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Abstract

Mounting evidence suggests that astrocyte activation, found in most forms of neural injury and 

disease, is linked to the hyperactivation of the protein phosphatase calcineurin. In many tissues and 

cell types, calcineurin hyperactivity is the direct result of limited proteolysis. However, little is 

known about the proteolytic status of calcineurin in activated astrocytes. Here, we developed a 

polyclonal antibody to a high activity calcineurin proteolytic fragment in the 45–48 kDa range 

(ΔCN) for use in immunohistochemical applications. When applied to postmortem human brain 

sections, the ΔCN antibody intensely labeled cell clusters in close juxtaposition to amyloid 

deposits and microinfarcts. Many of these cells exhibited clear activated astrocyte morphology. 

The expression of ΔCN in astrocytes near areas of pathology was further confirmed using confocal 

microscopy. Multiple NeuN-positive cells, particularly those within microinfarct core regions, also 
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labeled positively for ΔCN. This observation suggests that calcineurin proteolysis can also occur 

within damaged or dying neurons, as reported in other studies. When a similar ΔCN fragment was 

selectively expressed in hippocampal astrocytes of intact rats (using adeno-associated virus), we 

observed a significant reduction in the strength of CA3-CA1 excitatory synapses, indicating that 

the hyperactivation of astrocytic calcineurin is sufficient for disrupting synaptic function. Together, 

these results suggest that proteolytic activation of calcineurin in activated astrocytes may be a 

central mechanism for driving and/or exacerbating neural dysfunction during neurodegenerative 

disease and injury.
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1. Introduction

Mounting evidence suggests that the hyperactivation of the Ca2+/ calmodulin (CaM)-

dependent protein phosphatase calcineurin (CN) is a key contributor to the patho-

physiologic and clinical symptoms of Alzheimer’s disease (AD) and other 

neurodegenerative disorders [1–8]. The detrimental effects of CN dysregulation may arise 

through unique alterations in neurons and glial cells [9–11]. In astrocytes and microglia, CN 

controls immune/inflammatory phenotypes through activation of key transcription factors 

including nuclear factor of activated T cells (NFAT), nuclear factor κ B (NFκB), and FOXO, 

among others [9, 12–16]. Previously, we showed that the selective blockade of astrocytic 

CN/NFAT signaling with the NFAT-inhibitory peptide, VIVIT, suppresses markers of glial 

activation, alleviates amyloid pathology, and protects against cognitive deficits in 

experimental models of AD [1, 2, 14] and prevents synapse dysfunction in models of AD 

and acute brain injury [2, 17]. These results suggest that astrocytes are a key locus of 

hyperactive CN signaling during the progression of AD. However, little is known about the 

mechanisms that lead to or sustain aberrant astrocytic CN/NFAT signaling.

Hyperactivation of CN in other cell types, including neurons and cardiomyocytes, can arise 

from the disruption, or proteolytic removal, of a critical autoinhibitory domain (AID) located 

near the C-terminus of the CN catalytic subunit (CN A) (for review, see [18]). Normally, 

when Ca2+ levels are low, the AID strongly limits phosphatase activity until it is displaced 

from the catalytic site by Ca2+/CaM [19]. Proteolytic removal of the AID by the cysteine 

protease, calpain (CP), can occur after cellular insults and large surges in intracellular 

Ca2+ [20]. Without the AID, CN A is largely, and irreversibly uncoupled from local Ca2+ 

gradients, resulting in elevated phosphatase activity, whether normal levels of Ca2+ are 

restored or not [20]. Many commercial antibodies to the C-terminus of CN A recognize full 

length CN (FL-CN, ~60 kDa), but fail to detect CN proteolytic fragments (i.e. ΔCNs) 

because the epitope is located in the region that is cleaved away. In contrast, N-terminus 

antibodies identify both FL-CN and ΔCNs. Use of Western blot techniques and N-terminus 

CN antibodies has revealed the presence of ΔCNs in whole brain tissue under several 

neurodegenerative conditions [6, 21–25]. Previous work from our group on human subjects 

with mild cognitive impairment revealed elevated hippocampal levels of a ΔCN fragment in 
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the 45–48 kDa range [26]. A similar fragment was generated in mixed (neurons and glia) 

primary hippocampal cultures, coincident with elevated NFAT activity and frank neuronal 

degeneration, following treatment with oligomeric amyloid-β peptides. The appearance of 

ΔCN at early stages of neurologic dysfunction suggests that CN proteolysis is more than a 

biomarker of neurodegeneration, and may be an antecedent for later neurodegenerative 

events.

Unfortunately, because of the cell-type heterogeneity of whole brain homogenates, it’s 

nearly impossible to discern where (i.e. in what cell type) CN proteolysis is occurring. In 

immunohistochemical (IHC) applications, N terminus antibodies reveal the presence of CN 

in multiple cell types, including activated astrocytes [1, 3]. However, it remains unclear 

whether the labeled CN is of the intact, full-length variety or of the proteolyzed, highly 

active variety. To resolve this issue, we generated custom antibodies to CN A based on 

previously identified CP-cleavage sites [20]. One of these antibodies selectively detected a 

45–48 kDa fragment (ΔCN) in Western blot assays. IHC investigations of human brain tissue 

revealed the presence of ΔCN in numerous astrocytes, especially those associated with Aβ 
deposits and microinfarcts. Adeno-associated virus (AAV)-mediated delivery of a similar 

ΔCN fragment to hippocampal astrocytes of healthy adult rats caused a reduction in CA1 

synaptic strength. Together, the results are consistent with the hypothesis that CN 

dysregulation in activated astrocytes is attributable, in part, to limited proteolysis. Moreover, 

the presence of proteolyzed CN in astrocytes appears to be sufficient for disrupting synaptic 

function, indicating a possibly critical mechanism for synaptic decline in AD and other 

neurodegenerative conditions.

2. Material and Methods

2.1 ΔCN antibody production and purification

Peptides based on known CP dependent cleavage sites [20] were generated by 

PrimmBiotech (West Roxbury, MA) and used to inoculate adult rabbits. Antisera from 

rabbits inoculated with the peptide, ESVLTLK (amino acid sequence immediately upstream 

of the 48 kDa CN cleavage site) detected a 45–48 kDa fragment in initial Western blot 

assays. The antisera were then purified using a negative selection approach. In brief, the 

ESVLTLK peptide was coupled to HiTrapTM NHS-activated HP columns (GE Healthcare, 

Little Chalfont, United Kingdom) followed by addition of antisera. Antibodies were then 

eluted and collected according to manufacturer instructions. Following a second round of 

column-purification, the eluate was aliquoted and frozen for additional Western blot 

screening.

2.2 Primary cell culture

Primary mixed (astrocytes and neurons) hippocampal cultures were prepared from 

embryonic day 18 Sprague-Dawley rat pups as described previously [14, 27, 28]. Cells were 

investigated at between 14 and 21 days in vitro (DIV). To generate CN proteolysis, cultures 

plated in 35 mm dishes were treated for 24 h with synthetic oligomeric β-amyloid 1-42 

(Aβ1-42) peptides (~65 nM) prepared as described in our previous work [1, 26]. Aβ1-42 

was delivered in the presence or absence of the CP inhibitor, calpeptin (10 μM), obtained 
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from EMD Millipore (Gibbstown, NJ). Calpeptin was added to cultures approximately 2 h 

prior to the addition of Aβ1-42.

2.3 Western blot analysis

At 24 h post- Aβ treatment, cells were homogenized in high sucrose buffer and protein 

concentration determined using the Lowry method. Samples were loaded onto a Bio-Rad 

gradient gel (4–20%) with protein concentrations held constant across lanes. Proteins were 

resolved by electrophoresis and transferred to PVDF membranes for Western blot analysis. 

Membranes were blocked then incubated overnight at 4°C in the following primary 

antibodies: 1:3000 anti-CN-Aα (Millipore) and 1:1000 anti-ΔCN (custom). Primary 

antibodies were labelled with appropriate HRP-conjugated secondary antibodies and 

detected using the ECL Plus Western Blotting system (GE Healthcare). Relative molecular 

weights of full length CN and ΔCN were quantified using a Bio Rad Chemidoc XRS Gel 

imager and Quantity One Software (Hercules, CA).

2.4 Human biospecimens

Post-mortem brain specimens from the amygdala, hippocampus, and superior and middle 

temporal gyri (SMTG) were obtained from the University of Kentucky Alzheimer’s Disease 

Center (UK-ADC) Tissue Repository. Amygdala and hippocampal specimens from 6 

different AD cases and 2 different age-matched control cases were investigated. SMTG 

biospecimens were from five individual subjects. All subjects were participants in the UK-

ADC Autopsy program. Postmortem autopsy intervals for UK-ADC samples, including the 

ones used in this study, is approximately 3 hours (e.g. see [1, 26, 29]). The presence of AD 

pathology (amyloid plaques and neurofibrillary tangles) and vascular pathology 

(microinfarcts) in all human cases was confirmed by personnel in the UK-ADC 

neuropathology core.

2.5 Histology

Paraffin-embedded SMTG sections were cut to ~8 μm thickness and baked overnight at 

40°C. Sections were deparaffinized in fresh Xylene and rehydrated through a series of 

graded alcohols to water. Sections were dipped into Harris’s hematoxylin for 4 minutes then 

rinsed in running water. Following a water rinse, sections were dipped twice into acid 

alcohol, rinsed in running water, dipped twice into 1% ammonia water, and rinsed in water 

for 10 minutes. Sections were dipped into Eosin solution for 15–20 seconds and then 

dehydrated through graded alcohols, cleared using Xylene, and mounted.

2.6 Immunohistochemistry

Amygdala, hippocampal, and SMTG specimens were fixed in 10% formaldehyde, 

embedded in paraffin, and cut into ~8 μm thick sections. Slides were baked in a 40°C oven 

overnight, deparaffinized using SafeClear (Fisher Scientific), and rehydrated through a series 

of graded alcohols to water. Slides were boiled for 10 minutes in Borg Decloaker antigen 

retrieval solution, pH = 6.0 (Biocare Medical) before blocking endogenous peroxidase 

activity with 3% hydrogen peroxide + 10% methanol. The slides were blocked (0.1 M Tris 

buffer with 0.1% Triton X-100 and 2% bovine serum albumin) and incubated overnight at 
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4°C in the foll owing primary antibodies: 1:25 rabbit polyclonal anti-ΔCN; 1:500 mouse 

monoclonal anti-CN-Aα (C-terminus) (Sigma);. 1:50 mouse monoclonal anti-Aβ (Vector 

Laboratories. Secondary antibodies were added at a 1:200 dilution for 1 hour at room 

temperature as follows: anti-mouse IgG + horse normal serum or anti-rabbit IgG + goat 

normal serum. Following secondary antibody, signal was amplified with avidin-biotin 

complex for 1 hour at room temperature and then detected using either DAB or SG 

substrates (Vector Laboratories). Following dehydration through a series of graded alcohol 

and clearing (SafeClear), slides were permanently mounted using VectaMount (Vector 

Laboratories) and coverslipped.

2.7 Immunofluorescence

Amygdala, hippocampal, and SMTG sections were fixed in 4% paraformaldehyde and 

preserved in sucrose buffer. Slices were cut on a freezing microtome to 50μM thickness. 

Free-floating sections were blocked (0.1 M Tris buffer with 0.1% Triton X-100 and 2% 

bovine serum albumin) and incubated overnight at 4°C with primary antibodies including: 

1:25 anti-ΔCN; 1:50 anti-GFAP directly conjugated to Alexa 594 (Cell Signaling); 1:100 

anti-NeuN (Millipore). After washing, sections were incubated 1:500 in Alexa Fluor 488 or 

594 secondary antibodies (Life Technologies). Fluorescent sections were mounted with 

ProLong Gold Antifade Reagent with DAPI (Molecular Probes) and coverslipped.

2.8 Animals

Adult male Sprague Dawley rats were obtained from Harlan Laboratories (Indianapolis, IN). 

Rats were held in standard laboratory cages under 12-h light/12-h dark cycles in a pathogen 

free environment in accordance with University of Kentucky guidelines. The animals had 

access to food and water ad libitum. All animal procedures were conducted in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and 

were approved by University of Kentucky Institutional Animal Care and Use Committees.

2.9 Intrahippocampal delivery of adeno-associated virus (AAV)

cDNA encoding the first 398 amino acids of the CN Aα isoform (ΔCN), which lacks the 

Ca2+/CaM binding domain and the AID [30], was subcloned into the polylinker site of a 

hybrid pCI vector containing IRES2-DsRed-Express (Clontech, Mountain View, CA). IRES-

DsRed2 (control construct) or ΔCN-IRES-DsRed2 were then inserted into pAAV2-Gfa104-

EGFP (University of Pennsylvania Vector core) in place of EGFP. High titer (1012 IFU/mL) 

AAV vectors (AAV-Gfa104-DsRed and AAV-Gfa104-ΔCN) were then generated in the 

University of Kentucky Vector core using an AAV5 helper plasmid and HEK293 cells. The 

Gfa104 promoter has been characterized previously, and has been shown to drive transgene 

expression selectively in astrocytes of intact animals [31, 32], similar to that seen with the 

Gfa2 promoter (e.g. see [17]).

Rats were placed in a stereotaxic frame (David Kopf Instruments Tujunga, CA) and 

anesthetized with isoflurane (2.5%) throughout the surgery process. For each rat, AAV-

Gfa104-DsRed and AAV-Gfa104-ΔCN were loaded into separate microinjectors and 

delivered into alternate hemispheres, such that one hippocampus was treated with Gfa104-

DsRed and the other hippocampus was treated with Gfa104-ΔCN. Each hemisphere was 
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injected with 4 μL of AAV (1012 IFU/mL) at 0.2 μL/min. Injection coordinates were 

−3.8mm anteroposterior and +1.8mm mediolateral relative to bregma, and −1.8mm 

dorsoventral relative to dura. DsRed visualization in formaldehyde-fixed tissue sections was 

achieved using a rabbit polyclonal antibody to red fluorescent protein (Abcam) and Alexa 

Fluor secondary antibodies as described above for human sections.

2.10 Hippocampal slice electrophysiology

At 4 months after AAV injection, rats were euthanized under CO2 anesthesia and 

decapitated. Brains were rapidly removed and placed in ice-cold, oxygenated (95% O2, 5% 

CO2) artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 2 KCl, 1.25 

KH2PO4, 2 MgSO4, 0.5 CaCl2, 26 NaHCO3, and 10 dextrose (pH 7.4). Brains were 

hemisected and glued to a specimen mounting block and submerged in oxygenated, ice-cold 

ACSF. Brains were then sectioned coronally into ~400 μm slices using a Vibratome® 1000 

(Leica Biosystems, Buffalo Grove, IL) and transferred to a custom interface holding 

chamber [33] and incubated with warmed (32° C) oxygenated ACSF containing 2 mM 

CaCl2 until electrophysiological recordings (usually 1.5–5 h).

Slices were transferred to a Kerr Tissue Recording system (Kerr Scientific Instruments, 

Christchurch, New Zealand) and submerged in warmed (~32° C) oxygenated ACSF 

containing 2mM CaCl2 and 2mM MgSO4. Schaffer collaterals were activated with a bipolar 

stainless steel electrode located in stratum radiatum. Stimulus intensity was controlled by a 

constant current stimulus isolation unit (World Precision Instruments, Sarasota, FL), and 

stimulus timing was controlled by LabChart 8 software (ADInstruments Inc., Colorado 

Springs, CO). Field potentials were recorded in CA1 stratum radiatum using a Ag/AgCl wire 

located ~1–2 mm from the stimulating electrode. Field potentials were amplified 100X and 

digitized at 10kHz using the Kerr Tissue Recording System amplifier and a 4/35 PowerLab 

analog-to-digital converter (ADInstruments). To assess basal synaptic strength, 100 μs 

stimulus pulses were given at 12 intensity levels (range 25–500 μA) at a rate of 0.1 Hz. Five 

field potentials at each level were averaged, and measurements of fiber volley (FV) 

amplitude (in mV) and excitatory postsynaptic potential (EPSP) slope (mV/ms) were 

performed offline using LabChart 8 software. Synaptic strength curves were constructed by 

plotting EPSP slope values against FV amplitudes for each stimulus level. Curves were fit 

with a three parameter sigmoidal equation using SigmaPlot 12 software (Systat Software 

Inc. San Jose, CA) [34]. Curve parameters included maximal EPSP amplitude (Max), curve 

slope, and the FV amplitude associated with the half-maximal EPSP amplitude (half-Max). 

Maximal synaptic strength for each slice was also estimated by taking the maximal EPSP 

slope amplitude during the input/output curve and dividing by the corresponding FV 

amplitude. To estimate population spike (PS) threshold, the EPSP slope amplitude at which 

a population spike first appeared in the ascending phase of the field potential was calculated 

and averaged across five successive trials at the spike threshold stimulation level.

2.11 Statistics

For slice electrophysiology studies, one to three slices from each hemisphere (either the 

Gfa104-DsRed or the Gfa104-ΔCN-treated hemisphere) were analyzed. Synaptic measures 
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were averaged across all slices within each hemisphere and these averaged values were 

compared across hemispheres using paired T-tests, with significance set at p < 0.05.

3. Results

3.1 Custom antibody shows greater selectivity to a ΔCN fragment

The CN A subunit is a 521 amino acid protein consisting of a catalytic domain and an 

autoinhibitory domain (AID), as well as binding sites for the CN B regulatory subunit and 

Ca2+/calmodulin (Ca2+/CaM) ([30, 35], see Figure 1). Proteolysis of CN A near the 

carboxy-terminus by calpains results in the disruption or removal of the AID leading to 

reduced Ca2+ sensitivity and constitutive phosphatase activity [20]. Calpain-mediated 

generation of 45 and 48 kDa ΔCN fragments are found at elevated levels in human brain 

tissue during cognitive decline, are triggered by oligomeric Aβ, and are causatively linked to 

greater CN signaling and neurodegeneration [20, 26].

CN A antibodies that target epitopes between amino acid residues 425 and 521 (i.e. C 

terminus antibodies) recognize full length CN (FL-CN), but do not detect ΔCN fragments 

and may therefore fail to identify important pathological changes in CN regulation. In 

contrast, N terminus-directed antibodies identify CN proteolysis in Western blot 

applications, but do not distinguish between FL-CN and ΔCN in immunohistochemical 

applications, making it difficult to pinpoint where CN proteolysis occurs in a heterogeneous 

cell population. We therefore set out to make new antibody reagents with greater selectivity 

to ΔCN, relative to FL-CN. Peptides composed of amino acids found immediately upstream 

of calpain-dependent cleavage sites [20] were used to immunize rabbits (Figure 1). Antisera 

generated by immunization with the ESVLTLK peptide, found immediately upstream from 

lysine 424, revealed a 45–48 kDa band in preliminary Western blots (not shown) and was 

therefore subjected to further affinity purification (see Methods) to obtain ΔCN antibodies 

(Figure 1A,B). We then performed Western blots (Figure 1C) on whole cell lysates obtained 

from rat primary mixed (neurons + glia) hippocampal cultures exposed to oligomeric Aβ 
peptides (65 nM for 24 h) to stimulate CN proteolysis, as described in our earlier work [26]. 

The same samples were processed in parallel for Western blot using a commercially 

available N terminus CN antibody for comparison. Both antibodies showed diffuse labeling 

in the 70–75 kDa range. However, unlike the ΔCN antibody, the N terminus antibody 

showed a prominent band in the 60 kDa range (where FL-CN is found) in untreated cultures, 

along with lower molecular weight bands between 25 and 37 kDa (Figure 1C, lane 5). Both 

antibodies revealed bands in the 45–48 kDa range when cultures were treated with 

oligomeric Aβ (Figure 1C, lanes 2 and 6), the appearance of which was blocked by co-

application of the calpain inhibitor, calpeptin (Figure 1C, lanes 3 and 7), but not by the 

caspase inhibitor Z-YVAD (Figure 1C, lanes 4 and 8). Together, these data demonstrate that, 

relative to the N-terminus antibody, the ΔCN antibody shows far greater selectivity to 

calpain-dependent CN proteolytic products in the 45–48 kDa range.

3.2 Astrocytes in AD brain tissue are labeled intensely with the ΔCN antibody

Western blot analyses have shown elevated levels of ΔCN in brain homogenates from human 

subjects with mild-cognitive impairment [26] or AD [6], relative to age-matched non-
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demented human subjects. Though CN is primarily found in neurons, it can also appear at 

high levels in activated astrocytes during injury and disease, especially around Aβ deposits 

[1, 3, 36]. To determine if ΔCN is found in activated astrocytes, we immunohistochemically 

(IHC) labeled human postmortem brain sections (encompassing the amygdala and overlying 

entorhinal cortex) from subjects with confirmed AD (see Methods). These brain regions 

show high levels of CN expression in healthy adult animals [37, 38], and exhibit extensive 

amyloid and neurofibrillary tangle pathology during AD [39]. Concurrent with AD-related 

pathological changes, these brain regions also show widespread GFAP labeling indicative of 

gliosis, or astrocyte activation ([40] and see Figure 2A).

In IHC applications, the ΔCN antibody provided excellent labeling intensity with low 

background (Figure 2B–E). With rare exceptions (see arrow in Figure 2E), most of the 

labeled cells exhibited a clear astrocyte morphology, with thick ramified processes, 

characteristic of astrocyte activation (Figure 2B, 2C). Unlike the GFAP antibody, which 

provided labeling across most of the tissue (Figure 2A), the ΔCN antibody generally 

provided only faint labeling, except for numerous discrete regions characterized by astrocyte 

“clusters” (Figure 2B and C). Cells within these clusters showed intense labeling, which 

appeared throughout the soma and usually throughout several major processes (Figure 2C). 

Many of the most intensely labeled astrocytes were in close juxtaposition to blood vessels 

(Figure 2D, arrow). Costaining with an antibody to Aβ showed that many ΔCN-positive 

clusters occurred around extracellular amyloid plaques (Figure 2E), suggesting that the 

proteolysis of CN in astrocytes is strongly coupled to amyloid pathology, consistent with 

previous reports [6, 26].

In contrast to the conspicuous labeling patterns shown in human AD tissue, staining with the 

ΔCN antibody appeared much less prominent in the amygdala of age-matched control 

subjects (Supplementary Figure 1). We also observed sparse labeling when tissue sections 

were incubated with the ΔCN antibody alone (i.e. without secondary antibody, 

Supplementary Figure 1) or with the ΔCN antibody plus ESVLTLK blocking peptide 

(Figure 2F and 2G). These results demonstrate that antibody labeling was specific.

Finally, to confirm that ΔCN is definitively expressed in astrocytes, AD amygdala sections 

were co-labeled with a GFAP antibody and confocal microscopy was used to assess co-

localization. As illustrated in Figures 2H–K, GFAP and ΔCN were co-localized in numerous 

cells. Note, however, that ΔCN was not present in all GFAP positive cells. For instance, 

arrowheads in Figures 2H–J show two immediately adjacent astrocytes, with one cell 

expressing ΔCN and the other cell apparently devoid of ΔCN (also see Figure 2K). These 

images, along with the immunohistochemical evidence shown in Figures 2B–2E highlight 

the heterogeneous nature of CN proteolysis in astrocyte populations associated with AD 

pathology.

As mentioned, a relatively small number of ΔCN-positive cells in the amygdala exhibited a 

clear neuronal morphology (see Figure 2E, arrow). As a further attempt to explore neuronal 

labeling with the ΔCN antibody, we investigated hippocampal sections using both 

immunohistochemistry and confocal microscopy. The hippocampus is advantageous for 

immunohistochemical investigations because its neurons are densely packed into discrete 
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layers and are easy to identify, even in unstained tissue. Moreover, studies from our group 

have reported signs of hyperactive CN signaling in the hippocampus during the progression 

of AD [1, 26].

As shown in Figures 3A and B, neurons in the CA1 and dentate granule layers of AD 

subjects showed abundant expression of the full length form of CN [37, 38], as revealed 

using a commercial antibody to the CN carboxyl terminus. The ΔCN antibody also labeled 

neurons, albeit more sparsely (Figure 3C and 3D) than the commercial antibody. Similar to 

amygdala sections, hippocampal tissue from control subjects provided little to no labeling 

(Supplemental Figure 1). When present, ΔCN expression was generally limited to the somal 

and proximal apical dendritic regions (for CA1 pyramidal neurons), and tended to be faint, 

even when other structures in the same region, including perivascular elements (Figure 3C) 

and astrocytes (inset, Figure 3D), were strongly labeled. In many neurons, ΔCN co-localized 

with the nuclear marker, NeuN, which is consistent with earlier work that found elevated 

levels of proteolyzed CN in nuclear extracts from AD subjects [6]. Thus, while activated 

astrocytes appear to provide the most striking ΔCN labeling patterns associated with AD, 

these cells are not the only source for CN proteolysis.

3.3 Association of ΔCN with microinfarcts

In addition to AD, ΔCN fragments have been observed in a number of other 

neurodegenerative conditions, particularly those caused by vasculature disruption and/or 

occlusion [23–25]. Vascular pathology is highly co-morbid with AD pathology and likely 

exacerbates cognitive decline with the progression of AD [41–47]. Mounting evidence 

suggests that microinfarcts are among the most common and insidious contributors to 

vascular cognitive impairment and dementia (VCID) [48, 49]. Moreover, microinfarcts are 

commonly enveloped by activated astrocytes [50, 51].

To determine whether the appearance of ΔCN coincides with vascular disruption, we 

investigated cortical brain sections from subjects with confirmed microinfarct pathology. 

Figure 4A–E shows ΔCN labeling in SMTG sections from a 90 year old human subject with 

multiple microinfarcts, but little-to-no AD pathology (Braak stage II). At low magnification, 

several discrete regions show very intense ΔCN labeling (Figure 4A). The region marked by 

the arrowhead in Figure 4A is shown at higher magnification in an H&E labeled serial 

section in Figure 4B and confirms the presence of a microinfarct approximately 400 μm in 

greatest dimension (approximate center shown with arrow). This microinfarct is surrounded 

by numerous cells intensely labeled for ΔCN (Figure 4C), many of which exhibit clear 

activated astrocyte histomorphology (Figures 4D–E). When the ΔCN antibody was delivered 

in the presence of the ESVLTLK peptide (Figure 4F and 4G), cellular labeling was greatly 

diminished, confirming binding specificity. Interestingly, ΔCN-positive microinfarcts were 

not labeled with a commercial C-terminus-directed antibody that selectively detects full 

length CN (Figure 4H and I). Note, however, that the C-terminus antibody does label 

neurons within the same brain section (Supplemental Figure 2). Thus, microinfarcts appear 

to be more strongly associated with proteolyzed CN than with full-length CN.

Confocal micrographs showed that ΔCN was associated with both activated astrocytes and 

neurons in the immediate vicinity of microinfarcts (Figure 5). ΔCN localization to astrocytes 
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was most prominent around the microinfarct core, with expression diminishing with 

increasing distance from the injury (Figure 5A–5D). For neurons, ΔCN was most highly 

expressed within the microinfarct core, though many ΔCN/NeuN positive cells could also be 

found outside the core as well (Figure 5E–H). Together; these observations demonstrate that 

CN proteolysis can occur in the immediate vicinity of small vessel pathology in the human 

brain.

3.4 Forced overexpression of ΔCN in astrocytes of intact rats disrupts synaptic function

The consequences of CN proteolysis in neurons have been investigated in many different 

model systems [18]. Conversely, little is known about the functional outcomes of CN 

proteolysis in astrocytes. Hyperactivation of CN signaling in astrocytes has been linked to 

the elevated expression of inflammatory mediators, impaired glutamate regulation, Aβ 
production, and altered astrocytic Ca2+ dynamics [3, 12–14, 18, 52, 53]. Using adeno-

associated virus (AAV) vectors, equipped with astrocyte specific promoters, we have shown 

that the selective inhibition of astrocytic CN/NFAT signaling provides numerous beneficial 

effects in a mouse model of AD [2], and a rat model of traumatic brain injury [17]. These 

results suggest that hyperactivation of CN in astrocytes can mediate and/or exacerbate 

pathophysiological processes.

One of the primary responsibilities of astrocytes is to regulate synaptic transmission and 

plasticity [54]. Since we previously found that inhibition of astrocytic CN/NFAT signaling 

protects multiple synaptic properties, we sought to test whether the presence of ΔCN in 

astrocytes is sufficient to drive synaptic dysfunction. AAV2/5 vectors expressing ΔCN-

DsRed2 or DsRed2 alone (control vector) were injected into the hippocampus of adult rats. 

One hemisphere received ΔCN and the other hemisphere received DsRed2 control vector 

(Figure 6A). The ΔCN used here lacks the CN AID, is nearly identical in size to the ΔCN 

fragment found in human AD brain (Figures 2 and 3, and see [2]), and shows increased 

phosphatase activity when expressed in many different cell types [55–58], including primary 

astrocytes [14]. Both ΔCN and DsRed2 were transcriptionally regulated by a truncated 

human GFAP promoter (Gfa104), which provides astrocyte-specific expression [31, 32]. 

Using confocal microscopy and/or immunodepletion assays, we previously showed that 

AAV-mediated expression of EGFP was driven exclusively in astrocytes (in mice and rats) 

when a similar Gfa2 promoter was used [2, 17]. Consistent with these observations, 

immunofluorescent labeling of the DsRed2 tag in the present study was limited to astrocytes 

and showed no co-localization with the neuron-specific protein MAP2b (Figure 6B).

At 4 months post-AAV injection, brain slices from both hemispheres were harvested and 

processed in parallel for the electrophysiological assessment of basal CA3-CA1synaptic 

strength. Field EPSP slopes were recorded in CA1 stratum radiatum and plotted against 

corresponding FV amplitudes at 12 different stimulus intensities to generate synaptic 

strength curves (Figure 6C, D). Compared to slices from the DsRed2 control vector-treated 

hemisphere, slices from the ΔCN-treated side exhibited depressed synaptic strength curves 

(Figure 6D) with a corresponding reduction in the maximal EPSP/FV ratio (p <0.05, Figure 

6E). Further analyses of synaptic strength curve parameters revealed a significant reduction 

in the maximal EPSP amplitude (p <0.05), but did not find any differences in the slope of the 
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curve or in the FV amplitude necessary for half-maximal EPSP amplitude (Figure 6F). 

Finally, while the evoked field EPSP was reduced in slices from the ΔCN-treated 

hemisphere, these slices were also generally more excitable as indicated by a reduced 

population spike (PS) threshold (Figure 6G). A similar reduction in the PS threshold has 

been reported in APP/PS1 mice [2] and may be indicative of neuronal hyperexcitability. 

Together, these results suggest that the presence of ΔCN in astrocytes is sufficient to drive 

synaptic dysfunction in intact animals.

4. Discussion

CN proteolytic fragments show abnormally high levels of phosphatase activity under resting 

Ca2+ levels and are associated with numerous forms of neurologic injury and disease [18]. 

Using a novel antibody generated to the ΔCN proteolytic fragment, the present study has 

provided some of the first evidence that CN proteolysis can occur extensively in astrocytes 

associated with AD and small vessel pathology. Furthermore, overexpression of the ΔCN 

fragment in astrocytes of otherwise healthy adult animals causes synaptic deficits. The 

results demonstrate that proteolysis may be an important source of CN dysregulation in 

astrocytes leading to altered astrocyte function and neural dysfunction with the progression 

of neurodegenerative disease.

4.1 Importance of antibody selection for assessing CN expression/activity in disease

The proteolysis of CN was first shown under in vitro conditions, but has subsequently been 

demonstrated to occur in intact nervous tissue after cellular insult [20, 21, 23–26]. Using an 

antibody directed to the N terminus of CN A, Wu et al [20] showed that at least three distinct 

CN A fragments are generated in vivo in response to cellular injury and high levels of 

calpain activity. The 48 and 45 kDa fragments generated by calpain-dependent proteolysis 

are fully-functional enzymes that show high activity at low (resting) Ca2+ levels due to the 

absence of an AID that normally keeps CN activity in check. High levels of CN proteolysis 

can dramatically alter cellular function and viability [20, 26, 58], which highlights the 

importance of choosing the appropriate antibody to investigate CN functions in CNS injury 

and disease. In particular, C-terminus directed antibodies to CN A only detect full length CN 

and may give the impression that CN expression is reduced, rather than proteolytically 

activated, under neurodegenerative conditions. The use of C terminus antibodies may 

explain why early reports observed reductions in CN A levels and activity in AD tissue [59–

62].

While N-terminus antibodies are useful in Western blot applications for determining the 

extent of CN proteolysis in whole brain tissue, they do not specify which cell types give rise 

to CN proteolysis, nor do they determine whether proteolysis occurs selectively in the close 

proximity of specific pathological markers. Furthermore, because of the vast cellular 

heterogeneity of the CNS, changes in proteolysis for any one cell type may be masked or 

diluted in biochemical analyses of whole tissue homogenates. This problem severely limits 

mechanistic insights into the downstream consequences of CN proteolysis, primarily 

because CN is expressed in many different cell types [1, 3, 36–38, 63], each of which can 

use CN for unique functions. For example, when expressed in neurons using gene delivery 
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techniques, ΔCN causes alterations in synaptic function, Ca2+ channel dysregulation, 

degeneration of neurites, and apoptosis [7, 18, 36, 39, 48–50].

Astrocytes may also be an important source for CN dysregulation [10], which is notable 

given the increasing attention astrocytes have received for their contributions to neurologic 

dysfunction during aging, injury, and disease [64–67]. Overexpression of ΔCN in astrocytes 

leads to the production and release of a variety of immune factors (e.g. cytokines and 

chemokines) linked to glial activation and neuroinflammation [3, 13, 14]. While many of 

these cell-specific processes arise in neurodegenerative diseases, and are blocked by both 

calpain and CN inhibitors [18], it has been unclear if (and to what extent) CN proteolysis 

actually occurs in these cell types during the disease process.

The ΔCN antibody was designed with the intent to identify the cellular source for CN 

proteolysis in diseased and/or injured brain tissue. This antibody showed much greater 

selectivity to calpain-generated CN fragments than to full-length CN (Figure 1C) in Western 

blot applications and was associated with high-signal to background labeling in IHC 

applications (e.g. see Figures 2 and 4). When incubated with postmortem human brain 

sections from confirmed AD cases, the ΔCN antibody provided intense labeling of astrocyte 

clusters, many of which were in close juxtaposition to Aβ deposits and/or blood vessels 

(Figure 2). Previously, we observed a similar co-localization of CN to activated astrocytes in 

amyloidogenic mice and human AD brain tissue using N-terminus antibodies, which 

identify both full length and proteolyzed CN [1, 3]. The findings of the present study suggest 

that the elevated activity of CN and/or CN-dependent signaling mediators (e.g. NFAT) 

reported earlier for AD mouse models and human AD cases [1, 4, 6, 26] may arise, at least 

partly, from the calpain-dependent proteolysis of CN in astrocytes.

4.2 ΔCN and Microinfarcts

ΔCN labeling was also particularly intense for astrocytes in human cases characterized by 

extensive vascular pathology (Figure 4). Microinfarcts, in particular, are increasingly 

recognized as a key mechanism for dementia [48, 49]. Though etiologically distinct from 

AD pathology, microinfarcts and other forms of vascular pathology show high comorbidity 

with AD, where they appear to exacerbate neurodegenerative processes and hasten cognitive 

decline [41–47]. Microinfarcts are often defined by extensive gliosis surrounding the core, 

including profound astrocyte activation [50, 51]. Similar to Aβ plaque-associated astrocytes, 

we found that activated astrocytes surrounding microinfarcts were intensely labeled with the 

ΔCN antibody (Figure 4), suggesting that small vascular pathologies can result in aberrant 

CN proteolysis, which may, in turn, contribute to further glial activation and/or elevated 

levels of harmful neuroinflammatory factors [14]. While many of the ΔCN-labeled cells 

around microinfarcts had activated astrocyte morphology, it’s possible that GFAP-negative 

astrocytes, activated microglia, and/or infiltrating immune cells are also an important source 

of ΔCN. Microglia, in particular, express numerous CN-dependent substrates, including 

NFATs that play key roles in cytokine production and neuroinflammation [8, 23, 68–70]. 

Other cells relevant to the vasculature, such as microvascular pericytes, can express high 

levels of NFAT4 [71], which is intriguing given that ΔCN was also commonly observed in or 

around microvessels in the present study.
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In addition to glial cells, we also observed ΔCN labeling in neurons, especially within close 

proximity to microinfarcts (Figure 5B). NeuN- ΔCN colocalization appeared most extensive 

within the microinfarct core region, which may be subject to marked hypoxic damage [72]—

a well-characterized stimulus for CN proteolysis in brain tissue [24, 25]. As mentioned, 

ΔCN expression in neurons has been shown to activate both necrotic and apoptotic signaling 

pathways [20, 58], suggesting that the neuronal expression of ΔCN within and near 

microinfarcts may also be a major contributor to neurodegeneration associated with vascular 

damage. Additional work directed at identifying all of the different cell types expressing 

ΔCN following microvessel damage and how CN proteolysis in each cell type specifically 

contributes to neural function/dysfunction should provide important insights into the 

pathophysiology of AD and VCID.

4.3 ΔCN in Astrocytes and synapses

One of the major functions of astrocytes is to promote the structural and functional integrity 

of synaptic contacts [54]. Deficits in synaptic function are usually found in animal models 

characterized by extensive astrocyte activation [2, 73, 74], suggesting that activated 

astrocytes directly damage and/or lose the capacity to protect synapses. We previously 

showed that the blockade of astrocytic CN/NFAT signaling, using AAV-Gfa vectors, 

ameliorated synaptic deficits in both basal synaptic transmission and plasticity and 

normalized the PS threshold in APP/PS1 mice [2]. Similar levels of synaptoprotection were 

observed in brain-injured rats treated with the same AAV reagents [17]. Consistent with 

these findings, the present study found that hippocampal synaptic strength was compromised 

in healthy adult rats following the forced overexpression of ΔCN in astrocytes. Together, the 

results are consistent with the possibility that proteolytic activation of CN in activated 

astrocytes is a crucial causative mechanism for the deterioration of synaptic function. 

However, our results do not rule out the possibility that full-length CN could mediate similar 

effects (in the absence of proteolysis), if the phosphatase was activated at high levels by 

normal binding to Ca2+/calmodulin.

While the present study did not address how astrocytic CN activity disrupts synaptic 

function, there are many possible mechanisms that will need to be systematically 

investigated. For instance, CN signaling pathways help drive the production of numerous 

immune factors, including tumor necrosis factor and other cytokines, which are implicated 

in chronic neuroinflammation [14, 75–77] and widely regarded as causal factors of synaptic 

decline in animal models of aging, injury, and AD [74, 78, 79]. Synaptic function is also 

strongly modulated by a variety of releasable factors (e.g. SPARC/SPARC-L, C3, and 

ephrin/Eph receptors) [80–82], which are produced in activated astrocytes [83–85] and 

sensitive to CN/NFAT activity [3, 17], while other toxins, such as glutamate and Aβ 
peptides, can be released from activated astrocytes via the CN-dependent downregulation of 

glutamate transporters [1, 14] and the upregulation of β-secretases [2, 53], respectively. But, 

regardless of the specific cellular mechanism, our data provide proof-of-concept that CN 

hyperactivity in astrocytes, especially in areas of amyloid and vascular pathology (as shown 

with the ΔCN antibody, see Figures 2–4), can have deleterious effects on synapses. Whether 

the proteolysis of CN is directly linked to the striking synapse loss that occurs with AD [86–

88] and VCID [89] is still unknown and will need to be determined.
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4.4 ΔCN in Astrocytes: Deleterious vs Beneficial Effects on Neural Function

The electrophysiological findings in the present study are consistent with numerous studies 

that have found a deleterious role of CN signaling in rodent models of aging [3, 90], AD [2–

6, 91–93], and injury [17, 20, 21, 24, 25]. The data provided here also directly supports our 

previous work [2, 17] and work from others [15] showing that astrocyte-specific inhibition 

of CN signaling results in improved neuronal viability, synaptoprotection, and/or improved 

cognition. However, these results are apparently in disagreement with another study by the 

Torres-Aleman lab that showed a number of neurologic benefits in amyloidogenic mice 

when ΔCN was overexpressed in astrocytes (see Fernandez et al., 2012, [16]). The reason(s) 

for this discrepancy is not immediately clear. In many tissues, overexpression of ΔCN is 

associated with cellular toxicity (e.g. see [20, 58]. It’s therefore possible that the 

overexpression of ΔCN, in the context of an already toxic environment (i.e. high amyloid 

levels), leads to the death of activated astrocytes. The end result may be beneficial, if 

activated astrocytes are having a deleterious impact on neural function. Though we observed 

no evidence for astrocyte deterioration in adult rats treated with AAV-Gfa vectors, the 

viability of ΔCN -expressing astrocytes should be closely monitored in future studies, 

especially when ΔCN is expressed in animal models where neuropathology is already 

extensive. Alternatively, the beneficial vs. detrimental effects of ΔCN could be a further 

indication of the highly heterogeneous nature of astrocytes both within and across different 

brain regions. In the present study, forced overexpression of ΔCN was limited to astrocytes 

in the hippocampus, which is also where we observed beneficial effects of CN/NFAT 

inhibition using AAV-Gfa vectors [2, 17]. In contrast, Fernandez et al 2012 induced ΔCN 

expression in astrocytes across the entire forebrain. The specific outcome of ΔCN expression 

may therefore depend critically on the brain region examined. It’s also possible that ΔCN 

generates some neurologic benefits, including improved cognition, at the cost of other 

functions, like synaptic transmission and plasticity, though this would be contrary to 

numerous other studies where synaptic deficits and cognitive impairments run in parallel. 

Finally, it is interesting to note that a more recent study by the Torres-Aleman lab [15] 

reported a number of functional benefits in AD transgenic mice following treatment with 

reagents that disrupt astrocytic CN signaling, which is more consistent with our present 

findings and previous research. Regardless, it would appear that astrocytic CN signaling is 

highly complex and additional research will be necessary to fully characterize the molecular, 

cellular, and behavioral phenotypes of animals that show elevated levels of ΔCN in brain 

astrocytes.

5. Conclusions

The increasing number of reports showing neuroprotective effects of CN inhibitors in 

experimental models, coupled with recent epidemiological evidence showing lower 

dementia rates in human transplant patients treated with CN inhibitors [5], strongly support 

a critical role for aberrant CN signaling in AD and other neurodegenerative disorders. The 

findings reported here suggest that CN proteolysis in astrocytes may be a specific 

mechanism for CN dysregulation and a critical component of abnormal glial cell activation 

leading to neurodegeneration and dementia. Though additional work will be necessary to 

more extensively characterize the role of CN proteolysis in glial signaling, the present 
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results suggest that interventions that limit CN proteolysis may provide an effective strategy 

for treating AD, vascular dementia, and other forms of neurodegenerative disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ΔCN calcineurin proteolytic fragment

AD Alzheimer’s disease

AID autoinhibitory domain

IHC immunohistochemistry

Aβ beta-amyloid

SMTG superior and middle temporal gyri

NeuN neuronal-specific nuclear protein

DAB 3,3′-diaminobenzidine

CaM calmodulin

N-terminus amino-terminus

C-terminus carboxy-terminus

FL-CN full length calcineurin

GFAP glial fibrillary acidic protein

CA1 cornus ammonis 1

H&E hematoxylin & eosin

CNS central nervous system

VCID vascular cognitive impairment and dementia
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Highlights

• Study used a novel antibody for identifying proteolyzed, active 

calcineurin

• Calcineurin proteolysis appeared in astrocytes of human Alzheimer’s 

disease brain

• Antibody labeling was very intense around amyloid plaques and 

microinfarcts

• AAV expression of active calcineurin in astrocytes caused synaptic 

deficits in rats

• Calcineurin proteolysis is a key pathogenic mechanism resulting in 

synaptic alterations
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Figure 1. Production of ΔCN antibody
(A) Calpain-dependent cleavage between lysine 424 and glycine 425 generates a 45–48 kDa 

fragment (ΔCN). (B) The peptide immediately upstream from the ΔCN cleavage site 

(ESVLTLK) was used to immunize rabbits. Antisera was column-purified to enrich the ΔCN 

antibody. (C) Western blot showing proteolysis of CN in primary rat hippocampal cultures 

treated for 24 h with oligomeric Aβ1-42 peptides (65 nM) in the presence or absence of the 

CP inhibitor, calpeptin (10μM) or caspase-1 inhibitor, Z-YVAD. The ΔCN antibody (left 

panel) detects the 45–48 kDa fragment but not full-length CN. Commercial N terminus 

antibodies (right panel) recognize both full-length (60 kDa) CN and the 45–48 kDa 

fragment. Blockade of CP activity with calpeptin prevents Aβ-dependent proteolysis while 

inhibition of caspase activity does not.
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Figure 2. ΔCN antibody labels astrocytes in human tissue
(A) GFAP labeling in an AD section from a subject with confirmed AD. (B–C) Low and 

high power photomicrographs of human AD amygdala showing intense labeling of astrocyte 

clusters and (D) astrocytes in close proximity to microvessels using the ΔCN antibody. (E1–
4) Co-labeling reveals that ΔCN-positive cells (brown) appear around amyloid deposits 

(blue). Though most cells contained within clusters exhibited a clear astrocyte morphology, 

some cells showed neuron-like characteristics (see arrow in E4). (F,G) Serial sections of 

amygdala labeled with ΔCN antibody alone (F) or ΔCN antibody plus ESVLTLK blocking 

peptide (G). (H–K) Confocal micrographs showing labeling with a GFAP antibody (red) 

and the ΔCN antibody (green). The merged image shows areas of colocalization, indicating 

that most GFAP-positive astrocytes have regions that are also occupied by the ΔCN fragment 

(arrows). However; some GFAP-positive astrocytes (indicated by arrowheads and shown at 

larger magnification in K) were devoid of ΔCN.
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Figure 3. ΔCN antibody shows faint labeling in NeuN positive neurons
(A–B) Photomicrographs of human AD hippocampus in CA1 (A) and in the dentate gyrus 

(B) show strong labeling of neurons using a commercial antibody to the C-terminus of CN. 

(C–D) Labeling of the CA1 and dentate granule layers with the ΔCN antibody. Neuronal 

labeling with the ΔCN antibody was relatively faint and limited to the cell body region and 

proximal apical dendrites (for pyramidal neurons). Inset in D shows an intesely labeled 

astrocyte and blood vessel near weakly labeled dentate granule cells. (E–F) Low (E) and 

higher-powered (F) confocal micrographs of NeuN and ΔCN double-labeling in area CA1 of 

an AD subject. Merged low-power images from the region denoted by the arrow in panel E 
shows punctate localization of ΔCN (red) to NeuN positve cell bodies (green).
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Figure 4. ΔCN antibody labels microinfarcts
Representative low magnification photomicrograph (A) that shows ΔCN labeling around 

several microinfarcts (arrows and arrowhead) in neocortex. (B) Serial section through 

neocortex stained by H&E to confirm the presence of microinfarcts. The image shown is a 

high magnification of the region denoted by the arrowhead in Panel A. (C) High power 

photomicrograph of the region in A (arrowhead) showing intense ΔCN antibody labeling of 

astrocytes. Higher magnification of the areas denoted by arrows are shown in panels D and 

E. (F,G) Serial sections of neocortex labeled with ΔCN antibody alone (F) or ΔCN antibody 

plus ESVLTLK blocking peptide (G). The blocking peptide greatly reduced the labeling 

intensity of the ΔCN antibody. (H,I) Serial sections of human cortical tissue treated with the 

ΔCN antibody (H), or a commercial C-terminus antibody (I) that detects FL-CN, but not 

proteolyzed CN (G). Little to no labeling in the microinfarct region is observed with the C-

terminus antibody.
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Figure 5. ΔCN localizes to astrocytes and neurons around microinfarcts
(A) Merged confocal micrograph showing the colocalization of ΔCN (green) with GFAP 

(red). B–D, high magnification images of the infarct in Panel A shown in individual 

channels (B,C) and merged (D). Co-localization of ΔCN with GFAP was most extensive in 

the region immediately adjacent to the infarct. (E) Merged confocal micrograph showing the 

colocalization of ΔCN (green) with NeuN (red). Note, this image is a serial section of the 

reigion shown in Panel A. F–H, high magnification images of the infarct in Panel E shown 

in individual channels (F,G) and merged (H). Co-localization of ΔCN with NeuN was most 

extensive in the microinfarct core, but could also be observed for numerous cells adjacent to 

the insult.
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Figure 6. ΔCN expression and hippocampal synaptic function
(A) AAV2/5 vectors encoding a DsRed2 control construct or a ΔCN construct under the 

control of the astrocyte-specific promoter, Gfa104, were injected into alternate hemispheres 

(intrahippocampal) of intact adult rats (n =6). B, Confocal micrograph of the stratum 

radiatum region of area CA1 showing MAP2b (green), GFAP (blue), and DsRed2 (red). 

Arrow points to a DsRed2-positive astrocyte shown in higher magnigfication images below. 

While many astrocytes labeled positive for DsRed2, there was no overlap in labeling for 

DsRed2 and MAP2b. C, representative waveforms recorded in stratum radiatum of CA1 in 

response to electrical orthodromic stimulation of Schaffer collaterals illustrating a reduced 

EPSP in slices from the the ΔCN-treated hemisphere relative to the DsRed2-treated 

hemisphere, given a similar FV amplitude. Calibration bars: vertical 0.5 mV; horizontal 5 

msec. D, Synaptic strength curves showing the mean ± SEM EPSP slope values plotted 

against the mean ± SEM FV amplitude values at increasing stimulus intensities. The average 

synaptic strength curve for the ΔCN-treated hemisphere exhibited a downward shift, 

consistent with reduced basal synaptic strength. E, Mean ± SEM maximal EPSP-to-FV ratio 

in each AAV-treated hemisphere. F, Synaptic strength curve parameters (Mean ± SEM 

maximal EPSP, curve slope, and half-maximal activation) from the data shown in panel C. 
G, Mean ± SEM PS threshold in ΔCN- and DsRed2-treated slices. *p<0.05, paired t-test.
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