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Abstract

Dissociated hippocampal neurons exposed to a variety of degenerative stimuli form neuritic 

cofilin-actin rods. Here we report on stimulus driven regional rod formation in organotypic 

hippocampal slices. Ultrastructural analysis of rods formed in slices demonstrates mitochondria 

and vesicles become entrapped within some rods. We developed a template for combining and 

mapping data from multiple slices, enabling statistical analysis for the identification of vulnerable 

sub-regions. Amyloid-β (Aβ) induces rods predominantly in the dentate gyrus region, and Aβ-

induced rods are reversible following washout. Rods that persist 24 h following transient (30 min) 

ATP-depletion are broadly distributed, whereas rods formed in response to excitotoxic glutamate 

localize within and nearby the pyramidal neurons. Time-lapse imaging of cofilin-GFP-expressing 

neurons within slices shows neuronal rod formation begins rapidly and peaks by 10 min of anoxia. 

In ~50% of responding neurons, Aβ-induced rod formation acts via cdc42, an upstream regulator 

of cofilin. These new observations support a role for cofilin-actin rods in stress-induced disruption 

of cargo transport and synaptic function within hippocampal neurons and suggest both cdc42-

dependent and independent pathways modulate cofilin activity downstream from Aβ.
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INTRODUCTION

Proteins of the actin depolymerizing factor (ADF)/cofilin family are major intracellular 

regulators of actin assembly dynamics [1]. In metazoans, these proteins are reversibly 

phosphoregulated on a conserved Ser-3 residue [2]. Inhibitory phosphorylation is catalyzed 

by LIM kinase (LIMK) and other kinases and activating dephosphorylation is catalyzed 

principally by slingshot (SSH) or chronophin phosphatases [3–7]. Because cofilin 

concentrations in mammalian hippocampal neurons are 5–12 fold higher than ADF [8,9], we 

will henceforth refer only to cofilin. Misregulation of neuronal actin and cofilin is associated 

with a range of cognitive impairment and degenerative conditions [10]. Exposure of cultured 

dissociated hippocampal neurons to peroxide (oxidative stress), excitotoxic levels of 

glutamate, ATP-depletion medium, or oligomers of amyloid-β (Aβ)1–42 induce the rapid 

activation of cofilin (dephosphorylation) leading to the formation of cofilin-actin rods 

[8,11,12]. Rods may provide transient neuroprotection from stress by sequestering most of 

the cofilin in non-dynamic structures that spare ATP utilized in actin turnover [13,14]. 

However, rods ultimately impair synaptic plasticity and induce synaptic loss [15].

Cofilin/actin containing inclusions (cofilin pathology) have been identified in brains of mice 

overexpressing a familial Alzheimer's disease (AD) mutation of amyloid-β protein precursor 

(AβPP) [11], where their formation is associated with Aβ-activated signaling pathways that 

lead to the loss of cognitive function [16]. Thus, stress-induced rods are a potential 

mechanism for cognitive and functional impairment associated with vascular diseases, 

anoxia, and AD. Although an interference in spine dynamics and synaptic plasticity during 

treatment with soluble forms of Aβ oligomers occurs in the excitatory pyramidal cells of the 

Cornu Ammonis (CA) region in the hippocampus [17,18], little is actually known 

concerning other major targets of Aβ oligomers within the hippocampus [19].

AD is characterized pathologically by the presence of amyloid plaques and neurofibrillary 

tangles in the brain. Here we characterize the properties and localization of an AD-related 

pathological feature, cofilin-actin rods, within subfields of ex vivo rodent hippocampus. 

Rod-like cofilin pathology was first described in the brains of human AD patients, in a rat 

hippocampal culture model [8], and in brains of AD transgenic mice [11,16]. In human AD 

brain, cofilin pathology was found associated with almost all amyloid plaques, however 

45% of the rod-like pathology was not plaque-associated suggesting that rods may precede 

plaque deposition [8]. The feed forward hypothesis of rod-induced neurodegeneration 

proposes that neurodegenerative stimuli, including ischemic stress (stroke), glutamate 

excitotoxicity (seizure), oxidative stress (reactive oxygen species), and Aβ peptides (AD and 

Down syndrome), induce rod formation that blocks intraneu-rite transport [11]. It further 

proposes that Aβ production within endosomes [20], one of the subcellular sites of Aβ 

generation, may be either enhanced or altered within stalled vesicles to increase the release 

of Aβ species, such as dimers, which have a greater effect on disrupting communication 

within the hippocampus than do larger oligomers and fibrils [18]. Using organotypic slice 

cultures of rodent hippocampus, we sought to identify populations of neurons that may be 

responding to different neurodegenerative signals by forming rods and to examine the 

signaling pathway from Aβ1–42 in this process.
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MATERIALS AND METHODS

Reagents

All chemicals are reagent grade and were obtained from Sigma-Aldrich Co. and all tissue 

culture reagents were from Life Technologies (Invitrogen, Carlsbad, CA). Aβ peptide 

(Aβ1–42 and a scrambled peptide with the same amino acid composition) were purchased 

from AnaSpec, Inc. (San Jose, CA).

Animals

Timed pregnant Sprague Dawley rats were obtained from Harlan (Indianapolis, IN).

Pups were sacrificed on postnatal days 6–10 and adults as needed as per NIH and AUCC 

approved protocols. Postnatal day 1–5 mouse pups were obtained from a breeding colony of 

Thy-1-YFP mice, line H, generously provided to us by Stuart Tobet but originally obtained 

from Jeff Lichtman [21]. Conditional neuronal cdc42 null mouse embryos were obtained 

from a Nestin-Cre+/–, Cdc42fl/wt × Cdc42fl/fl cross [9] and GFP-expressing wild type 

embryos were obtained from transgenic mice with GFP under the ubiquitous “CAG” 

promoter, composed of the CMV enhancer, a fragment of the chicken β-actin promoter and 

rabbit β-globin exons [22,23]. Animal studies were performed according to the National 

Research Council's guide for care and use of laboratory animals using protocols approved by 

the Institutional Animal Care and Use Committee.

Organotypic slice culture

Except as noted, transverse hippocampal slice cultures were prepared from P6-P10 Sprague 

Dawley rat pups essentially as described previously [24]. In one study, slices were prepared 

from adult female Sprague Dawley rats sacrificed during harvesting of E18 fetal pups, and 

in another study from P3-5 adult male/female Thy1-YFP mice (line H) in which Thy1-YFP 

is expressed in a limited number of hippocampal neurons allowing the identification of their 

neurites. Briefly, hippocampi were quickly dissected into filter sterilized ice-cold (4°C) 

Gey's Balanced Salt Solution plus 4% glucose, then sliced to a thickness of 400 μm on a 

McIlwain tissue chopper. We maintained some of the entorhinal cortex along with the 

hippocampus in these slices to minimize the degeneration of the perforant pathway 

(Supplemental Fig. S1). For many slice treatments, 3–6 slices were arranged onto 0.4 μm 

Transwell® Polyester membranes inserted into 6 well culture plates (Corning Costar® 3450, 

Lowell, MA). Beneath the membrane is added 1.7 mL of filter sterilized slice culture 

medium (50 mL horse serum, 50 mL Hank's Balanced Salt Solution (HBSS), 100 mL 

Minimal Essential Medium (MEM), 250 μL 200 mM GlutaMAX-1, 4 mL 25% glucose, 1 

mL 100 U/mL Penicillin-Streptomycin). MEM is 4-(2-hydroxyethyl)-1-piperazineethane 

sulfonic acid (HEPES) and bicarbonate buffered. Slice culture medium was aspirated and 

replaced with 1.5 mL of fresh medium on day 3 and every 2–3 days thereafter or with 

treatment medium as required. For all experiments slices were cultured for about 10 days in 

a 95% air/5% CO2 incubator at 35.5°C.

For live cell imaging, 1–2 hippocampi were placed onto 12 × 22 mm coverslips, and 

embedded in 20 μL of chicken plasma (Cocalico Biologicals, Inc., Reamstown, PA) 
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containing 6 μL of freshly added thrombin (150 NIH units/mL in water; MP Biomedicals, 

Inc.). Slides were placed hippocampal side up on flat bottom test tubes (Nunclon Delta 

Tubes, Nalge Nunc, Rochester, NY) and 700 μL slice culture medium was added. Tubes 

were placed at a 5° angle in a roller incubator (10 revolutions per hour) at 35°C and medium 

was replaced every 2–3 days. Imaging was performed on day 10.

Slice culture treatments

Aβ oligomer was made by solubilizing the synthetic peptide in hexafluoroisopropanol and 

drying 10 μg aliquots. Each 10 μg of synthetic Aβ1–42 was solubilized in 10 μL of DMSO, 

diluted with 78.6 μl of sterile Ham's F-12 (25 μM stock) and incubated 24 h at 4°C 

[11,25,26]. Scrambled peptide was prepared identically. For treatments of slices on 

membrane (all on day 8), hydrogen peroxide was added to a final concentration of 10 μM, 

glutamate was added to a final concentration of 125 μM, and Aβ1–42 oligomer was added to 

final concentration of 1 μM. A small amount of the treated medium was layered over each 

slice then the cultures were placed back in the 95% air/5% CO2 incubator at 35.5°C for 48 h 

before the medium was removed and replaced with fresh medium, or slices were fixed. For 

ATP depletion experiments, the slice culture medium was aspirated and replaced with ATP 

depletion medium (6 mM 2-deoxyglucose, 10 mM NaN3 in Phosphate Buffered Saline 

(PBS)) and cultures were placed into a humidified air incubator at 37°C for 1 h before being 

immediately fixed or having the medium removed and replaced with fresh slice medium. 

For TUNEL staining, slices were treated as above, or for 24 h with 50 μM etoposide (an 

inducer of apoptosis as a positive control), rinsed in PBS, and fixed in 4% paraformaldehyde 

for 1 h. Samples were rinsed 3× with PBS and permeabilized with 0.1% Triton X-100 for 10 

min at 4°C. TUNEL staining with labeled UTP was performed according to the 

manufacturer's directions for 60 min at 37°C (Roche Diagnostics, Indianapolis, IN). After 

TUNEL labeling, slices were immunostained for cofilin (Alexa 488 secondary) and nuclei 

were stained with Hoechst prior to mounting in ProLong Gold Antifade (Molecular Probes).

Dissociated hippocampal neuronal cultures

Primary hippocampal neurons from E16.5-17.5 mouse embryos [9] or E18 rat embryos [8] 

were cultured essentially as described. For the mixed wild-type (GFP-positive)/Cdc42 

knockout (GFP-negative) cultures, the hippocampi of embryos from a Nestin-Cre+/–, 

Cdc42fl/wt × Cdc42fl/fl cross were dissected, trypsinized and dissociated individually for each 

embryo. In parallel, hippocampi from wild type, GFP positive embryos were dissected, 

trypsinized, and dissociated. The cells were then washed in HBSS containing 7 mM HEPES, 

pH 7.25, and 6–6.5 × 104 wild type cells were plated together with 8–9 × 104 Cdc42 

knockout cells onto polylysine-coated glass coverslips in 6 cm tissue culture dishes 

containing MEM and 10% heat-inactivated horse serum. The cultures were grown in a 

humidified tissue culture incubator at 36.5°C, 5% CO2, and after 12–20 h the coverslips 

were inverted in 6 cm dishes containing astrocytes in N2 medium. E16.5 mouse 

hippocampal neurons used for the experiments with adenoviral-mediated expression were 

cultured as described [27].
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Adenoviral-mediated gene expression

Adenoviruses for expressing the myc-tagged small GTPase cdc42 in constitutively active 

(V12cdc42) and dominant negative (N17cdc42) forms have been described [28] and were 

used at a multiplicity of infection (m.o.i.) of 100–300 for infecting dissociated neurons. 

Adenoviruses for expressing a human cofilin green fluorescent protein (hCof-GFP) chimera 

were made using the AdEasy system [29] as previously modified [30]. The human cofilin 

cDNA sequence was isolated from a pET vector (a gift from Alan Weeds, MRC Laboratory 

of Molecular Biology) and cloned into pEGFP-N1 (Clonetech), which was subsequently 

used to clone into pShuttle-CMV for virus production. About 107 adenoviral particles were 

added directly to the slice culture medium on day 7 and the cultures were returned to the 

incubator until viewed on day 10. Slices cultured on membranes were infected with 

adenovirus by placing a drop of the adenovirus directly on the slice and adding the excess to 

the culture medium below the slice. One to two hours later the liquid on top of the slice was 

mixed with the bath medium. Slices excised from the membrane were made anoxic by 

placing them face down onto glass-bottomed 35 mm culture dishes and covering them with 

a glass coverslip. Slice cultures grown on coverslips in roller tubes were rinsed in medium 

without virus, mounted slice down on a microscope slide and quickly sealed around the 

edges with paraffin.

Fixation and immunostaining

Slices were fixed for 4 h at room temperature in 4% paraformaldehyde in either cytoskeletal 

buffer (CBS; 10 mM MES pH 6.1, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA pH 7.0, 4% 

PEG, 0.32 M sucrose) or PBS adjusted to pH 7.0, with no apparent differences between 

buffers. Slices were methanol (–20°C) permeabilized for 10 min and blocked in 2% goat 

serum/1% bovine serum albumin in Tris-buffered saline before immunostaining. In 

experiments where fluorescent phalloidin was used to stain actin filaments, slices were 

permeabilized with 0.1% Triton X-100 in PBS for 10 min. Primary antibodies include: 

affinity purified rabbit IgG to chick ADF (1439; 2 ng/μL), which cross-reacts with 

mammalian ADF and cofilin [8,31], protein A purified monoclonal mouse anti-cofilin 

(MAb22; 10 ng/μL IgG) [32], affinity purified rabbit IgG to the phosphorylated peptide of 

chick ADF (rabbit 4321) [33], and mouse monoclonal antibody to actin (clone C4; ICN 

Biomedicals, Inc., Costa Mesa, CA). Secondary antibodies, all used at 1:450, include 

fluorescein goat anti-rabbit and goat anti-mouse and Texas-Red goat anti-rabbit and goat 

anti-mouse (Molecular Probes, Eugene, OR). Texas Red-X phalloidin (Molecular Probes) 

was used at 1:50 in PBS (final concentration 150 nM). DAPI (4’-6-Diamidino-2 

phenylindole) or Hoechst 33342 were used to stain DNA. After blocking and staining, slices 

on membrane were cut out and mounted on 22 × 22 mm cover glasses with ProLong Gold 

Antifade.

Light microscopy

Phase-contrast and non-confocal fluorescence micrographs were obtained on a Nikon 

Diaphot using 4× (0.13 NA), 10× (0.25 NA), 20× (0.75 NA) air objectives or 40× (1.3 NA), 

60× (1.4 NA), 100× (1.4 NA) oil objectives as previously described [8]. An Olympus IX81 

microscope equipped with an ASI piezo stage (Applied Scientific Instrumentation, Eugene, 
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OR), CSU22 spinning disk confocal head (Yokogawa Instruments, Japan), 440 nm, 473 nm 

and 561 nm diode lasers, and a Cascade II EMCCD Camera (Roper Scientific, Tucson, AZ), 

all integrated and operated by SlideBook software (Intelligent Imaging Innovations, Denver, 

CO), was used to obtain confocal sections through organotypic slices. The objectives used 

include a 4× Fluorite (0.13 NA), UAPO40X/340W-DIC (1.35 NA), or Plan-APO 60× (1.42 

NA). For experiments in which we localized active cofilin across an entire slice, fixed slices 

were immunostained for phospho-cofilin (rabbit antibody 4321) and total cofilin (mouse 

MAb22), stained with different fluorescently tagged secondary antibodies, and imaged using 

the 4× objective, which allowed capture of most of the hippocampal area in one field. The 

two images were overlaid (Total cofilin/phospho-cofilin) and a hot scale applied to the ratio 

image such that the hottest colors correspond to the regions of most active 

(dephosphorylated) cofilin.

For live cell imaging, slices infected with adenoviruses for expressing hCof-GFP or hCof-

RFP were made anoxic and images captured immediately and every 20 s for 10–15 min at 

40× or 60× on the spinning disk confocal microscope at various stage positions for cells 

expressing fluorescent protein. Meta-Morph v7.03 software (MDS Analytical Technologies, 

Toronto, Canada) was used for all digital processing. Following time-lapse imaging the slice 

was scanned for rod formation. All experiments were repeated a minimum of three times. To 

ascertain the regional distribution of rods, the total number of rods per field was counted 

using a 60× oil objective. Slices were scanned in a grid-like pattern to sample a large area of 

the slice (Supplemental Fig. 2). By mapping the rod counts per 60× field onto a low power 

(4×) image (or montage) of the slice, the location of the high-power field within the slice 

was determined. This mapping was facilitated by the bleaching of background fluorescence 

in the region examined at high power. Data from multiple slices were combined onto a 

schematic of the hippocampus as discussed in the Results.

Electron Microscopy

Organotypic slices subjected to the same treatments as slices used for immunofluorescence 

analysis were fixed in 2% glutaraldehyde in MOPS buffer (20 mM MOPS, pH 7.0, 8 mM 

MgCl2, 5 mM NaN3, 5 mM EGTA) for actin cytoskeletal preservation. The tissue was 

processed as previously described [34]. Briefly, after primary fixation, the slices were rinsed 

4× in MOPS buffer, post-fixed with 1% OsO4 at 4°C, rinsed 6× in cold water, incubated in 

2% uranyl acetate for 25 min, and dehydrated in graded ethanol. The slices were transitioned 

into Epon812 and polymerized at 60 °C for 24 h. Thin (60–70 nm) and thick (200–300 nm) 

sections were cut and post stained with uranyl acetate and lead citrate. Thick sections were 

topically labeled with 12–15 nm gold particles to serve as fiducial markers in tomographic 

reconstruction. Images were captured on a Gatan 4 k × 4 k CCD camera with a FEI Technai 

TF20 200kV IVEM (Boulder Lab for 3D Electron Microscopy, University of Colorado, 

Boulder, CO). Tilt sections ranging from +/– 70° were obtained with post acquisition 

analysis done with IMOD software designed in this facility. Thin sections were analyzed 

with a JEOL TEM 1200EX operating at 100 kV. Images were capture on conventional film 

prior to digitization.
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Statistics

Statistical analyses were done with either MATLAB or SPSS v13 with a set significance 

level described in the figure legends. Any post hoc tests are reported.

RESULTS

For investigation of regional rod distribution within the hippocampus, we utilized 

organotypicslice cultures because they largely retain the cytoarchitecuture and connectivity 

of the in vivo hippocampus. Slice cultures were prepared with care to preserve entorhinal 

cortex (EC) axons that comprise a substantial fraction of the perforant pathway. We verified 

maintenance in our cultures by DiI labeling within the EC and following the tracks into the 

hippocampus proper (Supplemental Fig. S1; Supplement available online at http:/

www.jalz.com/issues/18/davis_supplement.pdf). All analysis for rod formation was 

performed only within the hippocampal formation.

Properties of cofilin-actin rods in organotypic hippocampal slice cultures

A rod is defined as a tapered cylindrical inclusion immunostained for cofilin and actin (Fig. 

1A–C), but which does not label with fluorescent phalloidin, because rods contain a high 

ratio of cofilin/actin, blocking the phalloidin binding site [8,35]. By definition rods are 

readily distinguished from ovoid actin-containing aggresomes and Hirano Bodies [36]. 

Methanol permeabilization alters F-actin structure, preventing phalloidin binding, but 

preserves rods and provides better immunostaining of cofilin in the rods. Triton X-100 

permeabilization reduces the intensity of cofilin immunostaining, yet permits the 

demonstration that cofilin-stained rods do not bind fluorescent phalloidin whereas other F-

actin structures are clearly stained (Fig. 1D–F). Thus, for subsequent experiments, slices 

were permeabilized with methanol unless noted.

Owing in part to the low probability of locating a rod (0.1–0.2 μm × 2–4 μm) within thin 

sections of brain tissue, we have been unsuccessful in our attempts to identify rods using 

electron microscopy on human AD brain or brains of AD transgenic mice (Tg2576). The 

high density of rods present in Aβ-treated slices (see below) improved these odds, thus 

making it possible to conduct high resolution ultrastructural analysis. At the EM level of 

resolution, a rod is composed of many individual parallel filaments arranged into tightly 

bundled structures (Fig. 2), often with tapering ends. Of interest, and not previously 

reported, several rods contained entrapped mitochondria and vesicles (Fig. 2A, B). 3-D tilt 

series detailed some rods filling most of the neurite and disrupting microtubules (Fig. 2A, 

arrow), a finding previously reported in dissociated neuronal cultures both by 

immunostaining of microtubules and by ultrastructure of rods induced by ATP-depletion in 

dissociated neurons [8]. Furthermore, rod ultrastructure and their appearance in tandem 

arrays are strikingly similar to filaments in striated neuropil threads [37], an early 

pathological feature of human AD brain.

Aβ1–42 oligomers induce rod formation within neurons in organotypic slice culture

We first wanted to determine if Aβ-induced rods were being formed within subregions of the 

hippocampus and if they occurred in neurons. Rods formed in a maximum of 18–19% of the 
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neurons in dissociated hippocampal cultures treated with synthetic Aβ1–42 oligomers at the 

highest sublethal concentration (1 μM) [11]. Organotypic slices treated 48 h with 1 μM 

synthetic Aβ1–42 display a marked regional distribution of rods within the hippocampus 

(Fig. 3A). Aβ1–42 oligomers induce rods primarily within the dentate gyrus (DG) while the 

CA1 and CA3 sub-regions remain largely unaffected. Neuronal rod formation was 

confirmed by confocal analysis in organotypic slices from Thy-1-YFP (line H) mice 

following 48 h treatment with 1 μM synthetic Aβ1–42 (Fig. 3B). In this particular line, Thy1-

YFP is only expressed in a subset of hippocampal neurons making their neurites easier to 

follow. Identical results were obtained in slice cultures infected with an adenovirus for 

neuronal specific expression of RFP (data not shown). Uniform penetration of the slices by 

the oligomeric Aβ was assessed by immunostaining of Aβ-treated slices (data not shown).

Activation of cofilin occurs in stimulus sensitive sub-regions of organotypic slices

We next wanted to determine if Aβ-induced cofilin dephosphorylation was widespread 

throughout the hippocampus or was enhanced in the subregions where rods formed. 

Regardless of the precipitating insult, rod formation in dissociated hippocampal neurons 

follows activation (dephosphorylation) of the cofilin pool [8, 11]. As a result, rods are 

refractory to labeling with antibodies recognizing Ser-3 phosphorylated cofilin (Fig. 4A). 

Integrating the ratio of total cofilin immunostaining divided by phosphorylated cofilin 

immunostaining over the entire hippocampal slice reveals elevated cofilin activity especially 

in the DG, the region where Aβ-induced rod formation is most prominent (Fig. 4B,C).

Template mapping and matrix analysis of hippocampal slices

Morphological differences between slices obtained from the rostral, medial, and caudal 

regions of the hippocampus made a statistical analysis of rod numbers and location difficult 

to map over multiple slices. However, after counting rods within a region of an 

immunostained slice with a 60× objective, the background fluorescence was bleached 

leaving a dark circle corresponding to the region just viewed (Supplemental Fig. S2A, C). 

Rods remain bright as the background bleaches owing to the abundance of cofilin within the 

rods; background bleaching in the slice enhances the signal to noise ratio, thus facilitating 

rod counting and analysis. Low magnification (4× objective) pre- and post-analysis images 

stitched together into a montage identified the zones of analysis for rod counts and allowed 

us to compile a composite image of each slice in which the number of rods within each zone 

could be overlaid on a DAPI-stained montage showing the pyramidal cell and granule cell 

nuclear layers of the CA and DG, respectively (Supplemental Fig. S2B, D).

To facilitate a quantitative analysis, we generated a generic map of the hippocampus using 

conserved landmarks. Twenty fiduciary points were evenly spaced around the granule and 

pyramidal cell body regions (visualized with DAPI stain) for each slice. These points were 

then morphed to fit a template before being overlaid on a 20 × 20 matrix where the numbers 

of rods were placed within their respective boxes (Supplementary Figure S2E-G). Using 

MATLAB for matrix manipulations, we generated the mean and standard deviation for each 

matrix box across multiple slices exposed to identical conditions (Fig. 5A). A colorized hot 

scale was applied with maroon/red “warm” colors corresponding to regions with the highest 
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average numbers of rods and the dark blue “cool” colors to the regions with lowest numbers 

of rods.

Stimuli dependent patterning of rod formation

We analyzed rod formation across multiple organotypic slices from seven treatment 

conditions (untreated, vehicle treated, scrambled Aβ1–42, soluble Aβ1–42 oligomers, ATP 

depletion, hydrogen peroxide, and glutamate). We set the top limit of the hot scale at ≥ 15 

rods per box over the selected color range. No significant differences in rod number or 

distribution were observed between untreated control slices or slices treated with 1 μM 

scrambled Aβ peptide or vehicle alone, although in each case there were sporadic hot spots, 

especially near slice edges. The data collected from these three treatments were 

subsequently combined to generate the control map (Fig. 5A). Following 48 h exposure to 

synthetic Aβ1–42 oligomers at 1 μM, we observed a robust increase in rod formation within 

the DG and mossy fiber region (Fig. 5A). By comparison, transient ATP-depletion and 

recovery produces rods distributed relatively uniformly across the slice. Large numbers of 

rods (too many to count) formed in slices fixed immediately after transient (30 min) ATP-

depletion (data not shown), but after a 24 h recovery rod numbers (persistent rods) were 

reduced to quantifiable levels (Fig. 5A). Rods formed in response to excitotoxic levels of 

glutamate localized predominantly within CA1 and CA3 regions and less in the DG (Fig. 

5A).

Regional significance of rod number data

We evaluated the statistical significance of the rod numbers in each matrix cell compared to 

the corresponding cell from controls (Fig. 5A, lower panels). Boxes in which the average 

rod number is significantly (p < 0.01) elevated from controls are colored purple, boxes for 

which p > 0.01 are colored gray and boxes that produced no T-test (too few values) are 

colored black. These analyses demonstrate that the uniquely localized formation of rods in 

response to each specific stress stimulus is significant.

Rod data averaging over entire slice

We also evaluated the average number of rods per slice in response to each experimental 

condition tested including hydrogen peroxide for which results were obtained from only 3 

slices and were not mapped (Fig. 5B). All treatments, save peroxide, produced a significant 

(p < 0.05) increase in rod formation when averaged across the entire slice as compared to 

untreated, and 1 μM scrambled Aβ1–42 controls. We also selectively analyzed average rod 

formation in the DG, mossy fiber tract, entire CA, alveus, and other regions not included in 

the above (Fig. 5C). Of note, the DG and mossy fiber tract show heightened sensitivity to 

rod formation in response to Aβ treatment whereas the numbers of persistent rods following 

transient ATP-depletion was significantly (p < 0.05) above control in all regions except the 

DG and mossy fiber tract. Glutamate treatment was equal to or greater in rod-inducing 

ability to Aβ1–42 outside of the DG. Rod formation by glutamate treatment and ATP-

depletion was similar in the CA, alveus, and other regions of the hippocampus and higher 

than rod numbers induced by Aβ1–42 in these regions.
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Rod formation in postnatal versus adult slices

We next wanted to determine if organotypic slices from adult rodents formed rods similarly 

to the postnatal slices in response to Aβ treatment. Organotypic slices were prepared from 

both adult rat and mouse hippocampi and were treated with 1 μM amyloid peptide oligomers 

for 48 h. Four adult organotypic slices, two untreated and two treated with the Aβ1–42 

oligomers, were analyzed for rod formation (Supplementary Fig. S3). Rods in adult slices 

were most prevalent in the DG and mossy fiber region but adult slices were larger and rod 

density per field was somewhat lower than that observed for the postnatal slices (compare 

color scales used between Figs 5A and S3) even when compressed to the same 20 × 20 

matrix. However, there were no remarkable differences between rod formation and 

localization in adult mouse versus rat hippocampus in response to Aβ1–42 oligomers, but no 

statistical comparison could be made between the few slices analyzed.

Transient versus persistent rods

Next we investigated whether the Aβ-induced rods are transient in organotypic hippocampal 

slices by comparing slices treated 24 h with 1 μM Aβ1–42 oligomer followed by washout and 

a 24 h recovery to slices treated chronically for 48 h (Fig. 6). The numbers of rods declined 

to control levels by 24 h after Aβ1–42 washout. Because rod formation in response to Aβ1–42 

is maximal by 12–24 h after treatment [11], and during this period of treatment there is 

neither a decline in the number of cells per field nor an increase in TUNEL positive cells in 

Aβ-treated versus untreated samples (supplemental Fig. S4), these results suggest that Aβ-

induced rods are reversible and do not return soon after recovery. This is unlike the rods 

induced by transient ATP-depletion, which reform and become persistent by 24 h after 

washout of the ATP-depletion medium (Fig. 5A).

Live imaging of rod formation during ischemic stress

Rods form rapidly, within 5–10 min of ATP-depletion in dissociated hippocampal neurons 

[8], but we wanted to know if the more nurturing environment of an organotypic slice might 

provide some protection to rod formation. About 24–48 h before observation, slices were 

infected with adenovirus mediating human cofilin-GFP expression. Slices on coverslips 

were rinsed once in fresh 37°C medium immediately before microscopy and a cover slip 

was overlaid on the slice and sealed with paraffin to initiate anoxia. Slices on membrane 

were cut out with a scalpel, placed membrane side down on a microscope slide, and overlaid 

with a coverslip to initiate anoxia. In some areas of a hippocampal slice we observed regions 

where spontaneous rods were present, perhaps in response to over expression of cofilin-GFP 

[14], whereas in most other regions rods began to form within a few minutes of anoxia (Fig. 

7). To test if hCof-GFP expression alone was inducing rod formation during time lapse 

imaging, we collected infrequent (30 min) time-lapse images from hippocampal organotypic 

slices expressing hCof-GFP in which slices were not made anoxic and over 12 h rods were 

not induced. From these experiments we conclude that anoxia is a potent inducing stimulus 

for rapid rod formation. As with rods formed in dissociated neurons during ATP depletion, 

rod length and width reached maximum proportions by 10 min of anoxia.
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Signaling pathways to rod formation

There are a multitude of signaling pathways in neurons reported to be altered by Aβ, several 

of which could potentially modulate cofilin activity. One major upstream signaling molecule 

that modulates levels of phospho-cofilin in neurons is cdc42, a small Rho family GTPase. 

Neuronal expression of constitutively active (CA) cdc42 (either V12 or L61), enhances 

ADF/cofilin dephosphorylation whereas expression of dominant negative (DN) N17cdc42 

increases the phospho-ADF/cofilin pool [38]. Adenoviruses that were used to deliver either 

CA or DN cdc42, also expressed GFP under a separate promoter so that infected cells could 

be identified. Rod formation was scored in GFP positive (infected) and negative (uninfected) 

cells within the same cultures (Fig. 8A). Control-infected cells (GFP or tubulin-GFP) 

behaved similarly to uninfected cells in that 1–3% had rods without Aβ treatment and 18–

19% had rods after Aβ treatment. Expression of wt or CA V12cdc42 increased rod 

formation in non-Aβ-treated cultures to 10–13%, whereas rod formation in cells expressing 

the DN N17cdc42 was identical to controls. Following Aβ-treatment, rod formation showed 

a non-significant increase in cells expressing the wt cdc42 (23%), and a significant increase 

(30%) in cells expressing the CA cdc42 as compared with uninfected control cells (19%). 

This finding suggests that a larger population of hippocampal neurons have the capacity to 

respond to externally applied Aβ but do not reach the threshold required for rod formation 

unless more active cdc42 is present. Following Aβ treatment, only 7.5% of neurons 

expressing DN N17cdc42 formed rods compared with 19% of uninfected or control-infected 

neurons within the same culture, a 60% reduction. Similarly, in organotypic slices, we 

quantified rods per field and found that CA cdc42 expression significantly increased rod 

numbers over uninfected and control infected cells both in untreated and Aβ-treated slices. 

Expression of DN cdc42 decreased the rod numbers in slices treated with Aβ1–42 oligomers 

by about 65% (Fig. 8B).

To more specifically examine the role of cdc42 in Aβ signaling to rod formation, we utilized 

hippocampal neurons from the brains of conditional cdc42 null mice [9]. We co-cultured 

cdc42 null neurons along with wild type neurons from a GFP-mouse, treated these cultures 

with Aβ1–42 oligomers for 24 h, and, after fixing and staining, scored rod formation in both 

GFP-expressing (wt) and non-expressing (cdc42 null) neurons (Fig. 8C, D). About 19% of 

the wt mouse neurons formed rods in response to Aβ (Fig. 8A), similar to what we found 

above and previously reported for rat neurons [11]. The percentage of cdc42 null neurons 

with rods in response to Aβ is 8% (Fig. 8A), a 60% decline that is in agreement with that 

observed above in neurons expressing DN cdc42. Taken together these results demonstrate 

that neurons have both cdc42-dependent and -independent pathways downstream of Aβ1–42 

for cofilin activation and rod formation.

DISCUSSION

Here we report that stress-induced cofilin-actin rod formation occurs within specific 

hippocampal sub-regions in a stimulus dependent manner. These results extend our work in 

dissociated neurons into a more physiologically relevant context. Through the maintenance 

of vital neuronal connectivity, the ex vivo organotypic hippocampal slice provides a much 

more “in vivo” like setting for studying neuronal behavior compared to cultures of 

Davis et al. Page 11

J Alzheimers Dis. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dissociated cells [39]. Rods in slice culture possess the same characteristics as those in 

dissociated neurons; they are refractory to phalloidin staining yet readily label with 

antibodies to actin and dephosphorylated but not phosphosphorylated cofilin, and their 

filamentous ultrastructural organization is identical. Rod formation in neurons was verified 

by performing identical experiments in organotypic slices from the Thy1-YFP Line H mice 

in which a subset of neurons express YFP. We additionally confirmed neuronal rod 

formation by observing many RFP positive neurons containing rods in slices infected with 

adenovirus expressing RFP behind a neuronal specific promoter.

We developed a method for mapping rod formation onto a template of the hippocampus so 

that we could directly compare different rod inducing stimuli across multiple hippocampal 

slices.

Acute stress, such as ATP-depletion, resulted in a global response. This was expected, as our 

studies on dissociated neurons showed > 80% initially form rods after 30 min of ATP-

depletion, and 35% of neurons contained rods following 24 h recovery [8]. Cofilin-GFP 

expressing cells within organotypic slices formed rods about 5 min after being rendered 

anoxic (Fig. 7) or following addition of ATP-depletion medium (data not shown). This 

temporal feature is also strikingly similar to the speed with which dissociated neurons form 

rods from endogenous proteins after ATP-depletion [8]. With live-cell imaging we observed 

that rods start forming between 3–5 min after onset of anoxia and reach their maximum 

length and width by 10 min, which is the late time frame for the onset of irreversible brain 

damage in patients who suffer brain oxygen deprivation [40]. Given that rods can rapidly 

block distal synaptic function in processes where they form [15], it is reasonable to speculate 

that rod formation may also contribute to regional loss of synaptic connections and localized 

brain function during stroke.

Sub-regions of the hippocampus are known to display heightened sensitivity to various 

forms of Aβ [41–43]. Here we show that rod formation in and around the DG is very robust 

following treatment of slices with Aβ oligomer (1 μM). The DG, a termination zone of the 

perforant pathway connecting the hippocampal formation with the associative and limbic 

cortices [44], plays a crucial role in associative memory, regulation of stress responses, and 

in cognitive aspects of depression [45]. Pathology within the perforant pathway is the key 

determinant of age-related dementia [46]. Furthermore, the “normal” age related decline in 

human cognitive function also is manifested in a disruption of dentate circuitry [47] for 

which stress-induced rod formation could provide a mechanism. However, other cofilin-

dependent processes need also to be considered.

Normal synaptic consolidation at excitatory medial perforant path granule cell synapses in 

the DG requires the synthesis of the immediate early gene activity-regulated cytoskeletal-

associated protein (Arc) [48]. Arc expression is induced by brain-derived neurotrophic 

factor or high frequency stimulation-driven long-term potentiation (LTP) in the rat DG in 

vivo [48]. The Arc mRNA is transported into dendrites where it is translated. Prolonged 

synthesis of Arc leads to phosphorylation (inactivation) of cofilin and decreased cofilin 

activity results in subsequent local expansion of actin filament structures and synaptic 

stabilization [48].
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In an opposing pathway, Aβ has been shown to down regulate the expression of Pak1 [16]. 

Pak1, an effector of the GTP-bound form of cdc42, is an activator of LIM kinase [49], which 

inactivates cofilin; thus depletion of Pak1 may result in an over activation of cofilin [16]. 

Here we show that rod formation in response to Aβ is regulated in about half of the 

responsive neurons through a cdc42-dependent pathway, implying that extracellular Aβ1–42 

activates cofilin in a subpopulation of hippocampal neurons through multiple pathways, only 

one of which requires cdc42. Expression of a constitutively active form of cdc42 would be 

expected to enhance the activity of Pak1 and through LIMK1 cause cofilin phosphorylation. 

In neurons, however, activation of cdc42 leads to cofilin dephosphorylation through 

inhibition of Rho A-dependent signaling [38], whereas knockout of cdc42 expression leads 

to increased cofilin phosphorylation even though the activation of Pak1 (a class I Pak) has 

been reduced [9]. Thus, it is not surprising that inhibiting cdc42 activity, either by knockout 

or expression of dominant negative cdc42, significantly decreases the percentage of rod-

forming neurons downstream of Aβ. In the conditional cdc42 knockout mouse, a decline in 

cofilin-specific phosphatase activity was demonstrated [9], suggesting that other cdc42 

mediators (e.g., class II Paks) may modulate cofilin activity through a phosphatase pathway. 

It would not be surprising to find upstream modulators of cofilin phosphoregulation that are 

involved in bifurcating pathways to spatially regulate cofilin activity through a cycle of 

phosphorylation and dephosphorylation in response to a single extracellular ligand. 

Evidence for a bifurcating pathway to cofilin phosphocycling was first reported in serum 

stimulated fibroblasts [33] but also occurs in neuronal growth cone pathfinding [50] and in 

postsynaptic N-methyl-D-aspartate regulation of dendritic spine morphology [51].

Dendritic spine architecture is controlled by the Ras/Rap GTPase activating protein 

SynGAP, which has recently been shown to regulate both steady-state and activity-

dependent cofilin phosphorylation [51]. Excess active cofilin will displace the actin filament 

stabilizing protein drebrin from spines, which alters spine dynamics [52]. Drebrin levels are 

reduced in brains of patients with AD and Down syndrome [53], especially in regions where 

cofilin is activated [16]. Thus the activation of cofilin that occurs within the DG in response 

to treatment with Aβ1–42 oligomers may cause rapid alterations in synaptic function through 

its direct effects on the dynamics of the actin core of spines, perhaps mediated by SynGAP 

[51], or through formation of rods within the neurite. Rod formation has the dual property of 

blocking delivery of material required for normal spine function and sequestering cofilin so 

that it is less able to participate in spine dynamics.

To further examine the potential impact of rods on neuronal physiology, we examined if 

rods induced by Aβ could be reversed following washout of the Aβ. Surprisingly, the large 

increase in rod number returned to near baseline levels within 24 h of washout. It is of 

interest in this regard that the learning and memory deficits of adult rats induced by a single 

brain infusion of an Aβ peptide fraction containing dimers and trimers [54] or dimers 

extracted from human AD brain [18] returned to normal 24 h after the single treatment.

Rods observed within the organotypic slices have similar ultrastructure to rods in dissociated 

neurons [8]. Furthermore, within some rods we found mitochondria and vesicles that appear 

to have become entrapped, supporting the fluorescence microscopy observations in 

dissociated cells of AβPP-containing vesicles accumulating at rods [11], and that rapid 

Davis et al. Page 13

J Alzheimers Dis. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



axonal transport is inhibited in neurons treated with glutamate or Aβ-peptide [55]. 

Additionally, the normal microtubule network is disrupted, which contributes to the 

observed transport deficits in rod-containing neurons. Thus, rods, which form rapidly and in 

abundance in specific regions of the hippocampus in response to different stress inducing 

agents, have a dramatic effect on neuronal behavior. Taken together the physiological effect 

of rods appears to be important in the etiology of AD, but rods may play much broader roles 

in other cognitive disorders such as cerebrovascular dementia including cerebral amyloid 

angiopathy, developmental disorders such as Down syndrome, or even the decline in 

cognitive function associated with “normal” aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Rods in brain slices immunostain for cofilin and actin but do not stain with fluorescent 

phalloidin. Cold methanol permeabilization is optimal for immunostaining rods 

(arrowheads) for both cofilin (A) and actin (B) shown as a merged image in (C), but is not 

compatible with phalloidin staining. Permeablizing with Triton X-100 preserves cofilin 

immunostaining in rods (arrowheads in D-F) and permits Texas-red phalloidin staining of 

some F-actin structures, but not rods (E). The merged overlays (F) show that the cofilin rods 

(green) are distinct from other cofilin and phalloidin stained structures (F). Scale bar = 10 

μm.
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Fig. 2. 
Transmission electron micrographs of thick (250 nm) sections of organotypic rat 

hippocampal slices that were treated with 1 μM Aβ for 48 h, fixed, stained and processed for 

TEM as described in Materials and Methods. Colloidal gold fiduciary labels were added to 

the tops of sections prior to accumulation of X and Y tilt series of images. (A) Linear 

filament array within a neurite in which two mitochondria (asterisks) appear to have become 

entrapped. Arrow points to a microtubule that can be followed in the tilt series as entering 

the rod structure and terminating there. (B) Vesicle (asterisk) surrounded by filament 

bundles. Bars = 100 nm.
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Fig. 3. 
Rods form in neurons in specific sub-regions of organotypic hippocampal slice cultures in 

response to Aβ-treatment. (A) Immunofluorescence staining of cofilin with a rabbit total 

cofilin antibody in the dentate gyrus (i, ii) or CA1 regions (iii) of rat hippocampal 

organotypic slices treated with 1 μM of synthetic Aβ1–42 oligomers (ii, iii) or left untreated 

(i). Projected images from a confocal Z-stack show abundant rod formation within the DG 

of Aβ-treated (ii) but not control slices (i). In CA and other regions (not shown) of the Aβ-

treated slice, rod numbers are above background levels but are not abundant (iii). Less 

diffuse cofilin staining in (ii) suggests that most available cofilin in rod forming regions is 

sequestered into rods. In both Aβ-treated and untreated slices there are regions with globular 

accumulation of cofilin, which may represent aggresomes. (B) Merged confocal sections of 

Aβ1–42-induced rods (red; arrowheads) in Thy1-YFP-expressing neurons from a mouse 

organotypic hippocampal slice. (i, ii) YFP fluorescence (green) shows Thy1-YFP expressing 

neurons. Linear arrays of rods in the same neurite are designated with arrows. Scale bars = 

10 μm.
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Fig. 4. 
Rods contain active (dephospho) cofilin but not phospho-cofilin. (A) Rat hippocampal 

organotypic slice treated with Aβ1–42 was fixed and co-stained with a mouse monoclonal 

antibody for total cofilin and with a rabbit antibody for phospho-cofilin; different 

fluorescent secondary antibodies were used. In the left panel total cofilin stained rods 

(arrowheads) which are not visible in the channel for the phospho-cofilin antibody (middle 

panel). Overlay of these images with a hot scale for the ratio of total cofilin/phospho-cofilin 

generated the panel on the right. Bar = 10 μm. (B) The same immunostaining and ratio 

imaging was applied to low magnification (4× objective) images of entire rat hippocampal 

slices, either untreated (left) or treated with Aβ-oligomers for 24 h (right). Only image ratios 

with an overlay of idealized CA and dentate gyrus regions are shown. Bar = 600 μm. (C) 

Higher magnification images collected from circled regions in (B) of control and Aβ treated 

slices reveal that a ratio image of a region of relative low rod counts (CA1 non-hot spot) in 

an Aβ-treated slice appears similar to the control dentate gyrus but the rod-forming regions 

have more active cofilin. Arrowheads point to rods. Bar = 10 μm.
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Fig. 5. 
Positional information from rod quantification across identically treated rat hippocampal 

slices was combined as described in Materials and Methods section. (A) The means for rod 

quantification in each matrix box using the color scale are shown. Although rods were 

observed sporadically in different matrix boxes from control slices, averaging these across 

13 slices eliminated the sporadic hot-spots. Rods formed in slices treated with 1 μM Aβ1–42 

oligomers were predominantly in the DG and the mossy fiber regions compared to their 

distribution across the entire slice in response to 30 min transient ATP-depletion (Azide/2-

deoxyglucose) and 24 h recovery. Rods in slices treated with glutamate (125 μM) were most 

plentiful in and near the pyramidal layer of the CA1 and CA3 regions. A statistical 

comparison of each matrix box from each treatment with its corresponding control matrix 

box is shown below each map. The boxes that show a significant difference (p < 0.01 using 

a two tailed table for p value assignments) for each of the treatments are colored in purple. 

The black matrix boxes lacked sufficient information to perform the comparison. A lack of 

significance (gray boxes) in regions where the colored boxes in the upper panel show a high 

average rod count usually arise from a strong rod response in one or two slices and 

background levels in others. Numbers of slices used for each composite: Control = 13, Aβ = 

9, ATP-depletion = 12, Glutamate = 8. Graphical representation of average rod values per 

60× field across the entire organotypic slice (B) or from the defined regions of the 

hippocampus (C). Application of 1 μM synthetic Aβ1–42 oligomer was the most potent rod-

inducing treatment when averaged across the entire slice or just within the DG and mossy 
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fiber regions. Peroxide treatment was above control levels but not significantly so because 

of a low sample number (n = 3). *Significantly different from scrambled Aβ-peptide-

treatment (B) or control (B, C) at p < 0.05. Bars = SEM.
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Fig. 6. 
Aβ induced rods are reversible upon washout of the Aβ peptide and a 24 h recovery. 

Multiple postnatal rat hippocampal slices were used for each treatment and were fixed, 

immunostained and analyzed for rod numbers and distribution as described for Figure 5A. 

(A) Composite map from 6 control slices. (B) Composite map from 6 slices treated with 1 

μM Aβ1–42 for 48 h. (C) Composite map from 4 slices treated with 1 μM Aβ1–42 for 24 h and 

then incubated another 24 h after washout of the Aβ. (D) Average number of rod counts per 

field for the three composite maps shown. Error bars = standard deviation. *Different from 

control at p < 0.01. #Not different from control but different from the no washout at p < 

0.01.
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Fig. 7. 
Live-cell imaging of rod formation in an organotypic postnatal rat hippocampal slice 

expressing cofilin-GFP. The slice shown here was cultured on a membrane. About 44 h 

before observation, the slice was infected with adenovirus for expressing human cofilin-

GFP. Immediately before imaging, the slice was cut from the membrane, laid flat 

(membrane side down) on a microscope slide and a coverslip was overlaid (t = 0). Time-

lapse video microscopy was begun as rapidly as possible. Fields containing cofilin-GFP 

were located by quickly scanning the sample and one field was selected for observation. 

New rods (arrowheads) form between 4–5 min of anoxia and both new rods and those that 

may have started to form before anoxia began reach their full intensity and size by 7–10 min 

after anoxia. Scale bars = 10 μm.
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Fig. 8. 
Rod formation downstream of Aβ1–42 is mediated by cdc42 in a subset of rod forming 

neurons. (A) Dissociated E18 rat hippocampal neurons were treated with adenovirus 

infection medium (uninfected) or infected at 4 DIV with adenoviruses for expression of GFP 

or cdc42 wild type (wt), constitutively active (CA) V12cdc4 or dominant negative (DN) 

N17cdc42. At 6 DIV half of the cultures for each treatment were exposed to 1 μM Aβ1–42 

oligomers. At 7 DIV, cultures were fixed and immunostained for cofilin and the percent of 

neurons with rods was quantified. Included also are the rod counts in response to Aβ1–42 for 

control and cdc42 null (KO line) mouse hippocampal neurons in the same culture (see 

panels C and D). (B) Similar treatments to (A) performed on organotypic postnatal rat 

hippocampal slices. Slices were infected on day 10 with CA and DN cdc42 adenoviruses, 

challenged with Aβ1–42 on day 12 and fixed and stained for rods on day 13. Rods per field 

were counted across the slices. (C, D) Co-cultures of neurons from cdc42 conditional 

knockout mouse with wild type neurons from GFP expressing mouse. Phase pictures show 

wild type (GFP) and knockout (unlabeled) mouse hippocampal neurons in same field, 24 h 

after exposure to Aβ1–42 followed by fixation, permeabilization, and immunostaining for 

cofilin. Tandem arrays of rods (red arrows) are typically seen in 18–19% of wild type 

neurons but in about half this number of cdc42 knockout neurons within the same cultures, 

as is quantified by the green bars in (A). Experiments in A and B were repeated three or 

more times with multiple replicates for each condition in every experiment.
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