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Abstract
The amyloid precursor protein (APP) is a member of a conserved gene family that includes the amyloid precursor-like proteins 
1 (APLP1) and 2 (APLP2). APP and APLP2 share a high degree of similarity, and have overlapping patterns of spatial and 
temporal expression in the central and peripheral tissues, in particular at the neuromuscular junction. APP-family knockout 
(KO) studies have helped elucidate aspects of function and functional redundancy amongst the APP-family members. In 
the present study, we investigated motor performance of APLP2-KO mice and the effect sex differences and age-related 
changes have on motor performance. APLP2-KO and WT (on C57Bl6 background) littermates control mice from 8 (young 
adulthood) to 48 weeks (middle age) were investigated. Analysis of motor neuron and muscle morphology showed APLP2-
KO females but not males, had less age-related motor function impairments. We observed age and sex differences in both 
motor neuron number and muscle fiber size distribution for APLP2-KO mice compared to WT (C57Bl6). These alterations 
in the motor neuron number and muscle fiber distribution pattern may explain why female APLP2-KO mice have far better 
motor function behaviour during ageing.
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Abbreviations
AD	� Alzheimer’s disease
APP	� Amyloid precursor protein
APLP1	� Amyloid precursor-like protein 1
APLP2	� Amyloid precursor-like protein 2
EDL	� Extensor digitorium longus
GA	� Gastrocnemius
OCT	� Optimal cutting temperature
PBS	� Phosphate buffered saline
PLA	� Plantaris
ROI	� Regions of interest
SOL	� Soleus
TA	� Tibialis anterior
WT	� Wildtype

Introduction

The amyloid precursor protein (APP) is best known for its 
association with the pathophysiology of Alzheimer’s dis-
ease (AD). APP belongs to a gene family that includes the 
amyloid precursor-like proteins 1 (APLP1) 1 and 2 (APLP2) 
[1, 2]. Most research on APP has centred on its role in the 
pathophysiology of AD, making the normal physiological 
function of APP, and its family members a relatively under-
studied area. The APP-family has been attributed with a 
broad range of actions in both the neuronal and non-neuronal 
systems, including regulation of cellular and neuronal differ-
entiation, metal homeostasis, nuclear signalling and glucose 
metabolism [3–6].

Gene knockout studies have provided useful insights into 
the roles of the APP-family. All three members are important 
in synaptic formation, maintenance and plasticity in vivo 
[7–12]. The APLP2-KO mouse exhibit normal body weight 
and size, with comparable forelimb grip strength, balance, 
nociceptive reflexes, and normal cognition [13]. In contrast, 
the APP-KO mouse exhibit reduced body weight (15–20%), 
reduced grip strength, impaired locomotor activity and 
increased susceptibility to brain injury [14–17] compared 
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to a control mouse. While single gene deletion knockout 
mice of the APP-family are viable, the double knockout and 
triple knockouts can lead to perinatal lethality. While the 
APP/APLP1 double knockout mouse survives to adulthood, 
the APP/APLP2 or APLP1/APLP2 double knockout mouse 
and the triple knockout APP/APLP1/APLP2 mouse are not 
viable and die at birth [3, 11, 13, 14, 18, 19]. Based on 
these combination knockout mouse models, it is apparent 
that APLP2 is an essential member of the APP gene fam-
ily and has a vital role for postnatal survival and its lack 
of expression cannot be compensated for by either APP or 
APLP1 expression. These observations highlight both func-
tional redundancy between the APP-family members, but 
also clear functional differences.

Ageing is associated with progressive changes in the 
brain and its associated sensory, motor, cognitive func-
tions and body mass composition [20–24]. In the present 
study, we investigated if sex and age differences from 8 
weeks (young adulthood) to 48 weeks (middle age) of age 
could affect motor performance of APLP2-KO compared 
to WT (C57Bl6) mouse. We found that the APLP2-KO 
female mouse has less age-related motor impairments. We 
also observed age and sex differences in motor neuron and 
muscle fiber size distribution in the APLP2-KO mouse. The 
changes in the motor neuron and muscle fiber distribution 
pattern may explain the improvement of motor function 
observed in female APLP2-KO mouse during ageing.

Materials and Methods

Animals

The APLP2-KO mouse [13] are null mutants generated by 
deleting their promotor and first exon. These mice were 
backcrossed greater than 14 times on to the same C57BL6/J 
background mouse resulting in greater than 99.99% back-
ground purity. Genotyping was determined by the poly-
merase chain reaction using primers as described by von 
Koch et al. [13]. The C57Bl6/J mouse were sourced from 
the Animal Resources Centre (Western Australia, Australia) 
and were used as wild type (WT) control in this study. For 
the rotarod experiments, the WT control (on C57BL6 back-
ground) are littermates control with sex and age matched 
to the APLP2-KO mouse. All mouse experiments in this 
study complied with the National Health and Medical 
Research Council code for the care and use of animals for 
scientific purposes and they were approved by the University 
of Melbourne Animal Ethics Committee (Project Number: 
1413304). Mice housing cages contained standard bedding 
supplemented with tissue paper and cardboard tubes and/
or plastic containers for environmental enrichment with 
access to feed and water ad libitum and housed on a reversed 

12/12 h light/dark cycle and maintained at a temperature of 
22 ± 2 °C. The experimenter was blinded to the mouse’s age 
and sex until completion of the behavioural testing.

Rotarod

Before each experiment, all mice were habituated to the 
rotarod instrument six times before the training period. The 
habituation trials were conducted on two consecutive days, 
three times per day. Each trial involved placing a mouse on 
the rotating rod set at a constant speed of 10 rpm for 300 s 
to allow the mouse to explore the apparatus freely. Mice 
that repeatedly fall off were placed back onto the rotarod 
until they can stay on the rod for the remainder of the 300 s. 
Following habituation, mice were trained on the rotarod for 
three consecutive days with the rotation speed initially set to 
4 rpm and increasing to 40 rpm over 180 s. On testing day, 
mice were transported to the testing room at least 30 min 
prior to testing and weighed before being placed on the 
rotarod with the same training speed parameters. Mice that 
were still on the rod after 180 s were recorded as having no 
detectable locomotor deficit. Mice that could not continue 
on the rotarod for the 180 s, fell on to a padded base. The fall 
latency was recorded by the experimenter and is defined as 
the physical fall off the rod or slipping if the hindlimbs and 
only the front paws were still grasping on the rod. Rotarod 
performances were performed 2 days per week, with three 
trials on each day of testing with intervals of 10 min of rest 
between each trial and the times for each test recorded.

Tissue Collection

Mice were killed with an intraperitoneal injection of anaes-
thetic drugs, xylazine (16 mg/kg body weight) and ketamine 
(120 mg/kg body weight) together in neutral saline solution. 
The depth of anaesthesia was evaluated by pinching the toes 
and looking for withdrawal reflex and once unconscious. 
An incision was made on both sides of the diaphragm to 
open the sternum and to expose the heart in the chest cavity. 
The aorta was identified and cut then a 23G butterfly nee-
dle inserted into the left ventricle of the heart. This needle 
was connected to a 30 ml syringe filled with ice cold saline 
solution supplemented with 20 U/ml of heparin. Using gen-
tle pressure, cold saline solution was perfused through the 
mouse for 2–3 min at a flow rate of 5 ml/min. Proper per-
fusion is indicated by the liver becoming pale. Following 
perfusion, tissues were removed for analysis. Spinal cord 
sections The spinal cord lumbar region was fixed by immers-
ing the tissue in freshly prepared 4% paraformaldehyde and 
incubating overnight at 4 °C and cryo-protected with 30% 
sucrose for at least 24 h. Lumbar regions were embedded in 
Tissue-Tek O.C.T compound (Sakura FineTek), and snap 
frozen with liquid nitrogen in isopentane bath. Each mould 
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contains lumbar regions from 5 to 6 animals of the same 
phenotype. Lumbar tissues were sectioned serially on a 
cryostat (Leica) at 20 µm thickness. More than six sections 
were collected for each slide with each section at 200 µm 
apart. Muscle histology Hind limb skeletal muscles col-
lected included the gastrocnemius (GA), tibialis anterior 
(TA), plantaris (PLA), soleus (SOL), and extensor digito-
rum longus (EDL). The muscles were immersed in Optimal 
Cutting Temperature (OCT) medium (Tissue-Tek; Sakura 
Finetek, USA) and laid flat on the end of a syringe and snap 
frozen with dry ice/liquid nitrogen in isopentane bath. This 
procedure was used to optimally preserve tissue morphology 
for subsequent ATPase staining and immunofluorescence. 
Muscles were stored at − 80 °C and then warmed to − 20 °C 
for sectioning using a cryostat (Leica, Germany). All sec-
tions were collected on to poly-lysine coated slides (Thermo 
Fisher, Australia), air dried at room temperature for at least 
1 h and stored at − 80 °C until staining. The gastrocnemius 
muscle was sectioned transversely using with 10 µm thick 
sections cut through the mid-belly region to best observe 
muscle fiber morphology. Tibialis anterior muscle was sec-
tioned longitudinally at 10 µm thick. Serial sections of the 
muscle were cut with each section placed 30 µm apart on 
the slide.

Nissl Staining of Spinal Cord Sections

The spinal cord frozen sections were allowed to air dry to 
room temperature for 1 h then circled with a hydrophobic 
barrier PAP pen (VWR, Australia). Sections were washed 
with Phosphate Buffered Saline (PBS) for 5 min to remove 
OCT compound. Prior to staining the tissue sections would 
undergo a “defatting step” (to remove the fat content in the 
tissue and reduce background staining levels) where the 
slides were soaked in 1:1 (v:v) alcohol/chloroform solution 
overnight at room temperature. Sections were rehydrated by 
bathing in 100% and 95% alcohol for 2 min each then placed 
in distilled water. Tissue sections were stained by incubating 
in 0.1% cresyl violet solution (0.1 g cresyl violet acetate, 
100 ml distilled water, 0.3 ml glacial acetic acid) for 1 h in 
a 37 °C oven (to improve tissue penetration and enhance 
evenness in tissue staining). Sections were checked under 
the microscope for the intensity of the staining and subjected 
to longer incubations if required. The slides were rinsed in 
distilled water for 3 s and dehydrated in 70%, 90% and 100% 
alcohol for 30 s each. The slides were cleared in xylene solu-
tion two times (5 min each) and mounted in Safety mount-
ing medium (Trajan, Grale). The spinal cord sections were 
imaged using a digital slide scanner Panoramic SCAN II 
(3Dhistech, Hungary) with Carl Zeiss Plan Apochromat 
20 ×/NA 0.8 (Zeiss, Germany). The slides were viewed 
using Case Viewer software (ver 2.2, 3Dhistech, Hungary).

Neuron Counting Analysis of Spinal Cord Sections

Nissl stained spinal cord sections were imported into Image 
J/Fiji software (ver. 1.52e, NIH) for semi-quantitative analy-
sis of motor neuron numbers. For each spinal cord section, 
both the left and right ventral horn regions were selected 
as regions of interest (ROIs). Neurons were analysed using 
the manual thresholding command, followed by cell seg-
mentation and particle analysis with neurons having a soma 
diameter of less than 10 µm excluded from further analysis. 
A total of seven spinal cord sections were analysed for each 
animal, and each cut section was at least 200 µm apart.

ATPase Staining for Muscle Tissue

The fiber types of the GA muscle from the mouse hind 
limb were analysed histochemically by staining for myo-
sin ATPase activity. The frozen transverse muscle sec-
tions were allowed to air dry at room temperature for 1 h 
before circling the tissue sample with PAP pen. Slides were 
fixed in 4% paraformaldehyde solution for 1 h then washed 
with PBS three times. Muscle slides were then incubated 
in Myosin ATPase activity buffer at pH 4.3. Slides were 
pre-incubated in 0.1M acetate buffer at pH 4.3 for 10 min, 
then washed in distilled water then placed in sodium barbi-
tal solution and incubated at 37 °C for 30 min. Slides were 
brought to room temperature and washed in distilled water 
three times, incubated in fresh 1% CaCl2 for 10 min then 
in 2% CoCl2 for 10 min. Slides were washed thoroughly 
in distilled water and allowed to develop for 15 s in freshly 
prepared 1% ammonium sulfide solution in a fume cupboard. 
Slides were washed again in distilled water and dehydrated 
through 70%, 90% and 100% (2 times) alcohol solutions 
(2 min each), cleared in xylene two times (5 min each) and 
mounted in Safety mounting medium (Trajan, Grale).

Muscle Fiber Typing Analysis

Slow twitch and fast twitch fiber composition can be distin-
guished based on their reactivity with myofibrillar enzymes 
ATPase activity (pH 4.3), with slow twitch fibers staining 
dark brown and fast twitch muscle staining light beige. Type 
I (slow twitch) and type II (fast twitch) fibers constitute the 
majority of the fibers in skeletal muscles. Stained muscle 
sections were imaged using a Zeiss Axioscope 2 light micro-
scope through a × 10 objective and images were acquired 
using Axiocam 503 color camera with Zenpro software 
2011 (Zeiss, Germany). Acquired images were exported in 
tif file format and imported into Image J/Fiji software (ver. 
1.52e, NIH) for further analysis. Total fiber numbers and the 
composition of each fiber type group were counted manu-
ally using the cell counter function. For each muscle fiber 
type, the cross-sectional area of each muscle fiber cell was 
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measured using ROI function. This was repeated for greater 
than 150 muscle cells per animal.

Statistical Analysis

All data are expressed as mean ± SEM with p values of 0.05 
or less considered as significant. Statistical significance was 
assessed using a one-way analysis of variance with Bon-
ferroni’s post-hoc test to compare the different genotypes 
within the same sex groups. A two-way analysis of vari-
ance was used when assessing genotypes and sex, followed 
by Tukey’s post-hoc tests. All statistical analyses were per-
formed using GraphPad Prism software (Ver. 7, San Diego, 
CA, USA).

Results

APLP2 Deficiency in Female Mice Rescues 
Age‑Dependent Motor Function Decline

To investigate motor function in mice over time (from 8 to 
48 weeks of age), male and female mice from both WT and 
APLP2-KO mice were tested on an accelerating rotarod set 
at a speed of 4–40 rpm over 180 s longitudinally. Compari-
son of latency to fall at 12 weeks and 48 weeks, we found 
performances significantly decreased at 48 weeks for both 
male (p = 0.0013) and female (p = 0.0014) WT mice but 
there was no difference between the sexes (Fig. 1a). Simi-
larly, a significant reduction in rotarod performances were 
observed in both male (p = 0.0254) and female (p = 0.0023) 

APLP2-KO mice at 48 weeks of age when compared to 
12 weeks. However, we found that female APLP2-KO mice 
performed significantly better on the rotarod as they aged 
compared to male APLP2-KO mice and this was statistically 
different (p = 0.0170) at the 44 week time point (Fig. 1b). 
Moreover, these female APLP2-KO mice also performed 
significantly better compared to the age and sex matched 
WT mice (p = 0.0440) from 39 to 45 weeks of age (Fig. 1c). 
In contrast, the male APLP2-KO mice displayed a similar 
decline in rotarod performance as the age and sex matched 
WT mice (Fig. 1d).

α‑Motor Neurons are Decreased in 12 Week Old 
APLP2‑KO Mice but Unchanged in Female APLP2‑KO 
at 48 Weeks of Age

To understand if the reduction in motor performance with 
ageing correlates with neuronal degeneration, we quanti-
tated Nissl stained neurons in the lumbar spinal cord of 
WT and APLP2-KO mice at 12 and 48 weeks of age for 
both sexes (Fig. 2a). Alpha neurons in the ventral horn 
of the spinal cord can be identified by their large soma 
size (with cell body diameter > 20 µm) [25, 26]. The α 
motor neurons have large cell bodies and they inner-
vate the extrafusal muscle fibers, the bulk of the skeletal 
muscle tissue and are responsible for generating ten-
sion via muscle contraction [27, 28]. The number of α 
motor neurons in the ventral horn of the spinal cord was 
lower for both sexes of APLP2-KO (female = 19.7 ± 1.0, 
male = 27.6 ± 2.2; p = 0.0010) mice compared to WT mice 
(female = 34.9 ± 2.1, male = 42.7 ± 1.4) at 12 weeks of age 

Fig. 1   Female APLP2-KO mice 
performed better than their 
female WT littermate controls, 
and male APLP2-KO mice on 
the rotarod as they age. Rotarod 
performance of WT littermate 
control mice and APLP2-KO 
mice beginning at 8 weeks of 
age a WT and b APLP2-KO. 
Genotype comparison of rotarod 
performance of c female and d 
male mice. Data presented as 
mean ± SEM. Statistical com-
parison was performed using 
a two-way repeated measure 
ANOVA and Tukey’s posthoc 
test, *p < 0.05. N = 6
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Fig. 2   Reduction in ventral 
horn neurons in APLP2-KO 
mice. The ventral horn lumbar 
spinal cord (L4–L5) were a 
sectioned and stained with 
cresyl violet for WT (black) 
and APLP2-KO (orange) mice 
at 12 and 48 weeks of age. b 
Stereological motor neuron 
counts with a diameter greater 
than 20 µm per section and c 
the total number of neurons 
per section of the ventral horn 
spinal cord. Frequency distribu-
tion of neuron calibre of both 
sex (female and male) and 
genotype (WT and APLP2-
KO mouse) at d, e 12 weeks 
and f, g 48 weeks of age. Data 
represented as mean ± SEM. 
Statistical comparison was per-
formed using two-way ANOVA 
with Bonferroni’s posthoc test, 
genotype comparison (WT 
vs. APLP2-KO) *p < 0.05, 
**p < 0.01, ***p < 0.001, 
****p < 0.0001; age comparison 
(12 vs. 48 weeks) $$p < 0.01, 
$$$$p < 0.0001. N = 3–4. Scale 
bar = 100 µm
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(Fig. 2b). At 48 weeks of age, the number of these larger 
motor neurons in male APLP2-KO (44.3 ± 1.5, p = 0.0141) 
were significantly reduced compared to WT mice 
(53.3 ± 1.0) but no statistical differences were found when 
comparing the female APLP2-KO (50.6 ± 1.3, p = 0.99) to 
WT (51.1 ± 3.3) mice at the same age (Fig. 2b).

Motor neurons in the spinal cord with diameter ≥ 10 µm 
were examined only. The total number of neurons were 
quantified in the anterior horn of the spinal cord were not 
significantly different between the male APLP2-KO and 
WT at both 12 and 48 weeks of age (Fig. 2c). To fur-
ther quantify the changes in motor neuron soma size, we 
next examined the size distribution of ventral horn motor 
neurons by binning neuron soma diameter and express-
ing it as a percentage of the total number of neurons. We 
observed there was a significantly higher proportion of 
the smaller neurons (10–12 µm and 12–14 µm ranges) in 
the APLP2-KO female (Fig. 2d) and male (Fig. 2e) com-
pared to WT mice at 12 weeks of age. This may explain 
the lower number of large neurons observed in APLP2-
KO at 12 weeks. At the 48 week mice cohort, the per-
centage of the 14–16 µm diameter neurons were signifi-
cantly higher in the female APLP2-KO compared to the 
WT mice (Fig. 2f) but no differences were observed in 

the distribution of the different neuronal sizes for males 
between APLP2-KO and WT (Fig. 2G).

Muscle Fiber Distribution is Altered in APLP2‑KO 
Mice

To examine whether the changes in spinal cord motor neu-
ron soma size for the APLP2-KO mouse causes alterations 
of muscle fiber caliber composition, the ATPase muscle 
staining technique was used to examine muscle fibre mor-
phology. Slow twitch and fast twitch fiber composition can 
be distinguished based on their reactivity with myofibrillar 
enzymes ATPase activity at pH 4.3, with slow twitch fibers 
(Type 1) staining a dark brown colour while the fast twitch 
muscle fiber (Type II) stain is a beige or light brown in 
colour (Fig. 3a). Type I and II fibers represent the majority 
of the muscle fiber types present in skeletal muscles [29]. 
Histological analysis of the cross sectional gastrocnemius 
muscle showed no gross morphological differences in the 
pattern of fiber distribution between the WT and APLP2-
KO groups and this was confirmed following analysis 
of fiber distribution (Fig. 3b). At 48 weeks of age, the 
female APLP2-KO mouse had a significantly higher pro-
portion of type I fibers compared to both the age matched 

Fig. 3   Analysis of the gastroc-
nemius muscle from 12 to 48 
weeks old APLP2-KO mice. a 
Myosin ATPase staining (pH 
4.3) of representative cross-sec-
tional gastrocnemius muscles 
isolated from male and female 
WT (black) and APLP2-KO 
(orange) mice at 12 and 48 
weeks of age. Percentage distri-
bution of b type I muscle fiber 
types and cross sectional area 
of c type I and d type II muscle 
fiber types are shown. Data rep-
resented as mean ± SEM. Statis-
tical comparison was performed 
using a two-way ANOVA with 
Bonferroni’s post-hoc test, 
genotype comparison *p < 0.05, 
**p < 0.01; sex comparison 
##p < 0.01, ###p < 0.001; age 
comparison $p < 0.05, 
$$p < 0.01, $$$$p < 0.0001. 
N = 3–4. Scale bar = 100 µm
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female WT control (p = 0.0022) and male APLP2-KO 
(p = 0.0004) mice and compared to the younger 12 weeks 
old female APLP2-KO (p < 0.0001) (Fig. 3b). When we 
compared the cross-sectional area (CSA) of both type I 
and II muscle fibers across the mice groups, we found a 
significant increase in fiber CSA values in both the Type 
I and II fibers for the WT male groups at 48 weeks com-
pared to the younger 12 week old group. Similarly, male 
APLP2-KO also showed a significant increase in Type 
II CSA at 48 weeks compared to 12 week group. Inter-
estingly, when compared to the WT controls we found a 
significantly lower CSA values for Type II fibers in the 
male (p = 0.0106) APLP2-KO but this was significantly 
higher in the female (p = 0.0261) group at 12 weeks of age. 
The significantly lower CSA persists in the male APLP2-
KO mice (p = 0.0360) but unchanged for female group at 
48 weeks of age. However, only WT female mice showed 
a decrease (p = 0.0347) in Type II CSA at 48 weeks. Com-
parison of sex showed a significant increase in CSA in 
only in female APLP2-KO (p = 0.0001) mice at 3 months. 
We next investigated whether the muscle fiber atrophy 
observed in the male APLP2-KO or muscle hypertrophy 
observed in the female APLP2-KO mice at 12 weeks could 
result in a change in the muscle mass. Therefore, the tissue 
wet weight of different leg muscles including the soleus, 
plantaris, gastrocnemius, tibialis anterior, extensor digi-
torium longus were determined and corrected for mouse 
body weight. The muscle mass to body weight ratios were 
not statistically different between APLP2-KO and WT 
mice and for any muscle type or between sexes at 12 and 
28 weeks of age (Fig. 4).

Discussion

We performed a longitudinal motor analysis of male and 
female APLP2-KO mice and examined the neuropathologi-
cal features in young (12 week) and older (48 week) mice 
to determine if there is a correlation between motor per-
formance, motor neuron expression in the spinal cord, and 
muscle fiber composition. Normal ageing is associated with 
progressive changes in the brain, and impairment of both 
sensory and motor function [21–23]. Aged C57Bl6 mice 
show reduced neuromuscular strength at 8–12 months of 
age, but no difference in motor performance in the single 
time point rotarod test [24]. Aged mice have impaired sen-
sorimotor dependent behaviours and their physical activity 
also decreases with age [24, 30–32].

Similar to previous studies [33–35], we found no differ-
ences in the rotarod performance between female and male 
WT mice on a C57Bl6 background. Interestingly, while the 
male APLP2-KO showed a similar reduction in rotarod 
performance compared to the WT littermates with ageing, 
we observed a significantly better motor performance (less 
of a decline) in the APLP2-KO female cohort. While sex 
differences in age of onset, disease progression or disease 
severity have been observed [36], female rodents are often 
not selected for behavioural studies due to an assumed 
variability related to their oestrous cycle confounding the 
results. However, for the C57Bl/6J mouse, the locomo-
tion activity and reflex responses remained stable across 
all phases the oestrous cycle [37], and the oestrous cycle 
plays a very minor role in mouse physical performance 
[38] therefore including both sexes in animal studies is 

Fig. 4   Relative muscle wet 
weight in APLP2-KO and WT 
mice are similar at 12 weeks 
of age. The ratio of muscle wet 
weight (mg) relative to mouse 
body weight of WT (black) 
and APLP2-KO (orange) at 
a, b 12 and c, d 48 weeks of 
age for female and male mice 
groups respectively. Muscles 
examined included; plantaris 
(PLA), soleus (SOL), extensor 
digitorum longus (EDL), tibialis 
anterior (TA), and gastrocne-
mius (GA). Data represented as 
mean ± SEM. N = 3–4
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important. It is noteworthy that female mice exhibit better 
motor and behavioural performance outcomes compared 
to male mice following traumatic brain injury (TBI) when 
using either the C57Bl6 mouse [35] and rat [39]. The basis 
for these differences between male and female rodents fol-
lowing TBI is still unknown, but in female rats, the effect 
of the oestrous cycle on motor performance post TBI is 
believed to be a minor contributor [40], and it had no effect 
on motor and cognitive tasks [41]. These results suggest 
that the oestrous cycle may play a subtle role in the physi-
cal performance of mice and therefore the molecular basis 
for the effect of APLP2 deletion in female sex remains to 
be resolved.

At the cellular level, we found significant differences in 
the spinal cord neurons and in the muscle histology of the 
young and old APLP2-KO mice. A motor unit comprises 
of a single motor neuron and all the muscle fibers it inner-
vates [42]. Skeletal muscle activities are under the control of 
the motor unit, triggered by signalling from a motor neuron 
[42]. Therefore, early motor unit loss in ageing mice could 
be an important driver for the deficits seen in the physi-
cal performances during ageing [43]. There are three main 
classes of motor neurons in the motor nucleus- alpha motor 
neurons, gamma motor neurons and beta motor neurons [44]. 
Alpha neurons in the ventral horn of the spinal cord can be 
identified by their large soma size (with cell body diam-
eter > 20 µm) [25, 26]. There are conflicting reports in the 
literature regarding the loss of motor neuron in mice during 
ageing [45–47]. Studies have reported a reduction in α motor 
neurons in aged human and animals, and they showed that 
hypertrophy was observed in the remaining α neurons [48, 
49]. In contrast, other studies reported no difference in the 
number and size of motor neurons in aged mice compared to 
adult mice [46, 50]. In our study, we observed a significant 
increase in α motor neurons in WT mice in the 48 week age 
group for both sexes while a significant decrease in α motor 
neurons was observed in the female WT group. Our result 
agrees with a recent study looking at α motor neurons in 
primates and mice which demonstrated that although motor 
function deteriorates with ageing, the soma of α motor neu-
rons and innervating synaptic inputs were retained in the 
aged spinal cord of both species [50]. The loss of motor 
units in the hindlimb muscle correlated with reduced muscle 
contractility and was seen at a relatively early stage dur-
ing the ageing process [43]. Electrophysiological studies 
of ageing mice demonstrated significant differences in the 
amplitude of the motor unit action potential in female mice 
during ageing suggesting that motor neurons in female mice 
are able to form collateral sprouts during ageing [43]. There 
is an increase in collateral sprouting in female rats compared 
to their male counterparts [51], while sarcopenia is more 
evident in aged male C57Bl6 mice compared to females 
[52]. Therefore, sex-dependent differences are an important 

parameter for understanding motor unit connectively during 
ageing.

APLP2 is ubiquitously expressed in all tissues, with 
higher expression levels present in neurons from the central 
and peripheral nervous system [53]. The APLP2 expression 
in pyramidal neurons from hippocampus region of the brain 
appear to be dispensable for normal maintenance of den-
dritic growth, spine formation and neuronal function in an 
age-independent manner [10]. This was confirmed by elec-
trophysiological studies where field excitatory post synap-
tic potentials (fEPSPs) and long-term potentiation (LTP) 
studies showed no age related changes in the fEPSP and 
LTP recordings between younger (1–2 months) and older 
(10–12 months) aged APLP2-KO mice [10]. In the rodent 
brain, APLP2 protein expression was localised to the presyn-
aptic active zone of neuronal axons and in close proximity to 
the synaptic vesicles suggesting that it may be an important 
modulator for neurotransmitter release [54, 55]. Consist-
ent with this report, APLP2 expression in association with 
APP, was important for the expression of vesicular gluta-
mate transporter 2 in synaptic transmission and plasticity 
[54, 56, 57]. Together, these data suggest APLP2 plays a 
key role in neuronal development and function and these 
observations highlight a functional compensation between 
APP and APLP2 in the neurons. Furthermore, it is known 
that APLP2 (as well as APP) is expressed on motor neurons 
and in muscle, whereas APLP1 is only expressed on the pre-
synaptic terminal of motor neurons [11]. APLP2 and APP 
expression at the NMJ of skeletal muscle is regulated during 
development, and are important in NMJ formation and matu-
ration [7, 8, 11, 58]. While neither APLP2-KO or APP-KO 
mice display obvious alterations in NMJ structure [13, 14, 
59], the APP-KO/APLP2-KO double knockout mouse dis-
played severe alteration of NMJ morphology and impaired 
neurotransmission, further highlighting the compensatory 
roles of other APP-family members [7, 8, 11, 18, 59]. In the 
present study, we observed a significant reduction in α motor 
neurons in APLP2-KO mice at 12 weeks of age, locomo-
tor function of APLP2-KO appears to be unaffected, pos-
sibly owing to the compensatory function of the APP family 
members. Interestingly, the reduction in α motor neurons 
was only observed in the spinal cord of male APLP2-KO 
and not in the 48 week female group (Fig. 2b). This data is 
also in agreement with the reduction in the CSA of muscle 
fiber type II for male APLP2-KO at 48 weeks of age, but is 
unchanged for the female group. The sex-related differences 
in motor neurons distribution and muscle fiber may explain 
the improvement in the motor performance decline seen in 
the female APLP2-KO mice during ageing. The reduction in 
muscle mass and the reduction of motor neurons in ageing 
has been associated with NMJ remodelling, which precedes 
muscle fiber atrophy and could be involved with initiating 
muscle loss [60–62]. Denervation at the NMJ is a major 
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contributor to the diminished motor function in older mice 
[45–47, 63–65]. Given the roles of APLP2 at the NMJ, it 
may explain the alterations in motor neuron distribution and 
muscle fiber size in APLP2-KO during ageing. Future stud-
ies examining the structural pattern of NMJ innervation in 
the muscle and electrophysiological studies examining the 
conduction properties of nerve axons in the spinal cord of 
APLP2-KO during ageing, would enhance our understand-
ing on the role of APLP2 in motor neurons, synaptic trans-
mission and muscle function. Also, it will be of particular 
interest to examine the compensatory function of the APP 
and APLP1 at the NMJ in the absence of APLP2 expres-
sion in mice during ageing. Further studies are needed to 
understand the effect of sex in the functional role of APLP2 
in motor unit connectivity and locomotor function. Collec-
tively, these data suggest that APLP2 affects muscle devel-
opment and/or function.

The current study has identified a novel relationship 
whereby the deletion of the APLP2 gene in female mice 
can mitigate against age-related motor function impairments. 
Further studies are needed to understand the neurochemi-
cal and cellular basis for these APLP2 mediated effects on 
motor neurone and muscle morphology and function in 
females. This will include deciphering which of the different 
APLP2 proteolytic metabolites are mediating these effects 
[66]. Finally, the sex-dependent effects highlight the impor-
tance of considering both sexes in animal based studies to 
ensure phenotypes are not missed due to the use of only a 
single sex group.
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