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Abstract

Amyloid-β (Aβ) is produced through the enzymatic cleavage of amyloid precursor protein (APP)

by β (Bace1) and γ -secretases. The accumulation and aggregation of Aβ as amyloid plaques is the

hallmark pathology of Alzheimer’s disease and has been found in other neurological disorders,

such as traumatic brain injury and multiple sclerosis. Although the role of Aβ after injury is not

well understood, several studies have reported a negative correlation between Aβ formation and

functional outcome. In this study we show that levels of APP, the enzymes cleaving APP (Bace1

and γ-secretase), and Aβ are significantly increased from 1 to 3 days after impact spinal cord

injury (SCI) in mice. To determine the role of Aβ after SCI, we reduced or inhibited Aβ in vivo

through pharmacological (using DAPT) or genetic (Bace1 knockout mice) approaches. We found

that these interventions significantly impaired functional recovery as evaluated by white matter

sparing and behavioral testing. These data are consistent
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Introduction

Amyloid-β (Aβ) is the product of the sequential cleavage of amyloid precursor protein

(APP) by β- (BACE-1) and γ- secretases (Hu et al, 2006; Selkoe, 2004). Considerable data

support a pathophysiological role for Aβ in Alzheimer’s disease. Increases in APP, Bace-1,

γ- secretase, and Aβ have also been observed with the onset of several other neurological
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disorders. Amyotrophic lateral sclerosis (ALS) onset is accompanied by an increase in APP,

and elevated levels of both APP and Aβ have been observed in motor neurons and their

surrounding glial cells in the spinal cord of ALS mouse models (Bryson et al., 2012).

Patients with multiple sclerosis (MS) show APP up-regulation in both acute and chronic

lesions (Ikonomovic et al. 2004) and APP expression has been suggested as a biomarker for

disease progression (Gehrmann et al., 1995). Aβ has also been implicated in microglial

activation and associated neuroinflammation (Matsuoka et al., 2001; Wyss-Coray and

Mucke, 2002).

In postmortem studies, Aβ deposits have been observed following traumatic brain injury

(TBI) (Roberts et al., 1991; Roberts et al., 1994). Studies on excised surgery tissues show

that Aβ accumulation is occurring in as little as two hours (Ikonomovic et al., 2004). The

accumulation of Aβ also occurs in animal models of TBI (Iwata et al., 2002; Uryu et al.,

2002). APP, BACE1, and PS1 are increased in the areas of axonal injury as early as 2h after

TBI (Chen et al., 2004; Uryu et al., 2007). Elevated levels of Aβ positively correlate with

increases in β- and γ- secretases (Blasko et al., 2004). We recently demonstrated that

inhibiting the activity of APP secretases and Aβ is protective in a mouse model of TBI

(Loane et al., 2009), suggesting that Aβ may be contributing to secondary injury cascades

after TBI. APP is also increased after spinal cord injury (SCI), in both humans and rodents

(Ahlgren et al., 1996; Choo et al., 2008; Cornish et al., 2000; Li et al., 1995). A recent study

in rats shows that the increase in APP and PS1 is accompanied by an increase in Aβ peptide

levels as early as 1 day after spinal cord hemisection. This increase appears to occur within

the axons in the white matter at the site of injury (Kobayashi et al., 2010). However, the

injury-induced changes in APP secretases are not limited to neurons. After brain trauma, an

increase in Bace 1 and PS1 was reported in astrocytes (Blasko et al, 2004) and in both

astrocytes and microglial cells, respectively (Nadler et al., 2008).

Although Aβ is implicated as a pathobiological factor in several neurological disorders,

recent studies suggest that it may also have a protective role. Using a mouse model of MS

— experimental autoimmune encephalomyelitis (EAE) — investigators demonstrated that

Aβ pep tide injections decreased paralysis and brain inflammation by suppressing activated

lymphocytes (Grant et al., 2012). Bace1 knockout (Bace1 KO) mice, which do not produce

Aβ, (Cai et al., 2001; Lu et al., 2000) show increased motor and cognitive deficits after TBI

in the KO mice as compared to wild type controls (Mannix et al., 2011). To address the role

of Aβ after SCI, we used a mouse spinal contusion model to examine effects of injury on

APP, PS1, Bace1, and Aβ production. We also prevented Aβ formation after SCI using the

γ-secretase inhibitor DAPT (N-[(3, 5-Difluorophenyl) acetyl]-L-alanyl-2-phenyl]glycine-l,l-

dimethylethyl ester) or Bace1 KO mice.

Results

SCI increases APP, PS1, and Bace-1

To study the expression of APP and PS1 before and after SCI, mice were sacrificed as sham

or at 1, 3 and 7 days after moderate-severe injury (n=4/group). Figure 1A shows sections

from sham and 1, 3, and 7 day post injury (DPI) at the epicenter. Regions identified by

asterisk and arrowhead are magnified in Figure 1B. In sham, APP and PS1 are co-localized
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in the motor neurons in gray matter and the glial cells present in both white and gray matter.

PS1 and APP increase at 1 and 3 days after injury, especially in the white matter, and return

toward baseline by 7 DPI. APP and PS1 co-localize more after SCI injury as evident by the

increased overlap of red and green in the merged images as compared to sham. Figure 1C is

a representative high resolution confocal image (taken from the area indicated in the

thumbnail image by arrowhead) showing that some of the Iba 1+ microglia express PS1 at

1DPI.

Sections 1mm and 2mm rostral and caudal from the epicenter were evaluated from sham and

injured mice (n=3/group) at 1, 3 and 7 days after injury using PS1. Figure 2A shows a

representative image and Figure 2B summarizes the quantitative data. The thumbnail image

represents the negative control for PS1. There is a significant increase (p-value < 0.02), in

PS1 protein 1 and 3 days after injury at the epicenter, as well as 1 mm rostral (p-value <

0.001) and caudal (p-value < 0.005) from the injury site. At 2 mm rostral (p-value < 0.0001)

and caudal (p-value < 0.04) to the epicenter, a significant increase is only observed at 1 day

after injury. The increase of PS1 in injured tissue compared to sham was confirmed using

Western blots (Figure 2C); PS1 protein levels are significantly increased (p-value < 0.05) at

1 and 3 days after injury. Figure 2D indicates that Bace1 protein levels are also significantly

increased (p-value <0.05) at 1 DPI.

SCI acutely increases A/β accumulation

To determine whether the increase in APP and its secretases is functionally relevant, mice

(n=4/group) were injured and sacrificed at 1, 3, 7, 14, 21, and 28 days after SCI. Aβ40ELISA

was performed on the diethylamine (DEA) extraction and Aβ was measured as fmol/mg

protein (Figure 3). There are no significant differences in Aβ levels between naïve mice and

sham mice euthanized 3 days post-surgery (n=4/group) indicating that laminectomy alone

did not cause Aβ40 up-regulation. Aβ is significantly increased (p-value <0.01) at 1 and 3

days after SCI compared to sham or naïve samples. The increase in Aβ is concurrent with

the increase in APP and its secretases.

DAPT significantly reduces A/β accumulation after SCI

In order to confirm that the γ-secretase inhibitor DAPT can reduce the production of Aβ

after SCI, C57/B16 spinal cord injured and sham mice (n=4/group) were administered either

DAPT or vehicle as described in the Materials and Methods. Similar to our earlier

experiment, SCI caused a significant increase in Aβ levels compared to sham injured mice.

DAPT significantly (p-value < 0.01) attenuated the SCI-induced increase in Aβ at 3d post-

injury by 30% (Figure 4).

DAPT administration reduces functional recovery after SCI in mice as measured by BMS
and BLG

To investigate the effects of DAPT on functional recovery, C57/B16 injured mice (n=12/

group) were administered either DAPT (30mg/kg) or vehicle orally twice a day starting 15

minutes after injury for 10 days. Functional recovery was evaluated using BMS (Basso

mouse scale, range of 0–9, 9 being a normal mouse) 1 day after injury and weekly thereafter

(Figure 5A). Furthermore, BLG (Basso mouse scale/Ladder climb/Grid walk) score (range
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of 0–27, 27 being a normal mouse) was evaluated 7 days after injury on a weekly basis until

28 days after SCI (Figure 5B), at which time mice were sacrificed and spinal cords removed

and processed to assess white matter sparing. BLG scoring method employs and combines

three tests (BMS, modified ladder climb and grid walk) and is shown to be a more sensitive

functional test than BMS alone (Pajoohesh-Ganji et al., 2010). BMS indicates that vehicle-

treated mice have a score of 4.5 +/− 0.2 at 28 days post-injury representing achievement of

frequent or consistent plantar stepping. DAPT-treated mice, on the other hand, have a score

of 3.9 +/− 0.2 at day 28, a significant decrease (p-value < 0.04) over vehicle treated mice. In

the vehicle group, only 2 out of 12 mice show a score less than 4, which indicates lack of

plantar stepping, whereas half (6 of 12) of the mice in the DAPT-treated group are not able

to achieve plantar stepping and receive a score less than 4.

Using BLG score, significant differences (p-value < 0.04) between vehicle- and DAPT-

treated mice are observed as early as 7 days after injury and persist until 28 days post-injury

(p-value < 0.02). While vehicle-treated mice have a score of 12.1+/− 1.9 at day 28, DAPT-

treated mice are significantly worse at day 28, only achieving a score of 6.4 +/− 1.1 (p-value

< 0.04 compared to vehicle-treated mice). Quantitation of white matter sparing shows that

vehicle-treated mice have a significantly greater (p-value = 0.04) amount of white matter

spared than DAPT-treated mice 28 DPI (Figure 5C). Furthermore, representative images

with Eriochrome cyanine R staining at the epicenter show the differences between the

vehicle and DAPT treated injured mice (Figure 5D).

Bace1 knockout mice have impaired functional recovery after SCI as measured by BMS
and BLG

To further investigate the role of the APP secretases after SCI, Bace1 KO (n=7) and WT

mice (n=6) were injured, as previously described. Naive mice (n=4) were evaluated and

Eriochrome staining from WT and Bace1 KO are presented in Figure 6A. Functional

recovery in injured mice was evaluated using BMS and BLG scoring and white matter

sparing was assessed. Utilizing BMS, WT mice reach a score of 4.5 +/− 0.4 at 28 DPI,

representing frequent or consistent plantar stepping. Bace1 KO mice, on the other hand,

have a score of 3.4 +/− 0.1 at day 28, a significant decrease (p-value < 0.01) as compared to

WT mice (Figure 6B). In WT, only 1 out of 6 mice have a score less than 4, whereas 6 out

of 7 Bace1 KO mice are not able to achieve plantar stepping and receive a score less than 4,

at 28 DPI. Using BMS, a significant difference in functional recovery is observed at days 14

(p-value < 0.004) and 21 (p-value < 0.005). All naive mice had a score of 9 at all the time

points.

Using BLG score, significant differences between WT and Bace1 KO mice are also

observed at 14 DPI (p-value < 0.04) and these differences persistently increase to 28 DPI (p-

value < 0.01). WT mice achieve a score of 13.2 +/− 2.8 whereas the Bace1 KO mice have a

score of 5.7 +/− 0.8 at day 28, a significant decrease (p-value <0.01) as compared to WT

mice (Figure 6C). All naive mice had a score of 27 at all the time points. Quantitation of

white matter sparing show that WT mice have a significantly greater (p-value = 0.03)

amount of white matter spared than Bace1 KO mice 28 DPI (Figure 6D). Representative

images using Eriochrome cyanine R staining show the differences between the WT and
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Bace1 KO mice after injury (Figure 6E). However, gray matter quantitation showed no

differences between WT and Bace1 KO mice 28 DPI (p-value = 0.22). Taken together, our

data indicate that reducing Aβ formation after SCI decreases the functional recovery.

Bace1 knockout mice have less microglia after SCI

To investigate whether the decrease in Aβ has an effect on microglial number, sections from

vehicle, DAPT treated, Bace1 KO, and WT mice were stained with a microglial marker,

Iba1. Confocal images were taken from the epicenter, 200, and 400 µm rostral and caudal

and analyzed using image J. As shown in the graph and representative images, there are no

differences in the number of microglia in DAPT-treated as compared to vehicle-treated mice

(Figure 7A). However, microglial number is significantly (p value = 0.002) lower in the

Bace1 KO as compared to WT mice (Figure 7B).

Discussion

SCI causes delayed biochemical changes, known as secondary injury, which leads to

additional tissue damage and cell death (Panter and Faden, 1992). Secondary injury

mechanisms include inflammation and reactive astrogliosis and microglial activation, which

are involved in scar formation and impaired regeneration (Lu et al., 2000). Among the

biochemical changes are increases in APP, its secretases, and Aβ shown in this and other

studies of human and rat tissues (Ahlgren et al., 1996; Choo et al., 2008; Cornish et al.,

2000; Kobayashi et al., 2010; Li et al., 1995).

Aβ has been shown to activate microglia and inflammatory pathways and cause neuronal

cell death (Matsuoka et al., 2001; Wyss-Coray and Mucke, 2002). Microglial activation is

characterized by transition of quiescent microglia from a resting, ramified to an ameboid,

‘macrophage-like’ phenotype capable of both phagocytosis and proliferation (Raivich et al.,

1999). Depending on the signals provided by the microenvironment present at the injury

site, microglia can either differentiate into “classically activated” M1 microglia, which are

neurotoxic and produce high levels of pro-inflammatory cytokines, or “alternatively

activated” M2 microglia that promote plasticity and axonal outgrowth and inhibit

inflammation (Kigerl et al., 2009; Pajoohesh-Ganji and Byrnes, 2011). These phenotypes

elucidate how microglial activation promote Aβ and myelin debris clearance (Farah et al.,

2011; Mandrekar et al., 2009) while triggering a pro-inflammatory response (Hickman et al.,

2008) and why microglial activation is referred to as a “double-edged sword” (Mannix and

Whalen, 2012; Wyss-Coray and Mucke, 2002).

As Aβ is a known key mediator of microglial activation and a neurotoxic pep tide, the main

question in this report is whether Aβ enhances or impedes recovery after SCI in mice. Our

data indicate that APP, Bace1, γ-secretase, and Aβ are significantly increased between 1 and

3 days after injury. These results are consistent with prior literature in SCI. We also show

for the first time that reducing or inhibiting Aβ formation through pharmacological (using

DAPT) and genetic (Bace1 KO mice) methods exacerbates the functional outcome after SCI

as evaluated by level of white matter spared and behavioral testing.
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Aβ is also increased after brain trauma in mice (Loane et al., 2009). In contrast to the present

findings, inhibiting the APP secretases after TBI led to improved functional recovery. The

differences seen between this study and the Loane study could be due to the fact that DAPT

treatment was maintained for 21 days in the TBI study, as compared to 10 days for our SCI

studies. The reason we did not continue DAPT treatment longer is because our time course

experiments clearly showed that PS1, Bace1 and Aβ had all returned to baseline levels by 7

days post-SCI. Moreover, our studies were performed on younger mice (5–6 month old)

than the mice in Loane study (11–12 month old). Conversely, another study found that

Bace1 KO mice (2–3 month old) had worse functional recovery after TBI (Manix et al.,

2011). Based on these studies, age seems to be a factor in the outcome after trauma.

Furthermore, our findings also appear consistent with the observation that systemic injection

of Aβ pep tides decreases paralysis and brain inflammation in a mouse model of EAE (Grant

et al., 2012).

As it is widely considered that secondary injury processes are similar between SCI and TBI,

such differences may suggest a more fundamental distinction across these trauma models

with regards to the roles of APP processing or down-stream secretase targets. However,

acute inflammatory responses are greater in spinal cord than in the brain, possibly reflecting

more BBB breakdown after SCI that leads to higher number of microglia, neutrophils, and

macrophages recruited to the site of injury (Batchelor et al., 2008; Carlson et al., 1998;

Schnell et al., 1999a; Schnell et al., 1999b). There was no difference between microglial

numbers in vehicle- vs. DAPT-treated mice, which indicates that DAPT did not fully inhibit

Aβ production, as evident in Figure 4. However, Bace1 KO mice do not produce Aβ. Our

data show a reduced number of microglia in the Bace1 KO mice, consistent with the ability

of Aβ to induce microglial activation. Perhaps surprisingly, this reduction in microglial

number was associated with worse functional recovery. This may be due to the fact that

inhibiting Aβ may potentially decrease M2 microglial activation, which may sub-serve more

protective roles. Further studies will be required to elucidate the effects of Aβ in modulating

the relative activation patterns of M1 versus M2 microglial pathways after SCI.

Alternatively, it must be recognized that in addition to APP, γ-secretase and Bace1 cleave

multiple other proteins, including Notch 1 and neuregulin 1 type III (NRG1) respectively.

Inhibiting cleavage of Notch 1 and NRG 1 in DAPT and Bace1 KO mice may serve to

modify signaling pathways unrelated to APP processing. Upon ligand binding, Notch

intracellular domain (NICD) is produced by the cleavage of Notch 1 via γ-secretase and a

metalloproteinase. NICD translocates to the nucleus and triggers the transcription of target

genes, which depending on the ligand may suppress or promote proliferation and

differentiation of oligodendrocyte precursor cells (Brosnan and John, 2009; D'Souza et al.,

2008; De Strooper and Konig, 1999; Gaiano et al., 2000; Tanigaki et al., 2001).

Furthermore, NRG1 mediates myelin sheet thickness and determines the caliber of axons

(Velanac et al., 2012). Bace1 KO mice have severe hypomyelination of their peripheral and

central nervous system (Hu et al., 2006; Hu et al., 2008), increased lethality rates during the

early postnatal developmental period, and hyperactivity (Dominguez et al., 2005).

Processing of NRG1 has been shown to be impaired but not abolished in Bace1 KO mice

(Hu et al., 2006; Hu et al., 2013; Velanac et al., 2012). Therefore, the reduced white matter
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sparing observed in the Bace1 KO mice after SCI may in part reflect the reduced NRG1

signaling or less myelin in the Bace1 KO mice prior to injury.

Materials and Methods

Mice

2–3 month old C57B1/6 mice were purchased from Taconic. For the Bace1 KO study, we

decided to use older mice to compare with our previous study performed in TBI (Loane et

al., 2009). However to decrease the mortality rate due to age, we purchased 5–6 month old

Bace1 KO mice and aged matched controls from Jackson Laboratories. All experiments

fully complied with the principles set forth in the “Guide for the Care and Use of Laboratory

Animals and were approved by the Georgetown university and The George Washington

University Animal Care and Use Committees.

Spinal Cord Injury

Mice were anesthetized using isoflurane (Baxter, Deerfield, IL; E-Z system Bio Vac

chamber). The mouse was placed in the chamber and the isofurane vaporizer was originally

set at 5%. Once the mouse was fully anesthetized, it was removed from the chamber and

placed on a nose cone with a maintenance dose at 2%. A laminectomy was performed at the

T-9 level for sham and all injured animals. The spinal cord was stabilized using mouse

transverse clamps (Stoelting, Wood Dale, IL). A 1.85 g weight was dropped from 20 mm

onto an impounder positioned on the exposed spinal cord, as previously described

(Pajoohesh-Ganji et al., 2010). Sham animals (n=4) received a laminectomy without

contusion injury and naïve mice (n=4) served as additional controls in ELISA studies. Sham

mice were obtained at 3 days (n=4/group) after laminectomy. Bladder expression on injured

animals was performed twice daily until autonomic bladder function returned. For ELISA,

Western blot analysis, and immunofluorescence staining mice were sacrificed at various

time points after SCI: 1,3,7, 14, 21, and 28 days (n=4). Behavioral studies were performed 1

day after injury and on weekly basis thereafter; mice were sacrificed at 28 days after injury

(n=12).

DAPT administration

DAPT (Calbiochem), a γ-secretase inhibitor, was made in 5% ethanol in corn oil and

administered orally at a volume of 5ml/kg with a final dose of 30mg/kg as previously

described (Loane et al., 2009). Vehicle was 5% ethanol in corn oil and was administered as

5ml/kg. Each mouse received the initial dose 15 minutes after SCI or sham injury and twice

daily for either 3 days (ELISA studies) or 10 days (behavioral studies) after SCI. Animals

were monitored daily for signs of distress and gastrointestinal discomfort. Although we did

not specifically measure body weight or food consumption, there were no apparent

differences observed between DAPT- and vehicle-treated mice. Furthermore, others have

shown DAPT does not significantly change animal body weight (Saeidi et al., 2013). Mice

were euthanized 12 hours following the final dose of DAPT in the ELISA studies.
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A/3ELISA and Western blotting

Proteins for ELISA and Western blots were sequentially extracted, as previously described

(Loane et al., 2009), from a total of 5mm of spinal cord (2.5mm rostral and 2.5mm caudal to

the injury site) in diethylamine (DEA) and RIPA buffer. A commercially available kit from

Wako Chemicals (Richmond, VA) was used to detect endogenous soluble mouse Aβx-40, as

per manufacturer’s instructions from the DEA extractions. Western blots were performed as

previously described (Byrnes et al., 2007). DEA extracts were used for Bace1 (Millipore,

Cat # MAB5308, 1:500) and the RIPA extracts were used for PS1 (Millipore, Cat #

MAB5232, 1:1000). Pixel intensity for each sample and its corresponding actin (Millipore,

#MAB1501R at 1:2000) was measured on three different blots using Image J software. To

quantify the results, samples were normalized to actin and a graph was made using

GraphPad Prism Program, Version 4 for Windows (GraphPad Software, Inc. San Diego,

CA).

Behavioral testing

Mice were tested for hindlimb functional deficits after SCI in a blinded fashion. Hindlimb

locomotor recovery was assessed in an open field using the BMS (Basso Mouse scale)

(Basso et al., 2006) and BLG (Basso mouse scale/Ladder climb/Grid walk) (Pajoohesh-

Ganji et al., 2010) scoring methods at 1, 7, 14, 21, and 28 DPI. Mice were excluded from the

studies if the BMS was greater than 1 on day 1 after SCI. In the Bace1 KO study, n=4 in the

wild type and n=3 in the KO group had to be excluded from the study because they had a

BMS of 2 or greater at 1 day after SCI.

Stereological quantitation of white matter sparing

Animals were anesthetized (100 mg/Kg sodium pentobarbital, I.P.) and intracardially

perfused with 50 ml of 0.9% heparinized saline followed by 50 ml of 10% buffered formalin

at different time points after injury (1, 3, 7, 14, 21, 28 days and sham mice). A 0.5 cm

section of the spinal cord centered at the lesion epicenter was dissected, post-fixed in 10%

buffered formalin overnight, and cryoprotected in 10, 20, and 30% sucrose overnight.

Sections were embedded in OCT compound (Andwin Scientific Tissue-Tek) and cut at

20µm onto SuperFrost slides (Fisher, Cat#12-550-15). Quantitative assessment of white

matter sparing was performed using the Cavalieri method of unbiased stereology. Every 40th

section of the 0.5 cm spinal cord block, with a random starting section, was processed with a

standard Eriochrome cyanine R staining protocol for histological analysis. Volume

estimations were obtained from at least 10 randomly selected sections spanning 0.5 cm

centered around the lesion site, as previously described (Donnelly et al., 2009; Pajoohesh-

Ganji et al., 2010).

Immunostaining

Sections from various time points were stained against APP (Abeam, #ab 12270, at 1:100),

PS1 (Millipore, #MAB5232 at 1:200), andlbal (Abeam, #ab5076, at 1:200) followed by

appropriate secondary antibodies. To ensure accurate and specific staining, negative controls

were used. Immunofluorescence was detected using confocal microscopy or an AxioPlan

Zeiss Microscopy system (Carl Zeiss, Inc., Thornwood, NY). Tile and individual images
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were taken using a 20× objective. The images were first optimized for the 1 day time point,

which has the most PS1, followed by the other time points without changing the intensity.

Immunolabeling was quantified as previously described (Pajoohesh-Ganji et al., 2012).

Statistical analyses

Quantitative data are presented as mean +/− standard error of the mean. All data were

analyzed using Student’s t-test or repeated measures ANOVA. All statistical tests were

performed using the GraphPad Prism Program, Version 4 for Windows (GraphPad Software,

Inc. San Diego, CA). A p value < 0.05 was considered statistically significant.

Conclusion

In conclusion, we have demonstrated that APP and the APP secretase proteins, Bace1 and

PS1, accumulate acutely in an experimental model of SCI. This is a functional

accumulation, which leads to the production of Aβ peptide at the injury site. We further

demonstrated that inhibiting Aβ production by targeting the APP secretases results in greater

white matter loss and impaired functional recovery after SCI. Further in vivo studies are

required to better clarify the relative roles of APP processing and Aβ generation, Notch

signaling, and NRG1 signaling in the responses of the brain and spinal cord to traumatic

injuries.
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Abbreviations

Aβ amyloid-β

ALS amyotrophic lateral sclerosis

APP amyloid precursor protein

BLG Basso mouse scale/Ladder climb/Grid walk

BMS Basso mouse scale

DAPT N-[(3, 5-Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-l, l-dimethylethyl

ester

DEA diethylamine

DPI days post-injury

EAE experimental autoimmune encephalomyelitis

MS multiple sclerosis

SCI spinal cord injury
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TBI traumatic brain injury
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Highlights

• APP and the APP secretase proteins, Bace1 and PS1, accumulate acutely after

SCI in mice.

• This is a functional accumulation which leads to the production of Aβ pep tide at

the injury site.

• Inhibiting Aβ production by targeting the APP secretases results in greater

impaired functional recovery after SCI.

• Aβ may have a beneficial role after SCI.
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Figure 1. SCI causes an increase in PS1 and APP co-localization
Mice were injured at T9 and sacrificed at 1, 3, and 7 days after contusion injury (n=4/group).

The spinal cord sections were stained with APP (green) and PS1 (a component of γ-

secretase, red) and confocal tile images were taken with a 20× objective. A. Representative

images from sham (S, n=4) and 1, 3, and 7 days post-injury (DPI). PS1 and APP are both

up-regulated after injury. B. The areas identified with arrowhead (in sham) and asterisk

(injured, 7 days) in A are magnified to show the co-localization of APP and PS1 before and

after injury, as evident by the increase in the overlap of red and green in the merged images

at 7 days (Mag. Bar = 500 µm). C. Spinal cord sections from 1 DPI were stained with Ibal

(green) and PS1 (red). The arrowhead in the 10× thumbnail image indicates the area from

which the 63× confocal image was taken. The area identified by asterisk in the 63× was then

digitally magnified (Mag. Bar =10 µm).

Pajoohesh-Ganji et al. Page 16

Brain Res. Author manuscript; available in PMC 2015 April 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. SCI causes an increase in PS1 and Bace1
Mice were injured at T9 and sacrificed at 1, 3, and 7 days post-injury (DPI). Samples were

processed for immunofluorescence staining or Western blot analysis. A. Representative

images from sham (S) and 1, 3, and 7 DPI. PS1, a component of γ-secretase, is increased in

the epicenter as well as the sections rostral and caudal to the injury site (Mag. Bar = 500

µm). The thumbnail image shows the no primary antibody negative control. B. The

quantitation of immuno fluorescence data using image J (n=3), shows a significant increase

in PS1 at 1 and 3 DPI as compared to sham in all areas evaluated. C. Western blot data

confirms the increase of PS1 after SCI (n=3). D. Western blot data demonstrate that Bace1 is

significantly increased at 1 day after injury (n=3).
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Figure 3. SCI significantly increases Aβ accumulation
Aβ40 ELISA was performed in naïve, sham, and at various days (1, 3, 7, 14, 21, and 28)

post-injury (n=4/group). Aβ, which is the cleavage product of APP by Bace1 and γ-

secretase, is significantly increased at 1 and 3 days after SCI (p value <0.01). There are no

differences in the Aβ level between naïve and sham mice.
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Figure 4. DAPT administration significantly reduces Aβ40 after SCI
DAPT (a γ-secretase Inhibitor) and vehicle were administered orally (30mg/kg) twice a day

for 3 days to sham and injured mice starting at 15 minutes after injury. Mice were sacrificed

(n=4) on the next day after the last dose and Aβ40 ELISA was performed. There is no

difference between the amount of Aβ present in sham vehicle- and DAPT-treated. However,

the DAPT-treated injured mice have significantly (p value < 0.01) less Aβ than the vehicle-

treated SCI mice.
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Figure 5. DAPT administration reduces the functional recovery after SCI in mice as measured
by behavioral testing
DAPT (30 mg/kg) and vehicle were administered orally twice a day for 10 days (n=12)

starting 15 minutes after injury. Mice were evaluated using BMS and BLG scores at 1 day

post-injury (DPI) and weekly thereafter. A. Vehicle-treated (Veh) mice have a significant (p

value < 0.04) higher BMS score at 28 DPI. B. The mice were also evaluated based on their

stepping using the BLG score. A significant improved performance of vehicle-treated mice

is observed as early as 7 DPI. C. Sections from spinal cord (n=10) were processed for

Eriochrome cyanine R staining and analyzed using sterological techniques. The white matter

spared in the vehicle-treated is significantly (p value = 0.0384) higher than the DAPT-

treated (DAPT) mice. D. Representative images show higher staining present in Veh as

compared to DAPT mice at the epicenter (Mag. Bar = 500 µm).
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Figure 6. Genetic ablation of Bace1 reduces functional recovery after SCI in mice as measured
by behavioral testing
Wild type (WT, n=6) and Bace1 knockout (Bace1 KO, n=7) mice were injured and

evaluated using BMS and BLG scores at 1 day post-injury (DPI) and weekly thereafter. A.

Naïve WT and Bace1 KO mice sacrificed and sections were stained with Eriochrome

cyanine R. B. WT mice have significant (p value < 0.01 at 28 days) higher BMS score 14

days after injury as compared to Bace1 KO mice. C. The mice were also evaluated based on

their stepping using the BLG score. A significant (p value < 0.01 at 28 days) improved

performance in WT mice is observed as early as 14 DPI. D. Sections from spinal cord were

processed for Eriochrome cyanine R staining and analyzed using sterological techniques.

The white matter spared in the WT mice is significantly (p value = 0.0263) higher than the

Bace1 KO mice. E. Representative images show higher staining present in the WT as

compared to Bace1 KO mice at the epicenter (Mag. Bar = 500 µm).

Pajoohesh-Ganji et al. Page 21

Brain Res. Author manuscript; available in PMC 2015 April 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. Bace1 KO mice show less microglia after SCI
Sections form vehicle-treated (Veh, n=6), DAPT-treated (DAPT, n=6), Wild type (WT,

n=3), and Bace1 KO (n=3) mice 28 days after injury were stained with Ibal, and staining

quantitation was performed using image J. A. No differences in microglial number are

observed in Veh and DAPT mice as shown in the graph and the representative images. B. A

significant difference (p value = 0.002) in microglial number is observed between the Bace1

KO and the WT mice as shown in the graph and the representative images (Mag. Bar = 500

µm).
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