1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

j Behav Brain Res. Author manuscript; available in PMC 2022 September 24.

Published in final edited form as:
Behav Brain Res. 2021 September 24; 414: 113482. doi:10.1016/j.bbr.2021.113482.

Reelin changes hippocampal learning in aging and Alzheimer’s
disease

Austin T. Marckx1:2"*, Katja E. Fritschlel:2, Laurent Calvierl:2, Joachim Herz12.3:4.*
1.Department of Molecular Genetics, UT Southwestern Medical Center

2-Center for Translational Neurodegeneration Research, UT Southwestern Medical Center
3-Department of Neuroscience, UT Southwestern Medical Center

4Department of Neurology, UT Southwestern Medical Center

Abstract

The hippocampal formation (HF) is a neuroanatomical region essential for learning and memory.
As one of the earliest regions to display the histopathological hallmarks of Alzheimer’s disease
(AD), determining the specific mechanisms of the HF’s vulnerability is of capital importance.
Reelin, a glycoprotein crucial in cortical lamination during embryonic neurogenesis, has an
uncommon expression pattern within the HF and has been implicated in both learning and AD
pathogenesis. We hypothesized that Reelin deficiency would expedite behavioral impairments
which accompany normal aging. Additionally, we hypothesized that Reelin deficiency in the
presence of mutated human microtubule associated protein tau (MAPT) would further impair
hippocampal function. To test our hypothesis, we utilized cohorts of aged mice, aged mice
with Reelin conditional knockout (RcKO), and adult mice with both RcKO and MAPT in the
Barnes maze and Trace fear conditioning. Consistent with prior literature, increased age in
wild-type mice was sufficient to reduce spatial searching in the Barnes maze. Increased age
both exacerbated spatial impairments and altered context learning in RcKO mice. Lastly, adult
mice with both RcKO and the MAPT transgene displayed both the lowest age-of-onset and
most severe spatial learning deficits. In conclusion, Reelin deficiency when combined with AD
risk-factors produced consistent impairments in spatial memory tasks. Furthermore, our results
further implicate Reelin’s importance in both HF homeostasis and AD pathogenesis.
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1. Introduction

The hippocampal formation (HF) is a neuroanatomical region which includes the cornua
ammonis in the hippocampus proper, the dentate gyrus, and the entorhinal cortex. When
lesioned, the HF produces a behavioral phenotype unique to the subregion damaged. For
example, hippocampal damage or lesion manifests in a mnemonic phenotype impacting
contextual and spatial memory [1-4] while attention, motivation, and motor-based tasks are
generally unaffected [5]. Indeed, research describing the spatial properties of “grid cells”
present in layer 11 of the medial entorhinal cortex [6] received great recognition in 2014.
Moreover, additional studies have identified pathways within the HF specifically implicated
in consolidation of context memory [7-9].

Derivative of its crucial importance in the healthy brain, neurodegeneration in the HF has
severe consequences. For example, Alzheimer’s disease (AD) preferentially degenerates
the HF [10,11] and does so in cell-type specific manner [11-13]. The vulnerable neurons,
known as Pre-a [11] or entorhinal cortex layer-11 stellates [14], are characterized by an
abnormal propensity to accumulate lipofuscin [11] and are among the few populations of
excitatory neurons in the adult brain which express Reelin [14-16].

Reelin, a 388 kDa [17] glycoprotein essential for normal development of the embryonic
nervous system, has been implicated in biomechanisms of learning and memory [18,19]. In
electrophysiological recordings of the murine hippocampus, the acute application of Reelin
induces enhanced long-term potentiation [20,21]. Furthermore, Reelin deficiencies have
been correlated to higher clinical dementia rating in AD patients [22] and cognitive decline
in rats [23]. Given the localization of these Reelin expressing neurons and their implication
in AD, we sought to investigate whether Reelin deficiency in adult mice in conjunction with
known AD risk-factors produced a behavioral phenotype using the HF-dependent tasks trace
fear conditioning (TFC) and the Barnes maze (BM) [24-28].

While aged rodents have a well-documented association with spatial memory impairments
[25,26,28-31], the conjoined effect of Reelin deficiency and age has not been well
characterized. Doubtless, this is in part due to the severe phenotype which results

from Reelin knockout during development. In mice the Reelin knockout phenotype is
characterized by the inversion of cortical layering, lack of foliation of the cerebellum,

and early lethality [32]. In order to bypass the aforementioned consequences, we utilized
a Reelin conditional knockout (RcKO) model. In this model, mice develop normally

until 2-months-of-age where they receive tamoxifen injections for a period of one week
which induces the cre-recombinase silencing of the Reelin gene. This silencing of Reelin
persists for the life of the mouse and is characterized by >95% reduction in Reelin levels
[32] (Fig. S1). Behaviorally, RcKO mice have been assessed at 3-months-of-age and are
indistinguishable from controls in learning and motor tasks [32]. Additionally, the cross of
RcKO into the Alzheimer’s mouse model Tg2576(APPSwe) produces a spatial impairment
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in adult mice [32]. Given the results from the RcKO cross with the amyloid model,

we hypothesized that a similar cross with a tauopathy model would produce a similar
phenotype. To test this, the mutated human PS19 transgenic mouse model was utilized [33].
Mice of this line are hemizygotes for human tau with a P301S point mutation and the
expression of the human tau is approximately 5-fold higher than endogenous mouse tau [33].
PS19 mice are characterized by diffuse astrogliosis and progressive microglial activation
within the HF [33]. After 6-months the phenotype becomes more severe involving neuronal
loss in the both the cerebral cortex and hippocampus and is frequently paralleled by a
progressive paralysis between 7 and 10-months-of-age [33]. In order to minimize potential
confounds, we utilized mice at 6-months-of-age which is before the reported neuronal loss.
Additionally, because motor impairment would likely preclude results in the Morris Water
Maze (MWM), the dry-land BM was used for spatial learning assessment.

The characterization of HF-dependent learning and memory in the PS19 line is often
inconsistent in published works. Although fear conditioning at 6 months-of-age appears
normal [34-36], reports of a spatial phenotype vary widely. Some authors find no impact
of PS19 [34], others [37] claim specifically learning phase changes, and still others report
only tendencies with males of one background in the BM, but significant differences with
females of a different background in the MWM [35]. Aging beyond 6-months not only
increases the variability in reports of a spatial phenotype [34,38-45] but also obfuscates the
fear conditioning phenotype with changes in only context tests [38,46,47], changes in only
cued tests [39], and no changes found [41] all being reported.

We hypothesized that Reelin deficiency would expedite behavioral impairments which
accompany normal aging. Additionally, we hypothesized that Reelin deficiency in the
presence of PS19 would impair HF-dependent learning and memory. Given the controversy
surrounding the PS19 line, a two-pronged approach was used to mitigate potential
confounds. First, mice from the PS19 background were tested at approximately 6-months-
of-age when the fear conditioning phenotype is consistent. Second, an augmented battery
of measurements for spatial learning was recorded and reported in order to exhaustively
characterize any phenotype observed. A comprehensive list of terms used in the spatial
analytical battery is provided in Table 1.

2. Material and Methods

2.1. Animals

The wild-type mice were on a hybrid (Sv129/BL6) background identical to the Reelinf/fl-
CAGCTeERT2+/= [32] Jine. All mice were group-housed (maximum of 5 per cage) on a

12-h day/night cycle in a room kept at 21+2C at 50+5% humidity. Food and water were
provided ad /ibitum. The conditional knockout of Reelin in each line was achieved by five
days of consecutive intraperitoneal either tamoxifen (Sigma, S5007) (125 mg/kg) or vehicle
injections at 8 weeks-of-age + 1wk. Prior to injection, tamoxifen was dissolved (18mg/ml)
in sunflower oil (Sigma, T5648) and 10% EtOH. Henceforth, RcKO mice will be identified
as either control (Cntrl) or RcKO and by the age of the cohort (3-month or 12-month).
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PS19 (JAX #008169) [33] hemizygotes on a B6C3F1/J background were crossed with

the Reelin cKO line [32] on a Sv129/BL6 background thereby creating a mouse line

in which Reelinf/fl is combined with the optional presence of both the PS19 trans-gene

and CAGCTeERT2 gypsequently, the line was maintained on a Sv129/BL6 background. In
experiments utilizing this line, MAPT™:Reelinf/fl-CAGCTeERT2= (WT) represents the control
condition with MAPT*:Reelinf/fl.CAGCTeERTZ= (MAPT), MAPT":Reelinfl/fl.CAGCreERTZ+
(Reelin cKO), and MAPT*:Reelinf/fl_.CAGCERT2+ (MAPT:cKO) composing the remaining
conditions. Because a sexual dimorphism exists in rodent spatial learning and memory tasks
[48, 49] and the majority of age-related decline in spatial memory performance has been
collected from male mice [48], only male mice were tested in the following experiments in
order to make our results more comparable to previously published material.

In addition to genotyping which takes place prior to weaning, verification of recombination
was done after behavioral testing. For this purpose, performed RT-gPCR on the cerebellar
lysates (Fig. S1). Notably, the cerebellum is reported to have the highest Reelin expression
levels in the brain [50,51]. Given the compelling efficacy of the conditional knockout as
demonstrated both within our data (>95% decrease in Reelin mMRNA expression) and the
evidence that this generalizes throughout the brain [32], we conclude that Reelin is knocked-
out not only in the hippocampus but also the entire brain.

All experimental procedures on mice were performed according to the approved guidelines
and standard operating procedures of the Institutional Animal Care and Use Committee
(IACUC) and Animal Resource Center (ARC) at the University of Texas Southwestern
Medical Center at Dallas.

2.2. Behavior

At least 24 hours prior to any behavioral test each mouse was checked for obvious health
issues and its tail was marked with a non-toxic Sharpie® for ease of recognition. On the day
of any behavioral experiment, each cage of mice was removed from the housing room and
transported to an intermediate location neighboring the behavioral apparatus. Each cage was
then left undisturbed for at least 1 hour before beginning testing. Cages which completed the
BM had subsequent TFC training within 2 weeks. In the event the BM was not performed, a
brief handling period prior to tail marking preceded TFC.

2.2.1. Barnes Maze—The BM apparatus consists of an elevated (50cm) circular
platform (diameter (d) = 120cm) containing 18 evenly placed circular holes (d = 7.5cm)
with each having its outermost edge 7.5cm interior from the rim of the platform. One of

two hole locations contained a suspended goal box (15 x 15 x 8.5cm; length x width x
height) composed of red semi-transparent plastic and containing a textured ramp of the same
material. This goal box was filled to a height of ~2.5cm with sawdust similar to the home
cage. Other objects include: the visual cues which were suspended at platform height in each
cardinal direction (N, S, E, W), a camera connected to analysis software suspended directly
over the center of the apparatus, bright lights placed on the floor surrounding apparatus, and
a fan at platform height (low-speed on day one and medium-speed on all subsequent days).
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Each trial consisted of placing a mouse into a transfer cage of similar dimensions to the
home cage via tail suspension. The transfer cage was then carried to the apparatus and,
again using tail suspension, the mouse was placed into the start-chamber (a non-transparent
dome with a diameter of 23.5cm and a height of 7.5cm) which was then covered. After
approximately 10s, both the start-chamber and lid were removed, and the experimenter
quickly retreated behind a visual barrier to observe the subject via camera-feed on the
recording software. A stopwatch was used to manually record both the primary and total
latency values. If the mouse failed to complete the experiment within the time allotted, the
mouse was guided to the goal location using an enclosed, handled, transparent, plastic
cylinder. Once the mouse entered the goal location (using a four-paw standard), the
start-chamber lid was placed over the hole entrance and the mouse remained inside for
approximately 20s. The goal box, which contained the mouse, was removed from the
apparatus and transported to a different transfer cage. Subsequently, the goal ramp was
removed and the mouse transferred by gently tilting the goal box until the mouse walked
into the second transfer cage. The mouse remained in this cage while the entire surface of
the apparatus was cleaned with 70% EtOH. Lastly, the second transfer cage and the tested
mouse were transported back to the holding location, the next subject placed in the first
transfer cage, and the tested mouse returned to the home cage.

The protocol utilized contained trials over five consecutive days. The first trial on day one
was deemed the accustomization trial and had a maximum duration of 90s. Four additional
trials with a maximum duration of 180s (standard trial) were subsequently conducted on day
one. Days two through four consisted of four standard trials per day. On the last day (probe
trial), the goal box was not attached to the apparatus and each mouse was allowed to explore
for 90s.

2.2.2. Trace Fear Conditioning—The TFC protocol was performed over three
consecutive days. On day one (training), each mouse (maximum two mice trained
simultaneously) was transported from the preparation location (using a similar protocol

to the BM) and placed in a shock chamber (25 x 32 x 33cm) cleaned with 70% EtOH

for a 10 min training session. The flooring of the chamber consisted of 36 metal rods (d

= 0.35cm) arranged in parallel. Each rod was 26¢m long, 0.55cm from neighboring rods,
and individually connected to the shock-generator. Two minutes after being placed in the
chamber, the following tone-shock pairing sequence elapsed. Namely, 20s of a tone (80 dB,
7000 Hz) was followed by a 20s trace period and a subsequent 2s, 0.5 mA foot shock. Two
additional tone-shock pairings were performed and, identical to the first paring, two minutes
elapsed between subsequent pairings. After each training session the shock chamber was
thoroughly cleaned with dH20 and 70% EtOH.

On day two (Cue test), the visual, tactile, and olfactory cues were altered and the freezing
response to the auditory cue was measured. Specifically, the light was changed from white
to red, a plastic box containing fresh sawdust replaced the metal grate, and balsamic vinegar-
soaked paper towel was placed next to each box replacing the EtOH olfactory cues during
training. Process NPD® was used to clean at all timepoints during the cue test. The trial
itself was composed three repetitions of a two-minute no stimulus period followed by a
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one-minute period of continuous tone. The last tone was followed by one minute of no
stimulus before the standard cleaning and returning to home cage.

On day three (Context test), the context was identical to the training session with the absence
of the tone. Each mouse was placed into the shock chamber as before and the freezing
behavior recorded over the five-minute trial period.

2.3. Statistical Analysis

All data processing, statistical analysis, and graphical creation was done in RStudio [52]
primarily using the base R (Ver 3.6.3) [53] and tidyverse (Ver 1.3.0) [54] packages. Data
was tested for normality using the Shapiro test. Due to the overwhelming frequency of
non-parametricity, the Kruskal-Wallis rank sum test and Wilcoxon Signed-rank test with
Benjamini-Hochberg correction with a threshold of p< 0.05 was used to assess significance
in all cases.

2.3.1. Barnes Maze Analysis—For the BM, the manually recorded total and primary
latency values were entered into a spreadsheet containing each mouse’s genotype and
corresponding identification number. Total/primary latency values are defined as the time
required to either enter or locate the goal, respectively. In the event the mouse jumped off the
platform, both the primary and total latency values were set to the maximum trial duration.
The raw cartesian positional values and corresponding time values for each trial recorded by
the ANY-Maze software (Version 4.99m, Stoelting Company, Wood Dale, IL, USA) were
extracted and radially adjusted such that the goal locations were overlaid. These values were
then used to create the choropleths using the raster package [55]. Additional values extracted
included both the distance travelled and the distance from the goal during each second of
each trial. Distance and mean speed measurements were calculated by taking the sum and
the average respectively of the distance travelled up to either the total or primary latency
value. The radius for the categorical zone occupancy was calculated as half the distance
from the apparatus center to the nearest border of the goal. Search strategy classification was
done blindly by plotting the primary pathing of each mouse and categorically classifying

the pathing as either spatial, serial, or random. Representative examples of pathing used for
strategy classifications can be found in the supplemental figures (Fig. S2).

2.3.2. Trace Fear Conditioning Analysis—Trace Fear Conditioning was manually
quantified by scoring the number of seconds the mouse exhibited freezing behavior (no
movement observed except slight “shivering” of torso) within each minute of each trial.
Scoring was done from a recorded video taken by a camera suspended directly above the
shock chamber.

2.3.3. Exclusionary Criterion—Only malfunction of the recording software or
drastically atypical performance compared to other mice within the condition were used
as grounds for exclusion from analysis. One mouse from each experiment was excluded
from analysis in the Barnes maze. A 3-mth WT was excluded due to recording software
malfunctions. Both a young control in experiment two and a WT in experiment three were
excluded due to drastically atypical performance. If the cause of removal was atypical
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performance, the data was evaluated with and without the mouse’s inclusion to assess
whether the removal caused statistical tests to shift over threshold values (i.e. shift p-values
from above or below p < 0.05, 0.01, 0.001). In each circumstance this was not observed.

3. Results

3.1. Experiment 1: Aging impacts spatial memory in wild-type mice

Despite the well-established nature of rodent age-related impairment in certain memory
tasks, extreme senescence is often only compared to young mice. In order to not only
establish a baseline level of activity for the mouse background used throughout this paper
but also to determine if there was a midlife transition in HF-dependent learning or memory,
3-, 12-, and 18-month male mice of hybrid (Sv129/BL6) background were measured in the
BM and TFC.

3.1.1. 3-month mice tend to have superior acquisition proficiency—The 18-
month cohort showed a significantly higher primary latency compared to the 12-month
cohort and tended (p = 0.065) to be higher than the 3-month group (Fig 1A-B). The
12-month cohort had a significantly increased primary mean speed compared to both the 3-
and 18-month groups (Fig. 1C-D). Although the primary distance traveled by the cohorts did
not significantly differ, the 3-month cohort had a tendency to travel a shorter distance (3- vs.
12-mth: p = 0.084; 3- vs. 18-mth: p = 0.078) (Fig. 1E-F). The cumulative tendency for the
3-month cohort to have lower primary latency and distances leads us to conclude that this
cohort tends to have superior acquisition proficiency (See Tab. 1). The primary pathing data
for all mice separated by day of training is shown in the supplemental figures (Fig. S3).

3.1.2. Young mice exhibit superior spatial memory, but TFC performance
unchanged—While all mice appear to prefer the area around the trained-goal location
as shown by the probe trial choropleth (Fig. 2A), the assuredness of the mice seems to
vary across time. As the age of the mouse increased, the pathing data indicates older

mice make larger errors by searching further from the trained-goal location (Fig. 2A).
Comparing the second-by-second distance from the goal shows both the 12- and 18-month
cohorts searched distant zones earlier than the 3-month cohort. This suggests the 3-month
cohort had a lower extinction efficiency. The cumulative average distance from the goal
revealed that the youngest cohort of mice were on average significantly closer to the goal
location compared to their aged counterparts (Fig. 2B), thus indicating the 3-month cohort
had a higher retention proficiency. Collectively, the lower extinction efficiency and higher
retention proficiency indicate that the 3-month cohort of mice exhibited superior spatial
memory compared to the 12- and 18-month cohorts.

Learning is indicated by the progressive adaptation of a spatial search strategy (Fig. 3A).
Noticeably, by the second day of training approximately 75% of the 3-month cohort

was using spatial strategies. Because this cohort consistently appears to utilize a superior
spatial strategy earlier, we conclude that the 3-month cohort displayed a greater adaptation
efficiency. This conclusion is reinforced when comparing the cumulative strategy usage.
The 3-month mice were significantly more likely to utilize a spatial search strategy (Fig.
3B) and, thus we conclude that the 3-month cohort of mice displayed a higher adaptation
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proficiency. In contrast to the changes observed in spatial learning capacity, no significant
differences were seen in either the tone or context tests during TFC (Fig. 4A-B). To
summarize, the 3-month cohort displayed in this experiment showed superior acquisition
proficiency, retention proficiency, adaptation efficiency, and adaptation proficiency while
simultaneously having a lower extinction efficiency. Therefore, we conclude that the results
of this experiment indicate that spatial learning and memory are particularly vulnerable to
natural aging.

3.2. Experiment 2: Reelin cKO decreases age-of-onset for HF-dependent memory

impairment

In order to determine if Reelin deficiency expedited age-related deficits in HF-dependent
learning, both cohorts of 3- and 12-month mice with and without conditional knockout of
Reelin (Cntrl and RcKO, respectively) were tested in BM and TFC.

3.2.1. Acquisition proficiency unchanged between groups—Across all primary
measures (i.e. measured until goal located) (Fig. 5A-F), only the primary mean speed
significantly varied (Fig. 5C-D). Notably, the significant increase in primary mean speed
seen in the 3-month Cntrls compared to the 12-month Cntrls (Fig. 5D) is opposite to

the 3- and 12-month WT cohorts in the first experiment (Fig. 1D). Although seemingly
contradicting, the 3-month Cntrls in this experiment had 5 consecutive days of injections
approximately 1-month prior to the BM. We consider it likely that the memory of this
presumably aversive experience was sufficiently motivating to account for the speed
differences observed. Nevertheless, because of the lack of observed differences we conclude
that acquisition proficiency is unchanged between the groups. The primary pathing data for
all mice separated by day of training is shown in the supplemental figures (Fig. S4).

3.2.2. 12-month RcKOs exhibit impaired spatial memory and learning—
Independent of age or genotype, the most likely position for a mouse in the probe trial

is surrounding the former-goal location (Fig. 6A). The 12-month RcKO mice, however, were
located significantly farther from the trained-goal location compared to young mice with
or without RcKO (Fig. 6B) indicating impaired retention proficiency. Simultaneously, the
visual comparison of the second-by-second distance from the goal shows that the RcKOs
were observed in the furthest zones from the goal even during the early stages of the

trial. Therefore, we conclude that the 12-month RcKOs demonstrated a greater extinction
efficiency (Tab. 1). Despite all other groups gradually eliminating the use of a random
search strategy, the 12-month RcKO group persistently utilized this strategy (Fig 7A). This
indicates a lower adaption efficiency in the 12-month RcKOs. The consistent inefficiency
of task-learning resulted in the cumulative probability of random search strategy for the
12-month RcKOs being nearly double that of all other groups (Fig. 7B) and indicates
impaired adaptation proficiency.

3.2.3. Contextual learning alterations observed in 12-month RcKOs—When
mice of different ages were tested for learning ability in TFC, there were no significant
changes seen in the tone test (Fig. 8A). However, performance in the context test mimicked
that in the BM (Fig. 8B). Specifically, the 12-month RcKOs froze significantly more than
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the young-controls. This was accompanied by a non-significant trend (3-month Cntrl vs.
3-month RcKO: p = 0.072; 12-month Cntrl vs. 12-month RcKO: p = 0.072) for each

RcKO condition to freeze for more time compared to its age-matched control. These

results reinforce previous findings [7,9] which implicate Reelin expressing stellate cells

as being important for context specific fear conditioning. Notably, learning was not ablated
following the conditional knockout of reelin. However, truly superior learning in TFC would
be indicated by enhanced freezing in the tone condition. Nevertheless, the non-specific
associative learning indicated by the context freezing leads us to conclude that the 12-month
RcKOs have altered TFC performance.

In summary, we discovered that 12-month RcKO mice displayed inferior spatial learning
and memory compared to either cohort of 3-month mice as well as contextual learning
changes in TFC. Therefore, we conclude that Reelin deficiency in conjunction with age can
expedite HF-dependent learning deficits.

3.3. Experiment 3: MAPT:Reelin cKO severely impairs spatial learning and memory

In order to determine if Reelin deficiency in conjunction with MAPT triggered deficits in
HF-dependent learning in adult mice (6-month), the RcKO and PS19 lines were crossed and
subsequently tested in BM and TFC.

3.3.1. MAPT:cKO mice display impaired spatial task acquisition proficiency
—MAPT:cKOs displayed an increased primary latency compared to all groups. Importantly,
this difference is indicative of impaired acquisition proficiency because it was accompanied
by either a corresponding increase in primary distance (vs. MAPT or Reelin cKO) or a
comparable primary mean speed (vs. WT) (Fig. 9A-F). The primary pathing data for all
mice separated by day of training is shown in the supplemental figures (Fig. S5). Clearly,
the results indicate that the MAPT:cKOs has impaired acquisition proficiency of the spatial
learning task.

3.3.2. MAPT:cKO mice have inferior spatial memory and adaptation in the
BM—Again, the former-goal location is preferred by all groups; however, the positional
density appears more diffuse for the MAPT:cKOs (Fig. 10A). Interestingly, the MAPT:cKO
group displayed a clear period of inactivity during the initial portion of the trial (an
uncommon behavior in other groups) (Fig. 10B). Furthermore, the MAPT:cKOs displayed
a significantly higher average distance from the goal compared to all other groups, thus
indicating impaired retention proficiency. Notably, the WT group similarly displayed a
higher average distance from the goal compared to the RcKO and MAPT cohorts. This
observation seems to be explained by examining the search strategy utilization in the next
figure (Fig. 11A). While the WT group tended to wain off random search strategies during
training, during the probe trial a sudden resurgence in random strategies was observed. This
atypical resurgence is likely responsible for the average distance differential and we consider
it non-representative of the cohort in general. This is in contrast to the MAPT:cKOs,

who throughout training had approximately 25% utilization of a random search strategy
(Fig 11A). Moreover, the ~33% cumulative probability of spatial search strategies in the
MAPT:cKOs (Fig 11B) is a clear indication of impaired adaptation proficiency. Therefore,
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because of the consistently inferior performance of the MAPT:cKOs as indicated by the
aadaptation and retention proficiency, we conclude this cohort has impaired spatial learning
and memory.

3.3.3. MAPT:cKO mice are prone to leaps from unadvisable heights—In eight
of the 1,548 trials, a mouse abandoned the apparatus during the trial. In seven of these
instances, the mouse was MAPT:cKO with the last being a WT from the same line. Given
littermates’ performance making a sensory impairment unlikely, the lack of gravitational
concern is likely to be phenotypically relevant. In contrast to results in the BM, no
significant changes seen in either the tone or context tests during TFC (Fig. 12A-B).
Altogether, the nonconcern for gravity and consistent impairments observed in the BM
suggest that Reelin deficiency induces HF vulnerability to MAPT.

4. Discussion

Briefly, the two highlights of our experiments include Reelin’s importance in HF-dependent
behaviors and the analysis used to obtain this conclusion. The exhaustive analytical battery

for the BM was crucial to the holistic characterization of spatial learning. Subsequently, we

will first discuss how the methods used here may augment future analysis before discussing
the implications of our findings.

4.1. Comments on Analytical Methods for Spatial Learning & Memory

Currently, spatial learning and memory is characterized through a myriad of different tests,
measurements, and analyses. Despite these differences, the conclusions of any given study
are likely condensed to: spatial impairment?: yes or no. While this simplification may be
useful, it can generate confusion when conclusions compete while substantiated by different
measures, tasks, etc. Here, we propose a set of terms with the aim of classifying and
clarifying the nuances inherent in spatial learning tasks such as the BM (Tab. 1). These terms
are intended to assist in analyzing, understanding, and interpreting of the behavioral data.
Subsequently, we will discuss how these terms are used in our experiments as well as their
relation to similar measures in literature.

The terms mentioned in (Tab. 1) fall into two distinct categories: time-valued (efficiency)
terms or cumulative (proficiency) terms. While the terms often fail to be considered
independently, we consider when learning occurs to provide valuable context for interpreting
why there are differences in cumulative performance measures. Undoubtedly, the limitation
of the time-valued analysis that it relies on comparisons of fractions of the obtained data
and therefore requires a greater sample size compared to cumulative analysis. Nevertheless,
even with small sample sizes, efficiency analysis can be effectively used to identify outliers
such as those exhibited by the WT cohort during the probe trial of the third experiment.
Furthermore, the inclusion of efficiency measures allows the data to be for easily screened
for floor and ceiling effects which can skew interpretations of mean differences. Therefore,
although efficiency analysis is not commonplace, we consider the information gained to be
worth the analytical effort.
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With regards to measures of proficiency, which are by-far the most common, we find it
necessary to discuss cautionary notes. Particularly for acquisition proficiency measures such
as latency, distance, and speed, we found that small differences in completion criterion can
have drastic effects on the data. Specifically, the difference between finding and entering the
goal location can greatly vary in the BM (Primary Figure vs. Total Figure. Fig. 1 vs. S6; Fig.
5vs. S7; Fig. 9 vs. S8; Tab. S1).

Frequently, literature will report measures of “escape latency” or latency. While these terms
may be fitting for tasks such as the MWM (where escape/finding the hidden platform
necessarily overlaps with entering the platform), these terms may be unintentionally vague
for tasks like the BM. We noticed several behaviors during the performing of the BM which
drastically changed the data between the primary and total values. For example, both us and
others [48] have noticed a phenomenon where a mouse who has familiarized themselves
with the BM will initially go directly to the escape location, poke their head into it, and
subsequently continue to explore the maze. While the mouse quickly found the escape
location, without care the mouse’s latency score could reflect the total amount of time the
mouse spent exploring. Therefore, we urge caution and particularly for the BM, insist that
terms either be clearly defined or using terms which explicitly indicate the criterion for trial
completion.

As an aside, we noticed throughout our experiments that latency variations are frequently
explained by a corresponding change in speed. Because spatial tasks are not intended as
dexterity tasks, it is crucial to consider the impacts which age and motivation can have upon
the data. Throughout our experiments, we found the primary distance travelled to be the
most consistent measure of acquisitional learning, although there were circumstances where
latency changes were not accompanied by speed changes. In summation, if latency measures
are to be used, they must be corroborated by speed measures to verify the change is due to
proficiency and not simply due to speed.

Probe trials are generally considered the field-standard for spatial memory retention. The
obvious short coming of these tests, is the entire experiment’s memory data is essentially
reliant on a single trial performance. When atypical behavior occurs during this test, it can
easily debunk an experiments findings and conclusions. As discussed before, we consider
efficiency measurements to be useful for explaining potential oddities observed in the probe
trial; however, we also consider the method of quantification to be of the utmost importance.
Currently the standard quantification metric for the probe trial is the percent quadrant time.
This metric, however, does not capture valuable information concerning the temporal pattern
and severity of errors. For example, a mouse which spent the first half of the trial searching
the opposite quadrant and the second half searching the target quadrant would have the
same percent quadrant time as a mouse that did the opposite. Indeed, in a factor analysis of
water maze behavior of over 1,400 mice, it was found that the percent of time in the goal
quadrant was more indicative of thigmotactic behavior while the percent of time near the old
goal was consistently correlated with memory [56]. Hence, we propose utilizing the distance
from the goal metric. This metric, as demonstrated above, allows for classification of both
extinction efficiency and retention proficiency while simultaneously ordinally representing
performance for easy subsequent comparison.
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Lastly, categorical search strategy classification has often been utilized as a complement
to traditional statistics [57-61]. Aside from the aforementioned benefits of the adaptation
efficiency, our experiments indicate that the strategy classification may be more

sensitive to determining learning phenotypes. While the sensitivity aspect requires further
documentation and the method is no panacea, the intuitive value gained from strategy
analysis serves as an effective complement to an analytical battery of spatial learning.

Collectively, we propose the incorporation of the analytical techniques and terminology used
here would effectively augment and clarify future studies investigating spatial learning and
memory.

4.2. Experimental Implications

The first experiment showed an age-related spatial memory impairment while TFC
performance comparable. Although it was anticipated that the oldest groups would show
impairment in TFC as some authors have previously shown [62], the oldest group in the
present experiment was only 18-months-of-age. More commonly in aging studies, mice are
measured near 24-months-of-age and it is likely that the age differential is reflected in the
current results. The results of the BM are quite reminiscent of other published literature
which suggests that young mice are more likely to use a spatial search strategy [28]. Perhaps
most importantly, however, the aging cohorts provided a useful frame of reference for the
interpretation of subsequent experiments.

The second experiment specifically evidences the importance of Reelin in the HF.
Consistently, the 12-month RcKO mice were more likely to use a random search strategy
(Fig. 7). Notably, the 12-month RcKO mice also performed worse than the 18-month

WT cohort of mice from an identical background (Fig. 3). The results from the TFC
experiments have interesting implications. The Reelin excitatory neurons in the entorhinal
cortex primarily synapse onto granule cells of the dentate gyrus [13] and this circuit has
been implicated in contextual memory [9,63]. Although context learning was not ablated,
Reelin deficiency significantly altered performance in aged mice suggesting abnormal
functioning of the entorhinal cortex layer Il-dentate gyrus pathway. Considered together,
our findings indicate age sensitive pathways in the HF malfunction in the absence of Reelin.

In the final experiment RcKO in conjunction with the PS19 tauopathy model produced

the most severe phenotype. MAPT:cKO mice consistently performed worse in the BM
indicating that homeostatic Reelin and tau are important for spatial learning. Interestingly,
there were no observed differences in TFC despite the gravitational apathy of the
MAPT:cKOs. Due to the normal fear learning and unlikelihood of sensory impairment, we
hypothesize that MAPT:cKO mice may have an impaired innate fear response. Furthermore,
Reelin deficiency in the PS19 mice produced a severe spatial impairment. Given the
vulnerability of Reelin-expressing entorhinal cortex layer Il stellate cells to neurofibrillary
tangle formation in AD [11,13], our findings implicate Reelin in not only spatial learning but
also AD pathogenesis.
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4.3. Conclusion

In conclusion, we find that Reelin deficiency combined with age or an AD tauopathy
model measurably impairs performance in HF-dependent learning and memory. Moreover,
our results corroborate with our original hypothesis that Reelin deficiency exacerbates
behavioral impairments when comorbid with AD risk-factors. Clearly, Reelin has an
important role in HF homeostasis and our findings further implicate the glycoprotein in
AD pathogenesis.
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Highlights
. Aging decreases spatial searching in wild-type mice.
. Reelin cKO exacerbates and accelerates age-related spatial impairments.

. Reelin cKO with P301S-MAPT (PS19) further accelerates and exacerbates
spatial impairments.

. Aged Reelin cKO mice have altered context learning in Trace Fear
Conditioning
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Figure 1. Barnes Maze Primary Acquisition Measures for Aging WT cohort.
Primary (i.e. time to locate) A-F) measures were calculated for each trial. The mean = SEM

for each day A, C, E) and the boxplot for all trials B, D, F) segregated by genotype is
plotted above for latency A-B), mean speed C-D), and distance E-F). In all panels color is
indicative of age (3-mth WT: pink, 12-mth WT: green, 18-mth WT: blue). A-B) The primary
latency significantly varied compared to age (Kruskal-Wallis rank sum test; X2(2) =7.616,p
=0.0222). C-D) The primary mean speed (Kruskal-Wallis rank sum test; X2(2) =29.32,p<
0.0001) significantly varied between age groups. E-F) The primary distance (Kruskal-Wallis
rank sum test; X2(2) =5.342, p = 0.0692) significantly varied compared to age. Pairwise
comparisons for significance were determined using the Wilcoxon ranked sum test with
Benjamini-Hochberg correction and are indicated by: * p < 0.05, ** p < 0.01, *** p < 0.001.
All animals were stated age+2wk males (3-mth WT: n = 4; 12-mth WT: n = 10; 18-mth WT:
n =10).
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Figure 2. Barnes Maze Extinction and Retention for Aging WT cohort.
In all panels color is indicative of age (3-mth WT: pink, 12-mth WT: green, 18-mth WT:

blue). A) Choropleth, cartesian positional measurements normalized to the amount of time
the position was occupied and overlaid upon a schematic of the apparatus. White dashed
arcs: zone boundaries. Orange lines: path-traces of each mouse during the probe trial. B)
Distance of each mouse from the goal location during each second of the probe trial. Grey
lines connect consecutive measurements for each mouse. Zone occupancy shown via dashed
lines. Solid black line with colored ribbon: mean £ SEM for each second of each genotype/
age. Solid blue line: cohort mean (irrespective of age). The cumulative data displayed in

the boxplot shows significant interaction between genotype and distance from the goal
(Kruskal-Wallis rank sum test; X2(2) =15.942, p = 0.0003). Pairwise comparisons for
significance were determined using the Wilcoxon ranked sum test with Benjamini-Hochberg
correction and are indicated by: * p < 0.05, ** p < 0.01, *** p < 0.001. All animals were
stated age+2wk males (3-mth WT: n = 4; 12-mth WT: n = 10; 18-mth WT: n = 10).
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Figure 3. Barnes Maze Search Strategy for Aging WT cohort.
A) Relative probability diagram illustrating the proportion of animals utilizing search

strategy during each trial except the initial training trial. A significant relationship was
found (Kruskal-Wallis rank sum test; XZ(Z) =7.901, p =0.0192). B) Mosaic plot visually
representing x 2 test between search strategy and genotype. A significant relationship was
found between genotype and search strategy (Pearson’s XZ; X2(4, N =408) =12.988, p

= 0.0113). The height of each bin shows cumulative proportion each genotype utilized

a search strategy. The width of each bin is indicative of the number of trials used to
calculate the proportion. Relative over/under-representation of a search strategy represented
by continuous color scale plotting the residuals of the XZ test. The initial training trial was
excluded from this calculation. All animals were stated age+2wk males (3-mth WT: n = 4;
12-mth WT: n = 10; 18-mth WT: n = 10). Abbreviations: PT - probe trial.
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Figure 4. Aged WT Trace Cumulative Fear Conditioning Time Frozen Measurements.
In all panels color is indicative of age (3-mth WT: pink, 12-mth WT: green, 18-mth WT:

blue). A) The boxplot for the percent of time frozen during minutes either in the absence of
the tone (left) or containing the tone (right). There were no significant differences detected
between groups (Kruskal-Wallis rank sum test; y%(2) = .5322, p = 0.7664). B) The boxplot
for the percent of time frozen during the entire context trial. No significant differences were
detected in the context test (Kruskal-Wallis rank sum test; X2(2) =1.571, p = 0.456. For
TFC longitudinal data, see (Fig. S10). All animals were stated age+2wk males (3-mth WT: n
=12; 12-mth WT: n = 12; 18-mth WT: n = 10).
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Figure 5. Barnes Maze Primary Acquisition Measures for Reelin cKO cohort.
Primary (i.e time to locate) A-F) measures were calculated for each trial. The mean +

SEM for each day A, C, E) and the boxplot for all trials B, D, F) segregated by genotype

is plotted above for latency A-B), mean speed C-D), and distance E-F). In all panels

color is indicative of age and genotype (3-mth Cntrl: pink, 3-mth RcKO: green, 12-mth
Cntrl: blue, 12-mth RcKO: violet). A-B) The primary latency showed a non-significant
trend when analyzed against age and genotype (Kruskal-Wallis rank sum test; X2(3) =
7.595, p = 0.0552). C-D) The primary mean speed (Kruskal-Wallis rank sum test; X2(3) =
14.537, p = 0.0023) significantly varied between age/genotype groups. E-F) The primary
distance (Kruskal-Wallis rank sum test; XZ(S) = 6.044, p = 0.1095) was not observed to
significantly vary between genotype/age cohorts. The pairwise comparisons for significance
were determined using the Wilcoxon ranked sum test with Benjamini-Hochberg correction
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and are indicated by: * p < 0.05, ** p < 0.01, *** p < 0.001. (3-mth Cntrl: n = 6; 3-mth
RcKO: n =7; 12-mth Cntrl: n = 7; 12-mth RcKO: n = 14).
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Figure 6. Barnes Maze Extinction and Retention for Reelin cKO cohort.
In all panels color is indicative of age and genotype (3-mth Cntrl: pink, 3-mth RcKO:

green, 12-mth Cntrl: blue, 12-mth RcKO: violet). A) Choropleth, cartesian positional
measurements normalized to the amount of time the position was occupied and overlaid
upon a schematic of the apparatus. White dashed arcs: zone boundaries. Orange lines:
path-traces of each mouse during the probe trial. B) Distance of each mouse from the goal
location during each second of the probe trial. Grey lines connect consecutive measurements
for each mouse. Zone occupancy shown via dashed lines. Solid black line with colored
ribbon: mean £ SEM for each second of each genotype/age. Solid blue line: cohort

mean (irrespective of genotype or age). The cumulative data displayed in the boxplot

shows significant interaction between genotype and distance from the goal (Kruskal-Wallis
rank sum test; x2(3) = 18.081, p = 0.0004). Pairwise comparisons for significance were
determined using the Wilcoxon ranked sum test with Benjamini-Hochberg correction and
are indicated by: * p < 0.05, ** p < 0.01, *** p < 0.001. (3-mth Cntrl: n = 6; 3-mth RcKO: n
=7; 12-mth Cntrl: n = 7; 12-mth RcKO: n = 14).
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Figure 7. Barnes Maze Search Strategy for Reelin cKO cohort.
A) Relative probability diagram illustrating the proportion of animals utilizing search

strategy during each trial except the initial training trial. A significant relationship was
found (Kruskal-Wallis rank sum test; X2(3) =15.156, p = 0.0017). B) Mosaic plot visually
representing x 2 test between search strategy and genotype. A significant relationship was
found between genotype and search strategy (Pearson’s XZ; XZ(G, N =578)=17.735, p
=0.0069). The height of each bin shows cumulative proportion each genotype utilized

a search strategy. The width of each bin is indicative of the number of trials used to
calculate the proportion. Relative over/under-representation of a search strategy represented
by continuous color scale plotting the residuals of the XZ test. The initial training trial was
excluded from this calculation. (3-mth Cntrl: n = 6; 3-mth RcKO: n = 7; 12-mth Cntrl: n = 7;
12-mth RcKO: n = 14). Abbreviations: PT - probe trial.
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Figure 8. Aged Reelin cKO Cumulative Trace Fear Conditioning Time Frozen Measurements.
In all panels color is indicative of age and genotype (3-mth Cntrl: pink, 3-mth RcKO:

green, 12-mth Cntrl: blue, 12-mth RcKO: violet). A) The boxplot for the percent of time
frozen during minutes either in the absence of the tone (left) or containing the tone (right).
There were no significant differences detected between groups (Kruskal-Wallis rank sum
test; X2(3) =5.5307, p = 0.1368). B) The boxplot for the percent of time frozen during the
entire context trial. Significant differences detected in the context test (Kruskal-Wallis rank
sum test; X2(3) =9.7048, p = 0.0213). For TFC longitudinal data, see (Fig. S11). Pairwise
comparisons for significance were determined using the Wilcoxon ranked sum test with

Benjamini-Hochberg correction and are indicated by: * p < 0.05, ** p < 0.01, *** p < 0.001.

All animals were stated agex2wk males (3-mth Cntrl: n = 5; 3-mth RcKO: n = 5; 12-mth
Cntrl: n = 6; 12-mth RcKO: n = 6).
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Figure 9. Barnes Maze Primary Acquisition Measures for MAPT:Reelin cKO cohort.
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Primary (i.e. time to locate) A-F) measures were calculated for each trial. The mean + SEM

for each day A, C, E) and the boxplot for all trials B, D, F) segregated by genotype is

plotted above for latency A-B), mean speed C-D), and distance E-F). In all panels color is
indicative of age and genotype (WT: pink, Reelin cKO: green, MAPT: blue, MAPT Reelin
cKO: violet). A-B) The primary latency showed a significant interaction with genotype
(Kruskal-Wallis rank sum test; XZ(S) =26.778, p <0.0001). C-D) The primary mean speed
(Kruskal-Wallis rank sum test; X2(3) =25.215, p < 0.0001) significantly varied between
genotypes. E-F) The primary distance (Kruskal-Wallis rank sum test; X2(3) =14.108,p =
0.0028) significantly varied amongst genotypes. Pairwise comparisons for significance were
determined using the Wilcoxon ranked sum test with Benjamini-Hochberg correction and
are indicated by: * p < 0.05, ** p < 0.01, *** p < 0.001. All animals were 36:2week-old

males. (WT: n = 8; Reelin cKO: n = 6; MAPT: n =5; MAPT Reelin cKO: n =9).
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Figure 10. Barnes Maze Extinction and Retention for MAPT:Reelin cKO cohort.
In all panels color is indicative of age and genotype (WT: pink, ReelincKO: green,

MAPT: blue, MAPT Reelin cKO: violet). A) Choropleth, cartesian positional measurements
normalized to the amount of time the position was occupied and overlaid upon a schematic
of the apparatus. White dashed arcs: zone boundaries. Orange lines: path-traces of each
mouse during the probe trial. B) Distance of each mouse from the goal location during each
second of the probe trial. Grey lines connect consecutive measurements for each mouse.
Zone occupancy shown via dashed lines. Solid black line with colored ribbon: mean = SEM
for each second of each genotype/age. Solid blue line: cohort mean (irrespective of genotype
or age). The cumulative data displayed in the boxplot shows significant interaction between
genotype and distance from the goal (Kruskal-Wallis rank sum test; XZ(S) =61.585,p <
0.0001). Pairwise comparisons for significance were determined using the Wilcoxon ranked
sum test with Benjamini-Hochberg correction and are indicated by: * p < 0.05, ** p < 0.01,
*** p < 0.001. All animals were 36x2week-old males. (WT: n = 8; Reelin cKO: n = 6;
MAPT: n =5; MAPT Reelin cKO: n=9).
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Figure 11. Barnes Maze Search Strategy for MAPT:Reelin cKO cohort.
A) Relative probability diagram illustrating the proportion of animals utilizing search

strategy during each trial except the initial training trial. A significant relationship was
found (Kruskal-Wallis rank sum test; XZ(B) =23.748, p < 0.0001). B) Mosaic plot visually
representing x 2 test between search strategy and genotype. A significant relationship was
found between genotype and search strategy (Pearson’s XZ; XZ(G, N =493) =25.943, p
=0.0002). The height of each bin shows cumulative proportion each genotype utilized

a search strategy. The width of each bin is indicative of the number of trials used to
calculate the proportion. Relative over/under-representation of a search strategy represented
by continuous color scale plotting the residuals of the XZ test. The initial training trial was
excluded from this calculation. All animals were 36+2week-old males. (WT: n = 8; Reelin
cKO: n = 6; MAPT: n =5; MAPT Reelin cKO: n = 9). Abbreviations: PT - probe trial.
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Figure 12. MAPT:Reelin cKO Cumulative Trace Fear Conditioning Time Frozen Measurements.
In all panels color is indicative of age and genotype (WT: pink, Reelin cKO: green, MAPT:

blue, MAPT Reelin cKO: violet). A) The boxplot for the percent of time frozen during
minutes either in the absence of the tone (left) or containing the tone (right). There were

no significant differences detected between groups (Kruskal-Wallis rank sum test; X2(3) =
2.217, p = 0.5286). B) The boxplot for the percent of time frozen during the entire context
trial. No significant differences were detected in the context test (Kruskal-Wallis rank sum
test; x2(3) = 5.2075, p = 0.1572). For TFC longitudinal data, see (Fig. S12). All animals
were 362wk males (WT: n = 13; Reelin cKO: n = 6; MAPT: n = 7; MAPT Reelin cKO n =
13).
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Definition of Terms for Spatial Learning/Memory Analysis.
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A list of terms used in this paper for spatial learning/memory analysis is provided along with definitions and
associated attributes.

period

L Performance Change Questions : -
Term Definition Tests Measures Indications Answered Disadvantages Figures
Is learning
. o .
Acquisition Rate or timeliness Time-valued Lgtengy/ Lehf_t{ctng?t octI:urrlr_]g. Is Require | F'F?' 1';5’9
Efficiency of task-learning Learning peed, shitts o eamning €quire farger n ane’s
Distance learning curve occurring ACE
faster?
Overall aptitude of .
Acquisition task-learning after Cumulative ngiggy/ %Eéﬁ:\g’fn perforlrsnan ce Not necessarily F'F?énle'gg
Proficiency a given period of Learning it ; ; ’ indicate learning
time or training Distance learning curve different? B,D,F
Rate or timeliness A
- . Is extinction
at which a learned Average Left/Right o : . :
Extinction behavior ceases in | Time-valued | Distance from shifts of oce(;(L:ir rzlcr:?dnls Rgggége {?glgee: on’ 2FE3IgiO
Efficiency the learned context Memory Goal (Probe extinction occurrin ou?liers Pa{nél B
in the absence of Trial) curve faster’>g
reinforcement ’
The extent to
which a learned
behavior is Average Up/Down Fi
Retention performed in the Cumulative Distance from shifts of Is retention Susceptible to 2 691'0
Proficiency learned context Memory Goal (Probe extinction different? outliers Pénél B
after a given time Trial) curve
period without
reinforcement
: Is learning
Rate or timeliness ;‘rﬁgﬁgw occurring? Require larger n; Fi
Adaptation at which task- Time-valued Strate completion Can Classification 3 791'1
Efficiency completion Learning 9y me[ihod acquisition criterion can Pa’nél A
methods change robabilities outliers be vary
P explained?
wﬁigﬁtfgkt'o er:%ngst Classification Fi
Adaptation completion Cumulative Strate completion Is learning criterion can 3 791‘1
Proficiency methods are used Learning 9y meptho d different? var Pa’nél B
after a given time 19K y
probabilities
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