining density in dCA1 pyramidale increased compared to WT. Regression analysis of the difference in HNE staining between KO and
WT over time indicated a strong linear correlation (R2 = 0.91).

spatial memory for which the dorsal hippocam-
pus region is a crucial component. Such behavioral
deficits are observed in our KOs beginning around
3 months of age. Therefore, here we studied the
emergence and development of this dramatic cut-
back in dCA1 pyramidal cell arborization at ages
3, 6, and 9 months in both WT and KO mice
and compared the data to our previous 12-month
data.

A developing cut-back of dCA1 cell arbors in KO
mice

We used several morphometric measures to deter-
mine 1) the extent of the dendritic arbor in the WT
versus KO mice, 2) when cutback became detectable,
and 3) to what extent the arbor further deteriorated as
the mice aged. We measured several parameters: den-

dritic length, dendritic nodes and ends, branch points,
arbor complexity, and the density of spines along
dendrites. With regard to every parameter measured,
there was no difference in KO versus WT mice at the
age of three months. Yet by six months, there was
a dramatic reduction in every parameter measuring
the extent of the dendritic arbor. This applied to both
apical and basal regions of the dCA1 neurons. Gener-
ally, each parameter remained significantly reduced
in KO versus WT mice.

The progressive reduction in spine density mea-
sured in KO versus WT mice between 3 and 6 months
of age was observed in both apical and basal den-
drites. We had previously characterized the loss as
occurring with all morphological types of spines
(mushroom, stubby, filopodic) [10] but pooled these
numbers for this study. The majority of spines (95%)
are of the mushroom type.



R.H. Mehder et al. / Aging and Cutback of CA1 Dendrites in LOAD 1559

Importantly, reductions to both the arbor and to
the spine density provide independent correlative
evidence that morphologically detectable loss of
synaptic input to dCA1 neurons is not apparent until
after 3 months of age in KO versus WT. Moreover,
dendritic cutback is most dramatic between 3 and 6
months. In contrast, increases in oxidative damage in
dCA1 cell bodies in KOs (denoted by HNE staining)
are gradual and detectable from 3 months onward.
Unlike dendrite cutback, there is no sudden staining
increase at 6 months. Rather it is highest at 12 months.
While oxidative damage and dendritic cutback may
help account for the behavioral deficits seen in the
KO mice at 3 months [7], such changes are too subtle
for our techniques to detect at that age.

No morphological changes to pyramidal cell
bodies

The only measured parameter that remained rela-
tively constant in WT versus KO mice was the number
of primary basal dendrites emanating from the cell
body. These values did not greatly fluctuate over the
entire 3 to 12 months, thus reductions in dendrite
branches in KO mice must have occurred more dis-
tally, the result of trimming of secondary and tertiary
dendrites. Regarding possible changes to the neuronal
soma, we previously measured cell body perimeters
and determined that there was no systematic swelling
or shrinking of the pyramidal cell body population in
KO compared to WT mice.

Oxidative damage precedes the detection of
reduced dendritic development of dCA1
pyramidal neurons

Compared to WT mice, elevated oxidative damage,
indicated by increased HNE staining, was signifi-
cantly increased in the dCA1 cell body layer and
stratum radiatum at 3 months of age in KO mice.
It steadily increased in KO but not WT mice through
12 months. No comparable change was observed in
the ventral CA1 pyramidale in KO versus WT mice.
Regarding the dendritic arbors, every morphological
parameter that we measured showed that the extent
and complexity of the dCA1 dendrites were simi-
lar in 3-month-old WT and KO mice. So our HNE
immunostaining detected increased, but mild, oxida-
tive damage in the dorsal CA1 cell body layer of KO
versus WT mice starting at 3 months when there was
no significant cutback in the dCA1 dendritic arbor.
So increased oxidative damage precedes, and can

help account for, the selective reduction of dendritic
complexity in dCA1 first detected at 6 months of age.

Based on the dendritic cutback that we detailed in
this ALDH2−/− mouse at 12 months, we proposed an
elevated vulnerability of the dorsal hippocampus to
oxidative damage compared to vCA1 and to neocor-
tex [10]. The findings presented here confirm this over
a longer time frame. Ischemia/reperfusion is well
known to cause the accelerated formation of reac-
tive oxygen species [21, 22], and the dCA1 region is
much more vulnerable than vCA1 to ischemic dam-
age following ischemia reperfusion [23], suggesting
that antioxidant defense mechanisms to counteract
excessive reactive oxygen species production are
less effective in the dCA1 region. This is consistent
with a number of studies describing differential gene
expression along the dorsoventral long axis of the
hippocampus [24–27].

Several antioxidant genes exhibit greater expres-
sion in vCA1 pyramidal neurons compared to dCA1
neurons, including mitochondrial superoxide dismu-
tase, myeloperoxidase, ALDH5A1, and NAD(P)H
quinone oxidoreductase [24, 27]. In contrast, the
expression of the superoxide–generating enzyme
NADPH oxidase 4 is 2-fold greater in dCA1 neurons.
Glutathione transferase A4 has high catalytic activ-
ity towards the conjugation of reduced glutathione
with HNE, and plays a major role in HNE detoxifica-
tion [28, 29]. Its level of expression is 2-fold greater
in vCA1 neurons, as is the expression of the tran-
scription factor Nrf2, which responds to oxidative
stress by upregulating the expression of number of
antioxidant enzymes. Interestingly, in addition to its
role in mediating lipid peroxidation-induced cellu-
lar damage, at lower concentrations HNE can act as a
signaling molecule. HNE activates the Nrf2 signaling
pathway by forming HNE adducts with Keap1 and
preventing the formation of the Nrf2-Keap1 complex.
Free Nrf2 is then able to translocate to the nucleus
and increase transcription [30–32]. Thus in the KO
mice, with reduced capacity to catabolize HNE, one
might expect a more robust activation of Nrf2 in the
ventral hippocampus. Overall, these data suggest that
the dCA1 region is inherently more susceptible to the
deleterious effects of oxidative stress-induced dam-
age, which then likely promotes the trimming back
of dCA1 arbors.

With respect to behavioral changes in KO mice, we
have assessed the time course for development of cog-
nitive impairment for three hippocampus-dependent
tasks- the open field novel object recognition (NOR)
task (working memory), spontaneous alternations in
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the Y-maze (spatial working memory), and the Morris
water maze (MWM) task (spatial reference memory)
[7, 9]. In all three behavioral tests, there is a progres-
sive decrease in performance in KO mice compared
to no change in their WT littermates. For the NOR
and Y-maze tasks, memory deficits begin at 3.5 to
4 months of age and plateau in 7.5- to 8-month-old
animals [7]. Likewise, in the MWM task, impaired
performance is observed in 2.5-3-month-old animals
and continues to decline until 6 to 7 months [9]. No
further deterioration is seen in 9- or 12-month-old
animals. Thus, the changes in cognitive performance
mirror the appearance of oxidative damage in the
dorsal hippocampus.

In conclusion, our study indicates that increased
oxidative damage contributes to loss of neural
reserve, particularly via dCA1 dendritic cutback,
that normally defines the ability to maintain healthy
cognitive function. However, in addition to the
structural changes documented here, the numerous
AD-like pathological changes seen in this model also
likely contribute to the progressive decline in perfor-
mance of dCA1-dependent memory tasks. This study
demonstrates the gradual and significantly reduced
branching and complexity of dendrites specific to
CA1 pyramidal neurons in the dorsal (but not ven-
tral) hippocampus. This cutback occurs between the
ages of 3 and 6 months in Aldh2 null mice as
compared to their WT counterparts. This on-going
trimming back of KO dendritic arbors in dorsal hip-
pocampus is preceded by oxidative damage which
is elevated by 3 months of age within the dCA1,
but not in the vCA1, of KO mice. The specific cut-
back in dorsal CA1 helps account for the previously
documented progressive worsening of cognitive
deficits in these KO mice compared to their WT
cohort [7, 9].
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