
Archival Report

Presymptomatic Reduction of Individuality in
the AppNL-F Knockin Model of Alzheimer’s
Disease

Fanny Ehret, Meike S. Pelz, Anna N. Senko, Karla E.G. Soto, Hang Liu, and Gerd Kempermann

ABSTRACT

BACKGROUND: One-third of the risk for Alzheimer’s disease is explained by environment and lifestyle, but Alz-

heimer’s disease pathology might also affect lifestyle and thereby impair the individual potential for health behavior

and prevention.

METHODS:We examined in mice how the AppNL-F/NL-F (NL-F) knockin mutation affects the presymptomatic response to

environmental enrichment (ENR) as an experimental paradigm addressing nongenetic factors. We assessed the emer-

gence of interindividual phenotypic variation under the condition that both the genetic background and the shared

environment were held constant, thereby isolating the contribution of individual behavior (nonshared environment).

RESULTS: After 4 months of ENR, the mean and variability of plasma ApoE were increased in NL-F mice, suggesting

a presymptomatic variation in pathogenic processes. Roaming entropy as a measure of behavioral activity was

continuously assessed with radiofrequency identification (RFID) technology and revealed reduced habituation and

variance in NL-F mice compared with control animals, which do not carry a Beyreuther/Iberian mutation.

Intraindividual variation decreased, while behavioral stability was reduced in NL-F mice. Seven months after

discontinuation of ENR, we found no difference in plaque size and number, but ENR increased variance in

hippocampal plaque counts in NL-F mice. A reactive increase in adult hippocampal neurogenesis in NL-F mice,

known from other models, was normalized by ENR.

CONCLUSIONS: Our data suggest that while NL-F has early effects on individual behavioral patterns in response to

ENR, there are lasting effects on cellular plasticity even after the discontinuation of ENR. Hence, early behavior

matters for maintaining individual behavioral trajectories and brain plasticity even under maximally constrained

conditions.

https://doi.org/10.1016/j.biopsych.2023.04.009

While the genetic risk for developing Alzheimer’s disease (AD)

has been estimated to be two-thirds, the remaining risk can be

attributed to modifiable risk factors (1). Targeting these factors

for prevention reduces the danger that patients with AD will

overwhelm health care systems worldwide. Particularly,

counteracting physical inactivity and low educational attain-

ment has a very high potential for prevention (2–4). However, the

reality of beneficial lifestyles is much more complex than what is

reflected in popularly recommended interventions (5,6). In addi-

tion, the timing of lifestyle intervention is crucial because

symptomatic stages might be too late for successful intervention

(7–9). Beneficial lifestyles would have to be adopted early.

To understand individual behavioral foundations of resil-

ience, we used a unique experimental paradigm [for a review,

see (10)] that exposes the behavioral (nonshared) component

of the environmental factor in phenotypic variation (11,12),

when genes are held constant (13). With this paradigm, we

showed that exploratory activity is linked to brain plasticity

(13,14). Individualizing effects on behavior and adult hippo-

campal neurogenesis were lasting and associated with

epigenetic changes in genes involved in plasticity (15). To

some extent, adult neurogenesis was necessary for the stable

behavioral trajectory to form (16).

Impaired adult neurogenesis has been discussed as a

mechanism contributing to memory deficits in AD, although

some controversy exists over adult neurogenesis as a

compensatory mechanism and its association with plaque

pathology and Braak stage (17–20). Adult neurogenesis is an

individualizing trait, but it is affected by the transgenic

overexpression of AD-related genes, which may obscure

behavior-dependent changes. Therefore, we used a second-

generation mouse model of AD, in which artificial over-

expression is not a confound, as the knockin of human

mutations associated with AD into the physiologically

regulated mouse amyloid-precursor protein (App) gene (21).

Young App knockin mice can be considered as models of

preclinical AD and allow for the study of the early influence

of environmental factors. The AppNL-F/NL-F knockin mice

carry the Swedish (NL) and Beyreuther/Iberian (F) mutation in

the App gene, leading to elevated levels of amyloid-b (Ab) 42
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and an increased ratio of Ab42 to Ab40 (20). AppNL-F/NL-F

knockin mice (henceforth referred to as NL-F mice) slowly

start to develop Ab plaques by age 6 months and the first

cognitive impairments by 18 months. AppNL/NL mice

(henceforth referred to as NL mice) only have the Swedish

mutation, which has no impact on the disease phenotypes

(21), and therefore can be used as a genetic control for NL-F

while not fully representing a wild-type control (22).

To study individual behavioral trajectories, the mice were

kept in a large enrichment (ENR) enclosure, which consists of

70 connected standard cages, from ages 6 weeks to 23 weeks

(Figure 1B). They were constantly tracked with radiofrequency

identification transponders that were injected under their skin

in the neck. After 4 months, the mice were tested behaviorally

and then kept in standard cages to mimic the increasing

inactivity with advancing age that is often seen in the Western

lifestyle. The brains were analyzed at 13 months (Figure 1A).

We examined the emergence of differences in the individual

behavioral trajectories in NL-F mice because such differences

might represent an access to mechanisms that can help

explain why preclinical stages of AD might already be asso-

ciated with behaviors that support disease development or,

conversely, prevent it. We also examined whether such

behavioral differences might have a measurable effect on Ab
pathology and adult neurogenesis (14).

METHODS AND MATERIALS

Animal Husbandry

AppNL-F/NL-F mice, which carry a humanized Ab sequence as

well as a Swedish (KM670/671NL) and Beyreuther/Iberian

(I716F) mutation on a C57BL/6J background (21), were ob-

tained from the Riken Institute. In AppNL/NL mice, the Swedish

mutation in the humanized Ab sequence increases Ab levels

without pathology (22). Because the homozygous breeding of

the mutant mice did not produce wild-type littermates and the

background strain C57BL/6J is divided into multiple substrains

with substantial genetic drift and resulting differences in

metabolism, genetics, and immune function (23), we used NL

mice as the primary genetic control. C57BL/6JRj mice

(henceforth referred to as C57 mice) served as a control line for

side effects on metabolism. Because no abnormalities were

observed, C57 mice were only partially assessed to reduce

complexity and increase power. A total of 162 female animals

from the 3 genotypes were maintained using a 12-hour light/

dark cycle with food and water ad libitum at the Center for

Regenerative Therapies, Dresden, Germany. All animals

received the same chow (no. V1534; Sniff), with 9% of energy

from fat, 24% from protein, and 67% from carbohydrates. The

experiment was licensed by Regierungspräsidium Dresden

(DD24-5131/354/51). At age 4 weeks, half of the animals were
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Figure 1. Experimental layout and body weight

development of mice living in a complex enclosure.

(A) Experimental timeline outlines the time in the

cage system, injections, and analysis parameters.

(B) Schematic representation (left) and pictures

(right) of the individuality cage system for complex

ENR and longitudinal monitoring. Each of the 70

cages within the 7 levels contained RFID ring an-

tennas (red) around the tunnels, thereby connecting

the different levels and cages next to each other.

Space and complexity increased over time from 3 to

7 levels. (C) AppNL-F mice show elevated body mass

already prior to ENR, which reduced upon ENR

housing. (D) Body weight at the end of ENR at 6

months of age. No effect of variance was deter-

mined. (E) The gained BW between ages 6 weeks

and 13 months did not differ between control mice in

either the STD or the ENR condition, whereas the

increase in BW in NL-F animals was more pro-

nounced; nevertheless, the variance was not signif-

icantly altered. Statistical analysis results are shown

below each graph. Interactions are stated as ns, *p

, .05, ****p , .005. ANOVA, analysis of variance;

BrdU, bromodeoxyuridine; BW, body weight; ENR,

enrichment; ns, not significant; RFID, radiofrequency

identification; STD, standard.
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randomly assigned to the two housing conditions, either living

in ENR enclosure (PhenoSys GmbH, now marketed as Phe-

noSys ColonyRack Individuality 3.0) (10) or standard housing

(STD), with 5 animals per cage. The experimental groups

consisted of 27 female animals per condition and genotype,

with 81 animals housed together in the same enriched envi-

ronment and 81 animals in STD separated for each genotype.

ENR mice were subcutaneously injected into their neck with a

glass-coated microtransponder (SID 102/A/2; Euro ID) under

brief isoflurane anesthesia. At that time, blood was collected

from the retrobulbar venous plexus of all animals. At 6 weeks,

mice entered into the different housing conditions. Initially,

ENR mice used only 3 of 7 levels from this cage-rack system

(Figure 1A). Every 2 weeks, a new level was made accessible,

and toys (houses, balls, nests, swings, tunnels, and bricks)

were changed with respect to position and complexity. No

running wheels were used as part of the ENR. Food and water

locations remained unchanged. After 17 weeks of ENR, blood

samples were taken, and all mice were returned to home cages

of 4 or 5 animals until they were 13 months old (Figure 1D).

Body weight was monitored biweekly, and glucose levels were

measured every 4 weeks using a drop of blood from the tail

obtained via Accu-Chek test strips (PZN 6114963; Accu Chek

Aviva). All mice received 7 intraperitoneal injections of bro-

modeoxyuridine (BrdU) (50 mg/kg) (Sigma-Aldrich) at age 12

months with an interval of 24 hours and were killed 28 days

later with a mixture of ketamine/xylazine and transcardial

perfusion with 0.9% saline and 4% paraformaldehyde. Final

blood samples were taken before transcardial perfusion.

Brains were left in 4% paraformaldehyde overnight at 4 �C and

were transferred to 30% sucrose before being sectioned on a

freezing microtome at 40 mm thickness.

Analysis of Radiofrequency Identification Data

Radiofrequency identification antennas in connecting tunnels

monitored behavioral activity longitudinally (Figure 1A). Pheno-

Soft Control (PhenoSys GmbH) saved antenna and mouse

identifiers together with the time stamp of the antenna contact.

In total, 116 days/nights were recorded, but there were data

losses between the 29th and 42nd days, 44th and 49th days,

and 77th and 98th days. Noise reduction and roaming entropy

(RE) calculation were performed as previously described (1,2).

Because mice are nocturnal animals, only the events recorded

during the dark phase were used. Frequencies were converted

to probabilities ri,j,t of a mouse i, being at an antenna j, at a

night t. Shannon entropy of the roaming distribution was

calculated as REi;t ¼ 2
Pk

j¼0ðri;j;t log ri; j;tÞ= logðkÞ, where k is

the number of antennas.Dividing the entropy by log(k) scales the

RE to the rangebetween 0 and1.Data collected after events that

might disturb patterns (cage cleaning, behavioral testing, etc.)

were excluded. Cumulative REwas calculated by the addition of

mean RE from 8 time blocks.

Statistics

All experiments were carried out with the experimenter blinded

to the experimental group. Descriptive statistics for all ana-

lyses can be found in Supplement 2. Statistical analyses were

performed using Prism 9 (GraphPad) and R (R Core Team,

2014). In R, for normally distributed measures, we used

Welsh’s t test to compare means and F tests to test for equality

of variance between groups. For repeated measures (longi-

tudinal data), a linear mixed regression analysis was per-

formed using the lmer function from the lme4 package (24),

and p values were obtained using the likelihood-ratio test of

the full model against the model without the analyzed effects.

Brown-Forsythe test was used to compare the variances

between groups; the F-ratio and its p value are reported

below the graphs if the analysis was significant. Two-way

analysis of variance was applied to identify effects of hous-

ing and genotype. Data were visualized using the (truncated)

violin plot function (with lines at the median and quartiles) in

Prism and the ggplot2 package in R (25). Statistical results

are plotted below each graph, and additional descriptive

statistics of mean, standard deviation, and N for each data

plot are listed in Supplement 2. For the histological analysis

of BrdU and doublecortin (DCX) as well as for behavioral

analysis of an open field (OF) task, a novel object recognition

task (NORT), and an object location task, a two-way analysis

of variance was carried out using Bonferroni post hoc

analysis.

Information on behavioral tests (OF and NORT), immuno-

histochemical analyses, and additional statistical analyses

(linear mixed model) can be found in the Supplement.

RESULTS

Presymptomatic ENR Positively Influences

Metabolism in NL-F Mice

NL mice differ from NL-F mice only in the disease-promoting

Beyreuther/Iberian mutation, but they still carry the Swedish

mutation that does not have a functional phenotype. To further

rule out a potential interaction effect, which, hypothetically,

might be part of a systemic individualizing, we used C57 mice

as an additional control group at this stage.

There were no differences between NL mice and C57 mice

in terms of body weight (Figure 1C–E), blood glucose

(Figure S1 in the Supplement), cholesterol, and apolipopro-

tein E (ApoE) levels throughout the experiment (Figure 2).

Triglyceride levels were slightly elevated (w11%) in NL and

NL-F mice prior to ENR (Figure 2C, D). The reasons for this

small change could not be identified, and the w60% reduc-

tion after ENR should have had a greater impact on meta-

bolism than what was noted. Longitudinal analysis revealed

that NL-F mice were already heavier than NL and C57 mice

prior to ENR and remained heavier after ENR (Figure 1D). ENR

consistently reduced the body weights of NL-F mice

(Figure 1C), but no ENR-induced increase in variance was

detected (Figure 1E).

In line with these findings, an ENR-dependent reduction in

blood glucose was measured only in NL-F mice compared with

STD conditions. Glucose levels readjusted after withdrawal

from ENR, but a minimal sustained effect remained signifi-

cantly different (Figure S1 in the Supplement). There was also a

correlation between body weight, exploration behavior, and

glucose levels in both lines (Figure 2E). In addition, ENR had a

positive impact on serum triglycerides (Figure 2D). Interest-

ingly, ENR resulted in higher levels and variance of ApoE in NL-

F mice (Figure 2F). Cholesterol levels were not altered by ENR

(Figure 2A, B).
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Taken together, these results imply that ENR housing had

an impact on metabolism, which is relevant because obesity,

increased blood glucose, and elevated triglyceride levels are

risk factors for AD (1). ENR affected body weight trajectories

and triglyceride levels in NL-F mice, indicating that mice with

this genotype are sensitive to ENR stimuli.

In addition, our findings indicate that the Swedish mutation

only had minor effects on metabolic parameters (triglycerides

and cholesterol increased by 11% prior to ENR but only 1%

after ENR compared with C57 mice). Therefore, the NL mice

are also a valid control for the NL-F strain for the ENR

paradigm, as suggested in the original publications by Saito

et al. (19). The genetic background of C57BL/6J sublines from

different commercial breeders has an impact on immunology,

behavior, and metabolism (23,26,27). In contrast, NL and NL-F

mice were generated in parallel using the same embryonic

stem cell line and similar genetic constructs and originated

from the same founder. Furthermore, Salas et al. analyzed

cognitive function in NL mice until old age and could not detect

any cognitive impairment or social deficits; only a small in-

crease in activity was reported (22). Thus, all subsequent an-

alyses were performed using NL mice.

Figure 2. Metabolic changes in blood serum

before and after complex ENR. (A, B) Cholesterol

levels did change upon ENR and in NL-F mice. (C, D)

Triglyceride levels were increased in App lines and

reduced upon ENR in all lines. (E) Correlation of

metabolic parameters and behavioral activity and

body weight are shown for both App lines in the ENR

cage. A strong correlation between cRE and gain in

BW can be seen in the control line. (F) ApoE was

slightly elevated upon ENR housing in AppNL-F/NL-F.

Significant interactions are shown as *p , .05, **p

, .01, ***p , .005, ****p , .0001. ANOVA, analysis of

variance; ApoE, apolipoprotein E, BW, body weight;

cRE, cumulative roaming entropy; ENR, enrichment;

STD, standard housing.
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NL-F Mice in a Long-term Enriched Environment

Show Reduced Stability and Intraindividual

Differences in Behavioral Trajectories

To our knowledge, our study has been the first attempt to

precisely characterize behavioral changes at an individual level

at a presymptomatic stage. Behavioral trajectories were

calculated on the basis of mean RE, as the average RE within a

time block of 2 weeks. During ENR, NL and NL-F mice

developed stable behavioral trajectories with individual differ-

ences (Figure 3A) (C57 values are shown side by side in

Figure S2 in the Supplement). While the majority of NL animals

reduced RE over time as a sign of habituation, the behavioral

y

0.0

0.4

0.8

1.2

1−2 3−4 5−6 7−8 9−10 11−12 15−16 17

Figure 3. Longitudinal analysis of behavioral activity via radiofrequency identification (RFID). (A) Individual behavioral trajectories are plotted as RE over time

for the different mouse lines. (B) Differences in habituation are plotted as changes in mean RE over time in a dot plot. Linear regression analysis on slope of

mean RE in NL-F animals. (C) NL-F animals have a lower variance than control animals plotted by changes in standard deviation over time. (D) Interindividual

posterior correlations of RE were significant for larger time frames in NL but not NL-F mice. Thus, the development of stable behavioral trajectories was

diminished in NL-F animals as depicted by the correlation matrix, indicating that they are less predictable in their interindividual component. Color code

highlights the coefficient of Pearson’s R. (E–G) Detailed analysis of the variance component by a generalized linear mixed model indicates that variance

between the animals from the different lines only differs in their intraindividual component (G) and not in their interindividual component (F); thus, Alzheimer’s

disease animals also develop increasing interindividual differences over time. Shown are modes of posterior density with 95% CIs. For the calculation on the

generalized linear mixed model, see Table S1 in the Supplement. ANOVA, analysis of variance; RE, roaming entropy.
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trajectories of NL-F animals showed a flatter pattern with less

variation (Figure 3A, B). The total variance in RE, represented

as the standard deviation, decreased in both strains over time

but was less pronounced in NL-F mice (Figure 3C). How stable

and predictable mice from the different genotypes become

was analyzed by assessing the interindividual correlations of

REs between time blocks. Mice usually tend to become more

predictable over time, and the coefficient of Pearsons’s R is

greater between later time blocks (15). However, lower corre-

lation coefficients in NL-F mice throughout the experiment

indicated a reduced behavioral stability than in control animals

(Figure 3D) and reduced adaptation. To evaluate which vari-

ance component (variance within an animal or between ani-

mals) was changed in NL-F mice, a generalized linear mixed

model was applied. For a full description from the Markov

chain Monto Carlo analysis on alternative simplified models,

see Table S1 in the Supplement (the used code can be also

found in Supplement-R-Code-GLMM-Model.R).

While total variance estimates differed over time and NL

mice showed a constant increase until 11 weeks, NL-F mice

took longer and plateaued only in the last time block

(Figure 3E). This effect seemed to be due less to interindividual

differences (Figure 3F) than to intraindividual differences

(Figure 3G). The intraindividual variance over time was un-

changed in NL-F mice and did not increase as in control mice

(Figure 3G), further indicating that NL-F individuals may be less

flexible.

In conclusion, NL-F mice at this premanifestation stage

already showed prominent behavioral differences in longitudi-

nal behavioral patterns. While both genotypes foster a

Figure 4. ENR increases object recognition and reduces anxiety. (A) Experimental setting and object placement for NORT and OLT. (C) OF activity is

reduced in NL-F mice due to increased body weight. (B, E) After ENR, center time is increased as a measure of reduced anxiety. (D, F) ENR increases object

recognition during NORT in NL but not NL-F mice. (G) Object displacement seems to be not improved upon ENR. Significant interactions are shown as *p ,

.05, ***p , .005. ANOVA, analysis of variance; ENR, enrichment; NORT, novel object recognition task; OF, open field; OLT, object location task; STD, standard

housing.
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comparable capacity to develop a range of individual trajec-

tories, NL-F mice lacked the physiological habituation and

individually had become less predictable, exhibited less short-

term flexibility, and maintained the same behavioral patterns.

The effect on intraindividual stability (or change and fluctua-

tion) creates an individuality that is not captured when focusing

on stable residual interindividual differences.

No Enhanced Object Recognition in Enriched NL-F

Mice

Next, we looked for other subtle behavioral changes in NL-F

mice at this early stage. The OF task and especially the

NORT (Figure 4A) had revealed individualization in previous

studies (13,14). Prior to ENR, there were no behavioral differ-

ences (Figure 4B, D), except that the activity of NL-F mice was

slightly reduced (Figure 4C). After ENR, the amount of time

spent in the center of the arena had increased independent of

genotype (Figure 4E). NL mice showed an improvement in

objection recognition (Figure 4F), but recognition of the dis-

placed object in the object location task was not changed

(Figure 4G). In conclusion, the NL-F mutation prevented a

positive influence of ENR, even though no impairment was

noticeable with STD housing.

NL-F mice started out with an increased variance in the OF

prior to ENR (Figure 4B), which was lost at the end of the ENR

period (Figure 4E). ENR led to a strong reduction in the variance

of the discrimination index in NLmice (Figure 4F), which was not

seen in NL-F mice. These findings are not straightforward to

interpret in the context of our previous results (1,4), but in NL-F

mice, theremight be subtle, very early changes in the variance of

exploratory behaviors and not only in their mean.

Increased Presymptomatic Variance in Plaque

Numbers

Whether ENR has an impact on amyloid plaque load and size

is still under debate and depends on the model being

investigated and the timing of the intervention (28,29). Plaque

load (Figure 5A) was still very low at the presymptomatic

stage of 13 months in NL-F mice, and no ENR effect on

plaque burden was detected in the hippocampus (Figure 5B)

or cortex (Figure 5D). Nevertheless, there was an ENR-

induced increase in the variance in plaque number in the

hippocampus (Figure 5C), which supports an individualization

of the developing AD pathology.

Increase in Adult Hippopcampal Neurogenesis

Even though AD in human and AD-like mouse models is asso-

ciated with a decline of adult neurogenesis at late stages

(18,28,30,31), little is known about the preclinical stage because

most animal models progress quickly, and human data are

t-Test: t =1.42 

p = 0.16

t-Test: t = 1.71 p = 0.09

F-Test for variance : 

F = 4.125 p = 0.0008

HF
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DG

ML

CA1

CA3

SGZ 

X-34 Draq5

t-Test: t = 0.71 p = 0.47 t-Test: t = 0.46 p = 0.65

Figure 5. Alzheimer’s disease–like plaque load at

an early presymptomatic stage of 13 months. Plaque

load was analyzed by quantification of X-34, a

derivate of Congo Red. (A) Representative micro-

graph of plaque load in the hippocampus of NL-F

mice, in which plaques are shown in red. Scale

bar = 150 mm. (B, C) Plaque coverage in the hip-

pocampus is not altered at this early stage in NL-F

mice (B), but an increased variance was detected

by analyzing the number of plaques in the hippo-

campus after ENR (C). (D, E) A higher plaque load

can be seen in the cortex; however, no influence by

ENR was detected. DG, dentate gyrus; CTX, cortex;

ENR, enrichment; GCL, granule cell layer; HF, hip-

pocampal fissure; ML, molecular layer; SGZ, sub-

granular zone; STD, standard housing.
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Two-way ANOVA:

p= 0.029

p < 0.0001

Interaction:  F (1, 99)= 4.910 p < 0.0001

F-Test for variance:

p< 0.0001

p= 0.012

Two-way ANOVA: 

p < 0.0001

p< 0.0001

Interaction: F (1, 99 )= 4.661 p = 0.0333 

F-Test for variance: 

p< 0.0001

p = 0.0002

Two-way ANOVA:

p< 0.0001

p= 0.0006

Interaction:  F (1, 99) = 0.9338 p= 0.3362 

F-Test for variance: 

Two-way ANOVA:

p< 0.0001

p< 0.0001

Interaction:  F (1, 99) = 3.01 p = 0.085

F-Test for variance:

p< 0.0001

p = 0.012

ML

GCL

SGZ

Figure 6. Adult neurogenesis in the hippocampus

is increased at a presymptomatic stage in AppNL-F

mice but reduced by environmental ENR. (A) The

rate of adult neurogenesis in the hippocampus was

assessed by BrdU incorporation in dividing cells 28

days prior to perfusion. Adult neurogenesis was

increased in NL-F mice at this early stage and

reduced in animals withdrawn from ENR. (B) The

total number of DCX1 cells was increased in NL-F

mice and reduced in the ENR group, similar to the

BrdU quantification. (C) DCX1 cells can be further

classified into proliferative, intermediate, and post-

mitotic phenotype; neither ENR nor the genotype

had an effect on the percentage of phenotypic

stage. (D) Representative micrograph of the DCX1

cells in the DG. Scale bar = 25 mm. (E) The number of

proliferative DCX1 cells after ENR withdrawal was

not altered in control mice but only in NL-F mice. (F)

The total number of postmitotic DCX1 neurons was

influenced by housing and genotype, leading to

more cells in NL-F mice and a compensation by

ENR. Significant interactions are shown as *p , .05,

**p , .01, ****p , .0001. ANOVA, analysis of vari-

ance; BrdU, bromodeoxyuridine; DCX1, double-

cortin positive; DG, dentate gyrus; ENR, enrichment;

GCL, granule cell layer; ML, molecular layer; SGZ,

subgranular zone; STD, standard housing.
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scarce. The NL-F model revealed an increased number of

BrdU1 cells in the granular layer of the dentate gyrus 28 days

after the BrdU injections in comparison with the NL model

(Figure 6A). To further confirm this observation with an endog-

enous marker, we evaluated the number and morphology of

DCX1 cells (Figure 6D). In NL-F mice, the total number of DCX1

cells had increased (Figure 6B), with no significant alteration in

the percentage of proliferative, intermediate, or postmitotic cells

(Figure 6C). Thus, the proliferative pool had increased to the

same extent as the number of postmitotic cells (Figure 6E, F).

This is consistent with the previous observation that the dy-

namics of maturation in adult neurogenesis is relatively stereo-

typic (32). The temporary increase in adult neurogenesis may

reflect a compensatory response, which is also seen in humans

(18), other mouse models (33,34), and zebrafish (35,36).

Exposure to ENR reduced adult neurogenesis at age 12

months, which was 6 months after withdrawal from ENR.

Neurogenesis was reduced to even slightly below STD levels.

Consequently, the well-described positive neurogenic effects

of ENR during adolescence and early adulthood were not

sustained into older ages if the stimulation was not reinforced.

Nevertheless, other positive effects of ENR such as those on

DNA methylation are likely to persist even after withdrawal, as

reported previously (24).

DISCUSSION

To our knowledge, this study was the first of its kind to analyze

individual differences in a murine AD model.

We established that complex experiences in early life led to

reduced intraindividual differences in behavior. Behavioral

patterns in NL-F mice varied less over time than in NL mice.

The previously reported effects on an interindividual compo-

nent of variance was not impaired in NL-F mice. However, NL-

F mice became both less predictable and less flexible and

showed compromised improvement in object recognition upon

ENR even at an otherwise presymptomatic stage. This sug-

gests that AD pathology can weaken early physiological indi-

vidualization and increase behavioral rigidity. In contrast, the

earliest signs of plaque pathology showed greater variance in

the hippocampus in NL-F mice under ENR conditions. Perhaps

counterintuitively, after withdrawal from ENR, the pathologi-

cally enhanced adult neurogenesis that has been reported for

several AD models was reduced to slightly below STD levels

but remained higher than in NL mice. A direct correlation be-

tween individual activity and adult neurogenesis could not be

established due to the long withdrawal from ENR.

In an ongoing study comparing ENR effects in young versus

old animals, we detected more stable behavioral patterns and

reduced intraindividual variance in the older animals (unpub-

lished observations), suggesting that reduced adaptability or

behavioral malleability is part of a reduced flexibility at older

age. More brain plasticity means greater flexibility and better

adaptability, but it might also shift the stability-plasticity bal-

ance out of equilibrium (37,38). Thus, young NL-F mice may

already show behavioral alterations that are normally seen in

older animals. No causal link between RE trajectories and the

OF task or NORT can be established at this point, but a more

complex task such as the Morris water maze would be more

conclusive (but could not be realized for this large cohort).

Incidentally, the feeling of “getting lost” and becoming

disoriented to place and time are characteristic of patients with

AD even at early stages of the disease (39). Hence, the

observed behavioral phenotype might correspond to a very

first sign of AD manifestation long before overt plaque pa-

thology and cognitive impairment.

Adult hippocampal neurogenesis might be important for

brain maintenance because of the strategic position of the

hippocampus in complex learning and memory. We have hy-

pothesized the existence of a neurogenic reserve to cope with

aging and neurodegeneration (14,40).

The increase in adult neurogenesis that has been observed

in some studies on human AD tissue (17,18) and in murine

APPSw,Ind transgenic overexpression models (33,34) has been

interpreted as an initial compensatory attempt. Oligomeric Ab
may directly induce adult neurogenesis (34). Indeed, we found

a correlation between plaque load and BrdU levels under both

housing conditions (Figure S4 in the Supplement).

It is not clear, however, whether the increase in adult neu-

rogenesis corresponds to an abortive form of regeneration as

seen in zebrafish (35). In our study, proliferating DCX1 cells

were affected similarly to postmitotic cells so that the increase

in proliferation appeared to be associated with an increase in

maturing postmitotic neurons (41). We did not observe any

ectopic immature neurons (30) as has been discussed for

some AD models and well described for the increased prolif-

eration in models of epilepsy (42,43). There was a trend toward

a lower number of postmitotic new neurons at 18 months

(Figure S3 in the Supplement).

To identify whether changes in metabolism as relevant risk

factors manifest already at a preclinical stage in our AD model

(44,45), we investigated overall body weight, blood glucose,

cholesterol, and triglycerides. The observed increase in body

weight in AD animals is in line with the observations in a pre-

vious report (45). Higher blood glucose levels in NL-F mice

reflected the alterations in glucose metabolism seen in patients

with AD (46,47). Because brain glucose hypometabolism pre-

cedes the development of cognitive decline in patients with AD

(48), an association with higher plasma glucose levels seems

likely (49). We found an AD effect on glucose metabolism

already during presymptomatic stages.

ENR significantly counteracted the increased body weight in

NL-Fmice, and the NL-Fmice retained a significantly lowermean

blood glucose level after withdrawal from ENR. Increased tri-

glyceride levels can be found in conditions like obesity, stroke,

andcardiovascular disease (50).Because these are all associated

risk factors for AD, the observed decrease in triglycerides in both

genotypeswill be beneficial (51). In addition, ApoE plays a pivotal

role in lipoprotein metabolism and has a strong impact on AD

development (52). Nevertheless, some controversy exists with

respect to ApoE levels in plasma and the risk for dementia or

cardiovascular diseases (53,54). In our study, ENR increased

ApoE levels in plasma in comparison with STD, which wasmost

pronounced in NL-F mice. Because triglyceride and cholesterol

levels and ApoE are interconnected (55), ENR most likely has a

major impact on lipid metabolism, particularly in AD, due to the

known interactions between lipid metabolism and AD patho-

genic mechanisms. Astonishingly, we found a negative corre-

lation between ApoE levels and plaque area in the hippocampus

of mice in ENR but not STD (Figure S4 in the Supplement).
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Hence, individual differences in activity and body weight may

have a positive impact on metabolism (like blood glucose) and

also influence ApoE metabolism, with potential impact on Ab
deposition and plaque burden. Thus, ENR may be able to alle-

viate symptoms related tometabolism in preclinical AD and thus

potentially reduce the impact of related risk factors.

From the small differences in variance between trajectories

in ENR, especially during expansion of available cage config-

uration (weeks 3–10 in Figure 3F), we assume that there are

also genotype effects on the interindividual component. This

seems plausible from the trajectories in Figure 3A, but our

study was underpowered to confirm such differences.

In conclusion, ENR is effective in NL-F mice but did not

induce physiologically stable behavioral trajectories long

before disease manifestation. The observation that the

reduced individuality was mostly explainable by the intra-

individual component of variance points to an interesting

aspect that had received little attention to date. Individuality

also lies in short-term behavioral flexibility along a more or less

stable trajectory, not only in differences between those

trajectories.

While NL-F mice responded to the behavior-inducing envi-

ronmental intervention, i.e., the shared environment, the non-

shared component showed a reduced effect. This could mean

that AD pathology, even at preclinical stages, counteracts

behavior that would support the successful buildup of resil-

ience. While the knockin model does not allow straightforward

generalization to the human situation, there is a chance of a

self-reinforcing pathogenic mechanism in AD that determines

the success of a preventive lifestyle by interfering with health

behaviors.

ACKNOWLEDGMENTS AND DISCLOSURES

This study was supported by the Peter and Traudl Engelhorn Stiftung (to FE)

and the Alzheimer Forschung Initiative e.V. (Grant No. 19038 [to GK]).

We thank Tomohisa Toda for providing aged tissue and J. Bogado

Lopes, A. Karasinsky, and S. Guenther for mouse handling and support in all

animal experiments and legal applications. We are grateful for support from

D. Lasse, C. Steinhauer, and D. Glaeser for tissue processing and histology

and all other members of the Kempermann laboratory for assistance and

support. Furthermore, we thank S. White at the Imaging Platform of the

German Center for Neurodegenerative Diseases Dresden for her support.

A previous version of this article was published as a preprint on bioRxiv:

https://doi.org/10.1101/2022.08.18.504396.

The authors report no biomedical financial interests or potential conflicts

of interest.

ARTICLE INFORMATION

From the German Center for Neurodegenerative Diseases Dresden, Dres-

den, Germany (FE, MSP, ANS, KEGS, HL, GK); Center for Regenerative

Therapies Technical University Dresden, Dresden, Germany (FE, MSP, ANS,

KEGS, HL, GK); and Institute of Anatomy, Faculty of Medicine Carl Gustav

Carus, Technical University Dresden, Dresden, Germany (FE).

Address correspondence to Gerd Kempermann, M.D., at gerd.

kempermann@dzne.de or gerd.kempermann@tu-dresden.de.

Received Nov 6, 2022; revised Apr 6, 2023; accepted Apr 7, 2023.

Supplementary material cited in this article is available online at https://

doi.org/10.1016/j.biopsych.2023.04.009.

REFERENCES
1. Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C (2014): Potential

for primary prevention of Alzheimer’s disease: An analysis of

population-based data. Lancet Neurol 13:788–794.

2. Buchman AS, Boyle PA, Yu L, Shah RC, Wilson RS, Bennett DA (2012):

Total daily physical activity and the risk of ad and cognitive decline in

older adults. Neurology 78:1323–1329.

3. Vidoni ED, Morris JK, Watts A, Perry M, Clutton J, Van Sciver A, et al.

(2021): Effect of aerobic exercise on amyloid accumulation in pre-

clinical Alzheimer’s: A 1-year randomized controlled trial. PLoS One

16:e0244893.

4. Almeida RP, Schultz SA, Austin BP, Boots EA, Dowling NM,

Gleason CE, et al. (2015): Effect of cognitive reserve on age-related

changes in cerebrospinal fluid biomarkers of Alzheimer disease.

JAMA Neurol 72:699–706.

5. Kempermann G (2019): Environmental enrichment, new neurons and

the neurobiology of individuality. Nat Rev Neurosci 20:235–245.

6. Kempermann G (2022): Embodied prevention. Front Psychol 13:

841393.

7. Crous-Bou M, Minguillón C, Gramunt N, Molinuevo JL (2017): Alz-

heimer’s disease prevention: From risk factors to early intervention.

Alzheimers Res Ther 9:71.

8. Emery VOB (2011): Alzheimer disease: Are we intervening too late?

Pro. J Neural Transm (Vienna) 118:1361–1378.

9. Sasaguri H, Nilsson P, Hashimoto S, Nagata K, Saito T, De Strooper B,

et al. (2017): APP mouse models for Alzheimer’s disease preclinical

studies. EMBO J 36:2473–2487.

10. Kempermann G, Lopes JB, Zocher S, Schilling S, Ehret F, Garthe A,

et al. (2022): The individuality paradigm: Automated longitudinal ac-

tivity tracking of large cohorts of genetically identical mice in an

enriched environment. Neurobiol Dis 175:105916.

11. Turkheimer E, Waldron M (2000): Nonshared environment: A theoret-

ical, methodological, and quantitative review. Psychol Bull 126:78–

108.

12. Plomin R, Daniels D (2011): Why are children in the same family so

different from one another? Int J Epidemiol 40:563–582.

13. Freund J, Brandmaier AM, Lewejohann L, Kirste I, Kritzler M, Krüger A,

et al. (2013): Emergence of individuality in genetically identical mice.

Science 340:756–759.

14. KempermannG (2008): The neurogenic reserve hypothesis: What is adult

hippocampal neurogenesis good for? Trends Neurosci 31:163–169.

15. Zocher S, Schilling S, Grzyb AN, Adusumilli VS, Bogado Lopes J,

Günther S, et al. (2020): Early-life environmental enrichment generates

persistent individualized behavior in mice. Sci Adv 6:eabb1478.

16. Bogado Lopes J, Senko AN, Bahnsen K, Geisler D, Kim E,

Bernanos M, et al. (2023): Individual behavioral trajectories shape

whole-brain connectivity in mice. eLife 12:e80379.

17. Perry EK, Johnson M, Ekonomou A, Perry RH, Ballard C, Attems J

(2012): Neurogenic abnormalities in Alzheimer’s disease differ be-

tween stages of neurogenesis and are partly related to cholinergic

pathology. Neurobiol Dis 47:155–162.

18. Jin K, Peel AL, Mao XO, Xie L, Cottrell BA, Henshall DC, Greenberg DA

(2004): Increased hippocampal neurogenesis in Alzheimer’s disease.

Proc Natl Acad Sci USA 101:343–347.

19. Terreros-Roncal J, Moreno-Jiménez EP, Flor-García M, Rodríguez-

Moreno CB, Trinchero MF, Cafini F, et al. (2021): Impact of neurode-

generative diseases on human adult hippocampal neurogenesis. Sci-

ence 374:1106–1113.

20. Moreno-Jiménez EP, Flor-García M, Terreros-Roncal J, Rábano A,

Cafini F, Pallas-Bazarra N, et al. (2019): Adult hippocampal neu-

rogenesis is abundant in neurologically healthy subjects and

drops sharply in patients with Alzheimer’s disease. Nat Med

25:554–560.

21. Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P, Itohara S, et al.

(2014): Single app knock-in mouse models of Alzheimer’s disease. Nat

Neurosci 17:661–663.

22. Salas IH, Callaerts-Vegh Z, D’Hooge R, Saido TC, Dotti CG, De

Strooper B (2018): Increased insoluble amyloid-b induces negligible

cognitive deficits in old AppNL/NL knock-in mice. J Alzheimers Dis

66:801–809.

23. Mekada K, Yoshiki A (2021): Substrains matter in phenotyping of

C57BL/6 mice. Exp Anim 70:145–160.

24. Bates D, Mächler M, Bolker B, Walker S (2015): Fitting linear mixed-

effects models using lme4. J Stat Softw 67:1–48.

Reduced Individualization in AppNL-F Mice

730 Biological Psychiatry November 1, 2023; 94:721–731 www.sobp.org/journal

Biological
Psychiatry



25. Wickham H (2016): ggplot2 - Elegant Graphics for Data Analysis, 2nd

ed. Cham: Springer International Publishing.

26. Mahajan VS, Demissie E, Mattoo H, Viswanadham V, Varki A, Morris R,

Pillai S (2016): Striking immune phenotypes in gene-targeted mice are

driven by a copy-number variant originating from a commercially

available C57BL/6 strain. Cell Rep 15:1901–1909.

27. Morales-Hernández A, Martinat A, Chabot A, Kang G, McKinney-

Freeman S (2018): Elevated oxidative stress impairs hematopoietic

progenitor function in C57BL/6 substrains. Stem Cell Rep 11:334–347.

28. Verret L, Krezymon A, Halley H, Trouche S, Zerwas M, Lazouret M, et al.

(2013): Transient enriched housing before amyloidosis onset sustains

cognitive improvement in tg2576 mice. Neurobiol Aging 34:211–225.

29. Mirochnic S, Wolf S, Staufenbiel M, Kempermann G (2009): Age ef-

fects on the regulation of adult hippocampal neurogenesis by physical

activity and environmental enrichment in the APP23 mouse model of

Alzheimer disease. Hippocampus 19:1008–1018.

30. Donovan MH, Yazdani U, Norris RD, Games D, German DC, Eisch AJ

(2006): Decreased adult hippocampal neurogenesis in the PDAPP

mouse model of Alzheimer’s disease. J Comp Neurol 495:70–83.

31. Faure A, Verret L, Bozon B, El Tannir El Tayara N, Ly M, Kober F, et al.

(2011): Impaired neurogenesis, neuronal loss, and brain functional

deficits in the APPxPS1-Ki mouse model of Alzheimer’s disease.

Neurobiol Aging 32:407–418.

32. Plümpe T, Ehninger D, Steiner B, Klempin F, Jessberger S, Brandt M,

et al. (2006): Variability of doublecortin-associated dendrite maturation

in adult hippocampal neurogenesis is independent of the regulation of

precursor cell proliferation. BMC Neurosci 7:77.

33. Jin K, Galvan V, Xie L, Mao XO, Gorostiza OF, Bredesen DE,

Greenberg DA (2004): Enhanced neurogenesis in Alzheimer’s disease

transgenic (PDGF-APPSw,Ind) mice. Proc Natl Acad Sci USA

101:13363–13367.

34. López-Toledano MA, Shelanski ML (2007): Increased neurogenesis in

young transgenic mice overexpressing human APP(Sw, Ind).

J Alzheimers Dis 12:229–240.

35. Bhattarai P, Thomas AK, Zhang Y, Kizil C (2017): The effects of aging

on amyloid-b42-induced neurodegeneration and regeneration in adult

zebrafish brain. Neurogenesis (Austin) 4:e1322666.

36. Bhattarai P, Cosacak MI, Mashkaryan V, Demir S, Popova SD,

Govindarajan N, et al. (2020): Neuron-glia interaction through

serotonin-BDNF-NGFR axis enables regenerative neurogenesis in

Alzheimer’s model of adult zebrafish brain. PLoS Biol 18:e3000585.

37. Wiskott L, Rasch MJ, Kempermann G (2006): A functional hypothesis

for adult hippocampal neurogenesis: Avoidance of catastrophic

interference in the dentate gyrus. Hippocampus 16:329–343.

38. Kempermann G (2022): What is adult hippocampal neurogenesis good

for? Front Neurosci 16:852680.

39. Moodley KK, Chan D (2014): The hippocampus in neurodegenerative

disease. Front Neurol Neurosci 34:95–108.

40. Kempermann G (2015): Activity dependency and aging in the regula-

tion of adult neurogenesis. Cold Spring Harb Perspect Biol 7:a018929.

41. Chen Q, Nakajima A, Choi SH, Xiong X, Sisodia SS, Tang YP (2008):

Adult neurogenesis is functionally associated with AD-like neuro-

degeneration. Neurobiol Dis 29:316–326.

42. Parent JM, Elliott RC, Pleasure SJ, Barbaro NM, Lowenstein DH

(2006): Aberrant seizure-induced neurogenesis in experimental tem-

poral lobe epilepsy. Ann Neurol 59:81–91.

43. Uemori T, Toda K, Seki T (2017): Seizure severity-dependent selective

vulnerability of the granule cell layer and aberrant neurogenesis in the

rat hippocampus. Hippocampus 27:1054–1068.

44. Croteau E, Castellano CA, Fortier M, Bocti C, Fulop T, Paquet N,

Cunnane SC (2018): A cross-sectional comparison of brain glucose and

ketone metabolism in cognitively healthy older adults, mild cognitive

impairment and early Alzheimer’s disease. Exp Gerontol 107:18–26.

45. Butterfield DA, Boyd-Kimball D (2018): Oxidative stress, amyloid-b

peptide, and altered key molecular pathways in the pathogenesis

and progression of Alzheimer’s disease. J Alzheimers Dis 62:1345–

1367.

46. Simpson IA, Chundu KR, Davies-Hill T, Honer WG, Davies P (1994):

Decreased concentrations of GLUT1 and GLUT3 glucose transporters

in the brains of patients with Alzheimer’s disease. Ann Neurol 35:546–

551.

47. Mosconi L, Tsui WH, De Santi S, Li J, Rusinek H, Convit A, et al.

(2005): Reduced hippocampal metabolism in MCI and AD: Automated

FDG-PET image analysis. Neurology 64:1860–1867.

48. Mosconi L, De Santi S, Li J, Tsui WH, Li Y, Boppana M, et al. (2008):

Hippocampal hypometabolism predicts cognitive decline from normal

aging. Neurobiol Aging 29:676–692.

49. Burns CM, Chen K, Kaszniak AW, Lee W, Alexander GE, Bandy D,

et al. (2013): Higher serum glucose levels are associated with cerebral

hypometabolism in Alzheimer regions. Neurology 80:1557–1564.

50. Yuan G, Al-Shali KZ, Hegele RA (2007): Hypertriglyceridemia: Its eti-

ology, effects and treatment. CMAJ 176:1113–1120.

51. Bhutani S, Klempel MC, Kroeger CM, Trepanowski JF, Varady KA

(2013): Alternate day fasting and endurance exercise combine to

reduce body weight and favorably alter plasma lipids in obese

humans. Obesity (Silver Spring) 21:1370–1379.

52. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC,

Small GW, et al. (1993): Gene dose of apolipoprotein E type 4 allele

and the risk of Alzheimer’s disease in late onset families. Science

261:921–923.

53. Soares HD, Potter WZ, Pickering E, Kuhn M, Immermann FW,

Shera DM, et al. (2012): Plasma biomarkers associated with the

apolipoprotein E genotype and Alzheimer disease. Arch Neurol

69:1310–1317.

54. Rasmussen KL, Tybjaerg-Hansen A, Nordestgaard BG, Frikke-

Schmidt R (2015): Plasma levels of apolipoprotein E and risk of de-

mentia in the general population. Ann Neurol 77:301–311.

55. Hall K, Murrell J, Ogunniyi A, Deeg M, Baiyewu O, Gao S, et al. (2006):

Cholesterol, APOE genotype, and Alzheimer disease: An epidemio-

logic study of Nigerian Yoruba. Neurology 66:223–227.

Reduced Individualization in AppNL-F Mice

Biological Psychiatry November 1, 2023; 94:721–731 www.sobp.org/journal 731

Biological
Psychiatry


