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Differential Tiam1/Rac1 activation in hippocampal and
cortical neurons mediates differential spine shrinkage in
response to oxygen/glucose deprivation
Elena Blanco-Suárez1, Maria Fiuza1, Xun Liu2, Elavazhagan Chakkarapani2 and Jonathan G Hanley1

Distinct neuronal populations show differential sensitivity to global ischemia, with hippocampal CA1 neurons showing greater
vulnerability compared to cortical neurons. The mechanisms that underlie differential vulnerability are unclear, and we hypothesize
that intrinsic differences in neuronal cell biology are involved. Dendritic spine morphology changes in response to ischemic insults
in vivo, but cell type-specific differences and the molecular mechanisms leading to such morphologic changes are unexplored. To
directly compare changes in spine size in response to oxygen/glucose deprivation (OGD) in cortical and hippocampal neurons, we
used separate and equivalent cultures of each cell type. We show that cortical neurons exhibit significantly greater spine shrinkage
compared to hippocampal neurons. Rac1 is a Rho-family GTPase that regulates the actin cytoskeleton and is involved in spine
dynamics. We show that Rac1 and the Rac guanine nucleotide exchange factor (GEF) Tiam1 are differentially activated by OGD in
hippocampal and cortical neurons. Hippocampal neurons express more Tiam1 than cortical neurons, and reducing Tiam1
expression in hippocampal neurons by shRNA enhances OGD-induced spine shrinkage. Tiam1 knockdown also reduces
hippocampal neuronal vulnerability to OGD. This work defines fundamental differences in signalling pathways that regulate spine
morphology in distinct neuronal populations that may have a role in the differential vulnerability to ischemia.
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INTRODUCTION
Transient global ischemia occurs in patients after cardiac arrest or
can be induced experimentally in animals by carotid artery
occlusion. The resulting ischemia causes widespread depolariza-
tion of the neuronal plasma membrane, release of the excitatory
neurotransmitter glutamate, overexcitation of ionotropic gluta-
mate receptors, leading to sustained elevation of intracellular Ca2+,
and consequently a delayed, selective cell death.1 Pyramidal
neurons in the CA1 hippocampal region are the most vulnerable,
while their CA3 counterparts are resistant. Although cortical
neurons are affected by ischemia, they are less vulnerable than
those in hippocampal CA1 after a global insult.2,3 This suggests
that different cell type-specific mechanisms are activated in
response to insult. These mechanisms remain unclear, although
recent work suggests that differential subunit-specific trafficking
mechanisms that lead to the surface expression of Ca2+-perme-
able AMPA receptors (CP-AMPARs) may have a role.

4

However, the
signalling pathways that are activated downstream of CP-AMPARs
after oxygen/glucose deprivation (OGD) are unknown.
Dendritic spines are dynamic actin-rich structures that com-

partmentalize the postsynaptic machinery. The shape and size of
dendritic spines influence synaptic function, and aberrant spine
morphology has been linked to several pathologies that affect
cognitive processes, including learning and memory.5,6 A number
of studies from different groups have suggested that while cortical
neurons exhibit OGD/ischemia-induced spine shrinkage and

retraction, hippocampal neurons may exhibit spine growth after
insult.7–9 The molecular mechanisms that underlie such changes in
spine morphology are unknown. Importantly, a direct comparison
of OGD-induced changes in spine size in cortical and hippocampal
neurons is lacking. We hypothesize that the intrinsic molecular
mechanisms that underlie regulation of spine size differs between
neuronal types with differential vulnerability to OGD.
Regulation of the actin cytoskeleton has a crucial role in spine

formation, elimination, and dynamic changes in spine morphol-
ogy.10 The Rho family of small GTPases is critically involved in the
regulation of the spine actin cytoskeleton, for example, Rac1 and
Cdc42 regulate dendritic spine maturation as well as structural
plasticity of mature spines.11 The precise spatial and temporal
regulation of small GTPases depends on their upstream regulators:
the guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs).12 Disruption of the appropriate balance
of GEF and GAP activity results in aberrant spine development and
stabilization, and therefore abnormal neuronal function.13

Rac1 has been implicated in OGD-induced pathways respon-
sible for delayed neuronal death, neuronal degeneration, and
cognitive dysfunction; however, a role in regulating dendritic
spine morphology during OGD has not been explored.14,15

Furthermore, the GEFs or GAPs involved in regulating Rac1 during
OGD are unknown. Tiam1 is a Rac-specific GEF, which is stimulated
by NMDA receptor (NMDAR) activation in a Ca2+-dependent
manner.16 Tiam1 is required for spine and synapse development
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and it has been shown that a decrease in Tiam1 expression results
in reduced spine density.16

We recently showed that hippocampal and cortical neurons in
culture exhibit a similar differential vulnerability to OGD as CA1
and cortical neurons in vivo.4 This not only shows that isolated
culture systems are an appropriate model for testing our hypo-
theses, but also indicates that intrinsic cellular differences
between cell types underlie the contrasting vulnerability to insult.
Here, we show that spines on cortical neurons show a more
dramatic OGD-induced shrinkage compared with those on hippo-
campal neurons, and that this difference is at least in part due to
greater Tiam1 activity in hippocampal neurons. We further show
that Tiam1 is activated by OGD in a CP-AMPAR and CaMKII-
dependent manner in hippocampal but not in cortical neurons,
leading to distinct patterns of Rac1 activation in the two cell
types. We propose that this pathway, downstream of CP-AMPAR
expression, contributes to the differential susceptibility of distinct
neuronal populations to ischemic insult.

MATERIALS AND METHODS
Animal care and experimental procedures were conducted in accordance
with British animal protection legislation and experimental protocols
approved by the British National Committee for Ethics in Animal Research.

Cell Cultures and Transfection
Hippocampal and cortical neurons were prepared by dissection of E18
Wistar rat embryos of either sex. All procedures were approved by and

performed in accordance with guidelines of Animals (Scientific Procedures)
Act 1986 and the University of Bristol policy on working with animals.
Hippocampal or cortical neurons were plated on poly-L-lysine-coated
plastic dishes or glass coverslips (25 mm diameter; VWR International,
Radnor, PA, USA) depending on subsequent use. Primary cell cultures were
used for experiments at 15 to 20 days in vitro. Cells were transfected at 10
to 13 days in vitro using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
and processed for experiments 5 to 7 days later.

Oxygen/Glucose Deprivation
Neuronal cultures were washed three times with HEPES buffered saline
(25mmol/L HEPES pH 7.5, 137mmol/L NaCl, 5 mmol/L KCl, 1.5 mmol/L
CaCl2, 1.5 mmol/L MgCl2, 15 mmol/L sucrose for OGD condition or 15
mmol/L glucose for control condition) and incubated in a hypoxic chamber
(MACS-VA500-microaerophilic workstation; Don Whitley Scientific, West
Yorkshire, UK) for 20minutes at 37°C, 95% N2 and 5% CO2. For OGD
condition, buffer was previously bubbled with nitrogen. Control cultures
were incubated under normoxic conditions at 37°C, 5% CO2 for the same
time period as the OGD. For biochemical analyses, cells were lysed
immediately after OGD in lysis buffer (25mmol/L HEPES; 150mmol/L NaCl;
0.5% Triton X-100; 1% protease inhibitors cocktail, Roche, Basel, Switzer-
land; pH 7.4). Also see ‘live imaging’ section.

Cell Death Assay
Hippocampal cultures were transfected with either the control vector pFIV-
EGFP or pFIV-shTiam1-EGFP. Five days later, cultures were subjected to
20minutes of OGD and then returned to their original medium for 48
hours. Neurons were fixed and stained with 1 μg/mL Hoechst (Invitrogen)
in phosphate-buffered saline (PBS) to identify fragmented nuclei as an

Figure 1. Oxygen/glucose deprivation (OGD) triggers differential spine shrinkage in cortical and hippocampal neurons. (A) Representative
time course images of dendritic spines before, during, and after OGD on GFP-expressing hippocampal and cortical neurons imaged using
confocal microscopy. Arrow indicates the spine considered in the analysis. Scale bar 2 μm. (B) Pooled data for analysis of cross-sectional spine
area over time in hippocampal neurons represented as mean± s.e.m. (C) Pooled data for analysis of cross-sectional spine area over time in
cortical neurons represented as mean± s.e.m. One-way ANOVA and Dunnet’s post hoc test for multiple comparisons were applied to compare
each time point (10minutes, 20minutes, 30minutes, and 40minutes) to the control time point 0 minute in (B) and (C). (D) OGD-induced spine
shrinkage in cortical neurons is significantly more pronounced than in hippocampal neurons. Student’s t-test was applied to compare cortical
with hippocampal neurons at each time point. *Po0.05, **Po0.01. (E) Pooled data for analysis of spine density over time in cortical and
hippocampal neurons represented as mean± s.e.m. One-way ANOVA was applied, showing no significant changes in spine density over time
caused by OGD. Hippocampal neurons; n= 51 spines from 7 neurons in three separate cultures. Cortical neurons; n= 27 spines from 6 neurons
in three separate cultures.
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indicator of apoptosis. Image analyses were performed with the
experimenter being unaware of the experimental condition.

Active Rac1 and Active Tiam1 Glutathione-S-Transferase
Pulldowns
Glutathione-S-transferase (GST)-fusion proteins were immobilized on
glutathione agarose beads (Sigma Aldrich, St Louis, MO, USA) in HTG
buffer (25 mmol/L HEPES, 150mmol/L NaCl, 1% Triton X-100, 10% glycerol,
pH 7.5) at 4°C for 1 hour. Beads were incubated with hippocampal or
cortical lysate for 1 hour at 4°C in lysis buffer. After washing the beads with
the same buffer, protein levels were detected by western blot using Rac1
antibody (BD Biosciences, East Rutherford, NJ, USA) or Tiam1 antibody
(Bethyl, Montgomery, TX, USA). Glutathione-S-transferase bound to
glutathione agarose beads was used as a negative control.
To analyse levels of active Tiam1 in synaptoneurosomes prepared from

ischemic rat brains, Wistar rats of either sex at postnatal age 10 to 11 days
were subjected to global ischemia. Animals were anesthetized with
isoflurane (3% induction and 1% maintenance), 60% nitrous oxide, and
37% oxygen. After a midline incision, two 6.0 silk ligatures were placed
around the left and right common carotid arteries and the arteries ligated.
The arteries were permanently divided between the ligatures. Rats
recovered from anesthesia for 10 to 20minutes, before being euthanized.
Sham-operated littermates were used as controls. Brains were removed
immediately, and hippocampal and cortical regions were isolated. Crude
synaptoneurosomal preparations were obtained using standard proce-
dures; briefly, brain tissue was homogenized in 1 mmol/L HEPES pH 7.4,
0.32mol/L sucrose, 1 mmol/L MgCl2, 1 mmol/L EDTA, 1 mmol/L NaHCO3

and protease inhibitors cocktail (Roche, Basel, Switzerland) in a glass-teflon
homogenizer. Tissue was centrifuged at 1,000 g for 10 minutes at 4°C to

remove the nuclear fraction. Resulting supernatant was centrifuged at
13,000 g for 15minutes at 4°C to yield the crude synaptoneurosomal
fraction, which was subsequently resuspended in lysis buffer. Glutathione-
S-transferase pulldowns were then performed as described for cultured
neurons.

Drug Treatments
1-Naphthylacetyl spermine (NASPM, 30 μmol/L; Tocris, Minneapolis, MN,
USA) and D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5; 50 μmol/L,
Tocris) were used to block CP-AMPARs or NMDARs, respectively. Oxygen/
glucose deprivation was performed in the presence of either drug (in the
case of D-AP5, primary cultures were preincubated with 50 μmol/L of the
drug for 5 minutes before OGD and for the duration of OGD). Rac1 or
Tiam1 GST pulldowns were performed immediately after OGD. To block
CaMKII activity, hippocampal cultures were preincubated with 10 μmol/L
KN-62 (Sigma-Aldrich) 30minutes before OGD and for the duration of the
OGD. Tiam1 GST pulldowns were performed after OGD in the presence of
the inhibitor.

DNA Constructs
Complementary oligos (Eurofins MWG Operon, Ebersberg, Germany) were
targeted against bp 772 to 792 of the rat and mouse Tiam1. They were
annealed and inserted in the BbsI/EcoRI sites of the pFIV vector:
5′-AAAGCGGCGGAATTTGGTGTCGGATATTCTCGAGAATATCCGACACCAAATT
CCGTTTTTG-3′ and 5′-AATTCAAAAACGGAATTTGGTGTCGGATATTCTCGAGA
ATATCCGACACCAAATTCCGCCG-3′. EGFP was inserted in the sites NheI/SalI
of pFIV-shTiam1. A scrambled version of Tiam1 shRNA was inserted in
the BbsI/EcoRI sites of the pFIV vector and mCherry was inserted in the

Figure 2. Oxygen/glucose deprivation (OGD) causes differential activation of Rac1, but not Cdc42, in cortical and hippocampal neurons.
(A) Cell lysates from control conditions or after 20 minutes of OGD were incubated with GST-PAK1 immobilized on glutathione-agarose beads
to isolate active (GTP-bound) Rac1. Cell lysates from control conditions were also incubated with GST as a negative control. Representative
blots show the levels of active (PAK1-bound) and total Rac1 (~21 kDa) in hippocampal and cortical neurons under control and OGD
conditions. Graph shows pooled data presented as mean± s.e.m. The proportion of active Rac1 increased in hippocampal neurons and
decreased in cortical neurons in response to OGD. *Po0.05 (T-test). Hippocampal neurons, n= 9 independent cultures; cortical neurons,
n= 11 independent cultures. (B) The same experiment was performed to analyze active Cdc42. Representative blots show a decrease in Cdc42
(~21 kDa) activation in response to OGD in both hippocampal and cortical neurons. *Po0.05 (T-test). Hippocampal neurons, n= 7
independent cultures; Cortical neurons, n= 5 independent cultures. GST, Glutathione-S-transferase.
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NheI/SalI sites. The complimentary oligos for the scrambled shRNA were
5′-AAAGCGGGGTAGATCTGATAGGTCTGTTCTCGAG AACAGACCTATCAGATC
TACCTTTTTG-3′ and 5′-AATTCAAAAAGGTAGATCTGATAGGTCTGTTCTCGAG
AACAGACCTATCAGATCTACCCCG-3′. For rescue experiments, shRNA-resistant
Tiam1 was designed with silent mutations: CGG AAT TTa GTa TCa GAT ATT
(mutations in lower case) and expressed from pIRES-EGFP.

Immunocytochemistry
Neurons were plated on coverslips and analyzed at 15 to 18 days in vitro.
First, cultures were washed three times with PBS at room temperature.
Neurons were fixed with 4% paraformaldehyde (Sigma Aldrich) and 5%
sucrose for 14minutes at room temperature. After three washes with PBS,
neurons were permeabilized with 0.1% Triton X-100 in PBS for 10minutes
at room temperature. Neurons were incubated with 1% BSA in PBS for
30minutes at room temperature before incubation with anti-Tiam1 (Santa
Cruz Biotechnology, Dallas, TX, USA) 1 hour at room temperature. After
three washes with PBS, the coverslips were incubated with Cy3 secondary
antibody in PBS for 45minutes at room temperature. The coverslips were
finally washed in PBS and mounted on glass slides in 5 μL Mowiol (Sigma
Aldrich). Cells were imaged on a LSM 510 Meta (Zeiss, Jena, Germany)
confocal microscope using a × 40 oil-immersion objective. Image proces-
sing was performed in ImageJ (NIH, CA, USA).

Live Imaging
Live confocal images of dendrites were taken using a × 60 oil-immersion
objective of a Nikon Eclipse Ti-E microscope (Tokyo, Japan). Neuronal

cultures were placed on a heated stage set at 37°C and they were
constantly perfused with HEPES buffered saline at 37°C at a flow rate of
3 mL/min. Z-stacks of 8 to 18 images were acquired every 10minutes at
512× 512 resolution with a z-stack step size of 0.4 μm. An initial z-stack was
taken of the resting neuron in the presence of glucose and oxygen. The
buffer was then switched to glucose-free HEPES buffered saline bubbled
with nitrogen for OGD. Neurons were perfused with this buffer for 20
minutes and then the buffer was switched to glucose-containing HEPES
buffered saline in normoxic conditions.
Maximum intensity projections were generated, and the cross-sectional

area of dendritic spines was measured using the ImageJ software (NIH,
CA, USA).

RESULTS
Oxygen/Glucose Deprivation Induces Differential Spine Shrinkage
in Cortical and Hippocampal Neurons
Previous studies have shown that dendritic spine morphology is
affected by OGD, but the details are unclear.7–9,17 We used live
confocal imaging to directly compare OGD-induced changes in
spine morphology on cultured hippocampal and cortical neurons.
The spines of both cell populations rapidly shrank during OGD,
with significant shrinkage observed after 10 minutes of OGD, and
this effect was persistent after re-exposure to normal medium
containing oxygen and glucose (Figures 1A to 1D). Interestingly,

Figure 3. Tiam1 is activated in response to oxygen/glucose deprivation (OGD) in hippocampal, but not in neurons. (A) Endogenous expression
of Tiam1 (~177 kDa) is higher in hippocampal neurons compared with cortical neurons. Representative blots show total endogenous Tiam1 in
cell lysates prepared from hippocampal and cortical cultures. Tubulin (~55 kDa) was the loading control. Graph shows Tiam1 level normalized
to tubulin presented as mean± s.e.m. *Po0.05 (T-test). Hippocampal neurons, n= 6 independent cultures; cortical neurons, n= 6
independent cultures. (B) Cell lysates from control conditions or after 20minutes of OGD were incubated with GST-RacG15A immobilized on
glutathione-agarose beads to isolate activated Tiam1. Cell lysates from control conditions were also incubated with GST as a negative control.
Representative blots show the levels of active (RacG15A-bound) and total Tiam1 in hippocampal and cortical neurons under control and OGD
conditions. Graph shows pooled data presented as mean± s.e.m. The proportion of active Tiam1 increased in hippocampal neurons but was
unchanged in cortical neurons in response to OGD. *Po0.05 (T-test). Hippocampal neurons, n= 8 independent cultures; cortical neurons,
n= 7 independent cultures. (C) Lysates from cortical and hippocampal synaptoneurosomes prepared from rats subjected to transient
forebrain ischemia or controls were incubated with GST-RacG15A immobilized on glutathione-agarose beads to isolate activated Tiam1.
Control samples were also incubated with GST as a negative control. Representative blots show the levels of active (RacG15A-bound) and total
Tiam1 in hippocampal and cortical synaptoneurosomes under control and ischemic conditions. Graph shows pooled data presented as
mean± s.e.m. The proportion of active Tiam1 increased in hippocampal synaptoneurosomes but was unchanged in cortical neurons in
response to ischemia. *Po0.05 (T-test). Control, n= 7 animals; ischemia, n= 8 animals. GST, Glutathione-S-transferase.
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spine shrinkage on cortical neurons (~54% shrinkage at 40
minutes time point compared with 0 minute) was significantly
more pronounced than on hippocampal neurons (~22% shrinkage
at 40 minutes time point compared with 0 minute; Figures 1B to
1D). The initial spine shrinkage, observed at 10 minutes after the
onset of OGD, was not significantly different between cell types.
After this time, spines on hippocampal neurons were stable,
whereas cortical neurons continued to shrink during OGD expo-
sure, suggesting a divergence of mechanisms regulating spine size
in the two neuronal populations. To investigate whether spine
shrinkage during OGD resulted in a reduction in the total number
of spines, we analyzed the linear spine density in both types of
neuron. Spine density was not affected in hippocampal or cortical
neurons during OGD (Figure 1E).

Rac1 and Tiam1 Are Differentially Regulated in Response to
Oxygen/Glucose Deprivation in Cortical and Hippocampal
Neurons
Since Rac1 and Cdc42 are involved in regulating dendritic spine
morphology,11 we hypothesized that differential GTPase activation
might have a role in the observed spine remodelling in response
to OGD. To analyze the endogenous levels of active GTP-bound
GTPases in neurons in response to OGD, we used a GST fusion of
the CRIB domain of p21-activated protein kinase 1 (PAK1), to
specifically pull down the active state of Rac1 and Cdc42. Oxygen/

glucose deprivation caused a marked decrease in the proportion
of activated Rac1 in cortical neurons, in contrast to hippocampal
neurons, which showed a significant OGD-induced increase in
activated Rac1 under the same conditions (Figure 2A). In contrast,
OGD caused a decrease in the activated state of Cdc42 in both
hippocampal and cortical neuronal cultures (Figure 2B). These
results suggest a differential regulation of a Rac1 pathway in
hippocampal and cortical neurons in response to OGD.
To investigate upstream regulators that control Rac1 activation

during OGD, we focused on the Rac-specific GEF Tiam1, since a
Tiam1/Rac1 pathway has previously been suggested to regulate
spine morphology under basal conditions.16 Initially, we analyzed
endogenous expression of Tiam1 in hippocampal and cortical
neurons by western blotting, which indicated that Tiam1 expres-
sion is significantly higher in hippocampal neurons compared with
cortical neurons (Figure 3A). These results were in accordance with
a previous study suggesting that Tiam1 is expressed at a higher
level in the hippocampus compared with cortex in the mouse
brain.18 As well as total Tiam1 expression, we analyzed the
proportion of Tiam1 activated in response to OGD. RacG15A is a
nucleotide-free mutant of Rac1 that has a high affinity for
activated Rac GEFs.19 Glutathione-S-transferase pulldown assays
using GST-RacG15A showed that Tiam1 was activated by OGD in
total protein extracts from cultured hippocampal neurons but
unaffected in cortical neurons (Figure 3B). To investigate whether
Tiam1 activation is differentially activated in cortex and

Figure 4. Oxygen/glucose deprivation (OGD)-induced activation of Tiam1 and Rac1 in hippocampal neurons is abolished after blockade of Ca2+-
permeable AMPA receptors (CP-AMPARs) or NMDA receptors (NMDARs). (A) Cultures were treated with drugs as shown (see Materials and
methods) and active Rac1 was analyzed using GST-PAK1 pulldowns as in Figure 2. Representative blots show the levels of active (PAK1-bound)
and total Rac1 in hippocampal neurons in control and OGD conditions with or without drug treatments. Graph shows pooled data presented
as mean± s.e.m. The OGD-induced activation of Rac1 is abolished by blocking CP-AMPARs or NMDARs with 30 μmol/L 1-naphthylacetyl
spermine (NASPM) or 50 μmol/L D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5), respectively. *Po0.05 (T-test). Vehicle, n= 8 independent
cultures; NASPM, n= 6 independent cultures; D-AP5, n= 5 independent cultures. (B) Cultures were treated with drugs as shown and active
Tiam1 was analyzed using GST-RacG15A pulldowns as in Figure 3. Representative blots show the levels of active (RacG15A-bound) and total
Tiam1 in hippocampal neurons under control and OGD conditions with or without drug treatments. Graph shows pooled data presented as
mean± s.e.m. The OGD-induced activation of Tiam1 was abolished by NASPM or D-AP5. *Po0.05 (T-test). Vehicle, n= 7 independent cultures;
NASPM, n= 6 independent cultures; D-AP5, n= 6 independent cultures. GST, Glutathione-S-transferase.

OGD spine shrinkage in hippocampal and cortical neurons
E Blanco-Suárez et al

1902

Journal of Cerebral Blood Flow & Metabolism (2014), 1898 – 1906 © 2014 ISCBFM



hippocampus after ischemia in vivo, we used GST-RacG15A
pulldowns to isolate active Tiam1 from synaptoneurosome lysates
prepared from rats exposed to transient global forebrain ischemia.
In agreement with the neuronal culture data, Tiam1 is specifically
activated at hippocampal synapses, but not at cortical synapses in
response to ischemia in vivo (Figure 3C).

Tiam1/Rac1 Are Activated by a Pathway Involving NMDA
Receptors, Ca2+-Permeable AMPA Receptors, and CaMKII in
Hippocampal Neurons During Oxygen/Glucose Deprivation
We previously showed that the rapid, NMDAR-dependent surface
expression of CP-AMPARs during OGD differs between cortical and
hippocampal neurons, and further that CP-AMPARs contribute to
the excitotoxic effects of the insult in hippocampal neurons.4,20

We therefore hypothesized that the OGD-induced activation of
Tiam1/Rac1 in hippocampal neurons may be downstream of CP-
AMPAR stimulation. To test this hypothesis, we investigated the
effect of NMDAR or CP-AMPAR blockade on OGD-induced Tiam1
activation. When either NMDARs or CP-AMPARs were blocked with
D-AP5 or NASPM respectively, the OGD-triggered activation of
both Rac1 and Tiam1 in hippocampal neurons was abolished
(Figures 4A and 4B).
Previous work in fibroblasts showed that CaMKII can phosphor-

ylate and activate Tiam1, stimulating nucleotide exchange activity
toward active Rac1.21 Furthermore, CaMKII is activated by NMDAR-

mediated Ca2+ influx.22 These observations suggested that CaMKII
might be an activator of Tiam1 in hippocampal neurons in res-
ponse to OGD, so we investigated the effect of pharmacological
CaMKII inhibition on OGD-induced Tiam1 activation. Figure 5A
shows that KN-62 completely blocks the increase in active Tiam1
after OGD. Moreover, endogenous expression of CaMKIIα was
higher in hippocampal neurons compared with cortical neurons
(Figure 5B), indicating that hippocampal neurons are better
equipped to activate Tiam1 via this mechanism.

Tiam1 Knockdown Causes Further Spine Shrinkage in Response to
Oxygen/Glucose Deprivation in Hippocampal Neurons
To test the hypothesis that high Tiam1 activity underlies the
relatively small OGD-induced spine shrinkage in hippocampal
neurons, we generated an shRNA construct to knock down Tiam1
expression. Figure 6 shows that Tiam1 shRNA caused an ~ 66%
knockdown of Tiam1 compared with a scrambled shRNA, 5 days
after transfection in cultured hippocampal neurons and that
Tiam1 expression is rescued by co-transfection with shRNA-
resistant Tiam1.
We subsequently expressed Tiam1 shRNA in hippocampal

neurons and analyzed OGD-induced spine shrinkage. Neurons
expressing Tiam1 shRNA showed a significantly greater degree of
OGD-induced spine shrinkage compared with control neurons
expressing scrambled shRNA at the 40-minute time point, and the

Figure 5. CaMKII activity is required for the oxygen/glucose deprivation (OGD)-induced activation of Tiam1 in hippocampal neurons.
(A) CaMKII inhibition blocks the OGD-induced increase in Tiam1 activity. Cultures were treated with 10 μmol/L KN62 or vehicle as shown and
active Tiam1 was analyzed using GST-RacG15A pulldowns as in Figure 3. Representative blots show the levels of active (RacG15A-bound) and
total Tiam1 in hippocampal neurons under control and OGD conditions with or without KN62. Graph shows pooled data presented as
mean± s.e.m. OGD-induced Tiam1 activation is abolished when CaMKII is blocked with KN62. *Po0.05 (T-test). Vehicle, n= 5 independent
cultures; KN62, n= 7 independent cultures. (B) Endogenous expression of CaMKII (~54 kDa) is higher in hippocampal neurons compared with
cortical neurons. Representative blots show total endogenous CaMKII in cell lysates prepared from hippocampal and cortical cultures. GAPDH
(~37 kDa) was the loading control. Graph shows CaMKII level normalized to GAPDH, presented as mean± s.e.m. *Po0.05 (T-test).
Hippocampal neurons, n= 6 independent cultures; cortical neurons, n= 6 independent cultures. GST, Glutathione-S-transferase.
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effect of Tiam1 knockdown was reversed by coexpression of the
shRNA-resistant Tiam1 (Figures 7A and 7B). These results show
that Tiam1 limits spine shrinkage in hippocampal neurons in
response to OGD. To test the hypothesis that spine shrinkage
reduces neuronal vulnerability to OGD, we compared neuronal
death in hippocampal cultures expressing normal and reduced
levels of Tiam1. The nuclei of apoptotic cells have a fragmented
morphology, in contrast to healthy cells, which have intact,
rounded nuclei with high contrast edges.23 To visualize neuronal
nuclei, we stained cultures with Hoechst reagent 48 hours after
OGD. Control neurons expressing GFP show a fourfold increase in
fragmented nuclei in response to OGD, indicating a high degree of
vulnerability to insult. In contrast, the nuclei of neurons expressing
Tiam1 shRNA are unaffected by OGD, showing that reducing
Tiam1 expression is neuroprotective (Figures 7C and 7D).

DISCUSSION
Our results show that differential Rac1 activation via the Rac-
specific GEF Tiam1 underlies distinct OGD-induced morphologic
changes of spines in cortical and hippocampal neurons. Moreover,
the pathways that regulate Rac1 activation appear to diverge in the
two cell types. In hippocampal neurons, high CaMKII and Tiam1
activity lead to an increase in active Rac1 after CP-AMPAR
stimulation during OGD. In contrast, Tiam1 activation is unaffected
by OGD in cortical neurons, indicating that this pathway is
not triggered during OGD in this cell type. Oxygen/glucose
deprivation-induced spine shrinkage on hippocampal neurons is
significantly less pronounced than on cortical neurons, and Tiam1
knockdown in hippocampal neurons causes an increase in spine
shrinkage, showing a critical role for Tiam1 in determining the
morphologic response to OGD. The effect of Tiam1 knockdown on
OGD-induced spine shrinkage is seen at later time points (20
minutes after insult), but not during OGD exposure. In contrast, the
difference between wild-type hippocampal and cortical neurons is

evident during OGD. This indicates that the phenotype of
hippocampal neurons with reduced Tiam1 is not identical to
wild-type cortical neurons, suggesting the involvement of addi-
tional cell type-specific factors in OGD-stimulated spine shrinkage.
Activation of Rac1 has previously been shown to cause dendritic

spine enlargement after synaptic stimulation or under basal
conditions.16,24 In the light of these previous observations alone,
our Rac1 activation results would predict an OGD-induced increase
in spine size in hippocampal neurons, and a decrease in spine size
in cortical neurons. However, our experiments show that hippo-
campal neurons exhibit a small decrease in spine size in response
to insult. This suggests that an additional, Tiam1-independent
pathway favoring spine shrinkage is recruited in both cell types in
response to OGD. This unknown pathway might involve a Rac1
GAP as the critical regulator, which would account for the OGD-
induced Rac1 deactivation observed in cortical neurons, or an
alternative Rac1-independent pathway that drives spine shrink-
age. The simultaneous increase in Tiam1 activation in hippocam-
pal neurons offsets the effect of this additional pathway and
consequently limits OGD-induced spine shrinkage. Further work
will be necessary to define the pathway that drives spine shrin-
kage in response to OGD, and to elucidate the molecular
machinery that leads to OGD-induced Rac1 deactivation in cortical
neurons.
We show here that activation of the Tiam1/Rac1 pathway

during OGD in hippocampal neurons requires NMDAR and CP-
AMPAR stimulation. Oxygen/glucose deprivation causes a rapid
NMDAR-dependent trafficking of CP-AMPARs to synapses in
hippocampal neurons that is required for delayed neuronal death,
and we recently showed that the AMPAR subunit-specific
trafficking mechanisms recruited in response to OGD are different
in cultured hippocampal and cortical neurons.4,20 The results from
the current study define the CaMKII/Tiam1/Rac1 pathway as a
critical downstream effector of CP-AMPAR activation in hippo-
campal neurons after OGD.

Figure 6. Validation of Tiam1 shRNA. Hippocampal neurons were cotransfected with pFIV-scrambled shRNA-mCherry plus GFP-IRES (control),
pFIV-shTiam1-mCherry plus GFP-IRES (shTiam1), or pFIV-shTiam1-mCherry plus GFP-IRES-shRNA resistant Tiam1 (rescue) and Tiam1
expression was visualized by immunocytochemistry and confocal imaging. The mCherry signal was used as a mask and the average Tiam1
fluorescence intensity within that area was determined. Cells expressing Tiam1 shRNA showed a significant decrease in Tiam1 expression
compared with controls. Arrows show transfected cells. (A) Representative images of transfected neurons stained for Tiam1. (B) Graph shows
pooled data for fluorescence intensity presented as mean± s.e.m. ***Po0.001 (one-way ANOVA with Bonferroni correction). Scramble, n= 5
cells; shTiam1, n= 10 cells; Rescue, n= 23 cells.
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Our results indicate that CaMKII is required for the OGD-induced
activation of the Tiam1/Rac1 pathway in hippocampal neurons. It
was previously reported that rat strains with a higher endogenous
expression of CaMKII showed a higher vulnerability to excitotoxi-
city in the striatum.25 A later study found no correlation between
CaMKII protein expression levels and vulnerability to insult in
different brain areas, but instead suggested that vulnerable striatal
neurons exhibited greater CaMKII activity after ischemic insult
compared with resistant cortical neurons.26 These studies there-
fore support a role for CaMKII activation in ischemic cell death
pathways and in the differential responses of distinct neuronal
populations to ischemia. CaMKII is known to be activated by
NMDAR stimulation.27 Since we show that the OGD-induced
Tiam1/Rac1 activation is CP-AMPAR dependent, our results
suggest that under OGD conditions, CaMKII may also be activated
by Ca2+ influx mediated by CP-AMPARs.

Changes in dendritic morphology have been previously
reported at early stages of global brain ischemia.8,28,29 While a
reliable cell type-specific pattern has not yet emerged from the
published literature, it appears that cortical neurons generally
respond to ischemia with spine retraction.28–30 In contrast, spine
growth has been reported in response to ischemia in hippocampal
neurons.8,17 Our results are broadly consistent with these obser-
vations, however we do not observe spine growth in hippocampal
neurons, but instead a very modest shrinkage compared with the
dramatic effect in cortical neurons. This discrepancy may reflect
the different cellular environment of cultured neurons compared
with neurons in vivo, for example, the influence of astrocytes or
blood flow. Nonetheless, in both experimental systems, there
is a marked difference in OGD-induced spine remodelling in
hippocampal and cortical neurons that can be explained by
differential Tiam1/Rac1 activation. Spine shrinkage may represent

Figure 7. Tiam1 knockdown causes increased spine shrinkage and reduced cell death in hippocampal neurons in response to oxygen/glucose
deprivation (OGD). (A) Representative time course images of individual dendritic spines on hippocampal neurons expressing pFIV-scramble-
mCherry, pFIV-shTiam1-mCherry, or pFIV-shTiam1-mCherry plus GFP-IRES-shRNA resistant Tiam1. Neurons were imaged before, during, and
after OGD using confocal microscopy. Scale bar 2 μm. (B) Pooled data for analysis of cross-sectional spine area over time for hippocampal
neurons shown in (A), represented as mean± s.e.m. Neurons expressing reduced levels of Tiam1 showed more pronounced spine shrinkage.
**Po0.01 (ANOVA with Bonferroni correction). Scramble, n= 42 spines from 6 neurons in 3 independent cultures; shTiam1, n= 55 spines from
9 neurons in 3 independent cultures; Rescue, n= 64 spines from 9 neurons in 3 independent cultures. (C) Representative images of
hippocampal neurons stained with Hoechst to visualize nuclei in control or OGD conditions. Neurons were expressing either a control vector
(pFIV-EGFP) or pFIV-shTiam1-EGFP. Arrows show nuclei of transfected cells. (D) Tiam1 knockdown caused a significant reduction in cell death
48 hours after OGD. In all, 15 to 20 transfected neurons were counted per culture, and cells with fragmented nuclei were defined as apoptotic.
*Po0.05, **Po0.01 (one-way ANOVA with Bonferroni correction). Control, n= 4 independent cultures; OGD, n= 3 independent cultures.
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a neuroprotective mechanism, because it reflects reduced
excitatory synaptic input and hence reduced excitotoxicity.31 This
hypothesis is supported by a report that blockade of CP-AMPARs
up to 40 hours after global ischemia affords neuroprotection in
CA1, showing that synaptic stimulation postinsult contributes to
neuronal death.32 However, it has also been shown that synaptic
activation of NMDARs can be neuroprotective,33 suggesting that
there may be additional, more specific mechanisms at play, which
differentially affect NMDARs and CP-AMPARs at the synapse after
OGD. We show here that Tiam1 knockdown, an intervention that
enhances spine shrinkage, is neuroprotective in hippocampal
neurons. Hence, the relative stability of dendritic spine size in
hippocampal neurons as a result of Tiam1/Rac1 activation may
contribute to the vulnerability of this cell type to OGD.
In conclusion, we have shown that a Tiam1/Rac1 pathway is

activated in hippocampal neurons but not in cortical neurons in
response to OGD. This pathway requires CaMKII activity and the
stimulation of both NMDARs and CP-AMPARs. We have also
shown that hippocampal neurons exhibit significantly less spine
shrinkage compared with cortical neurons, and that this difference
is at least in part due to greater Tiam1 activity in hippocampal
neurons. This work suggests that Tiam1-dependent signalling
pathways may be a suitable therapeutic target for manipulating
neuronal susceptibility to brain ischemia.

DISCLOSURE/CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGMENTS
The authors thank M Bass for GST-RacG15A and LZRS Tiam1 constructs, and K
Wilkinson for assistance with shRNA design. This work was funded by SyMBaD—ITN
Marie Curie Actions 238608.

REFERENCES
1 Nishizawa Y. Glutamate release and neuronal damage in ischemia. Life Sci 2001;

69: 369–381.
2 Schmidt-Kastner R, Freund TF. Selective vulnerability of the hippocampus in brain

ischemia. Neuroscience 1991; 40: 599–636.
3 Zhu H, Yoshimoto T, Imajo-Ohmi S, Dazortsava M, Mathivanan A, Yamashima T.

Why are hippocampal CA1 neurons vulnerable but motor cortex neurons resistant
to transient ischemia? J Neurochem 2012; 120: 574–585.

4 Blanco-Suarez E, Hanley JG. Distinct subunit-specific alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor trafficking mechanisms in
cultured cortical and hippocampal neurons in response to oxygen and glucose
deprivation. J Biol Chem 2014; 289: 4644–4651.

5 Kasai H, Fukuda M, Watanabe S, Hayashi-Takagi A, Noguchi J. Structural dynamics
of dendritic spines in memory and cognition. Trends Neurosci(2010; 33: 121–129.

6 Penzes P, Cahill ME, Jones KA, VanLeeuwen JE, Woolfrey KM. Dendritic spine
pathology in neuropsychiatric disorders. Nat Neurosci 2011; 14: 285–293.

7 Zhang S, Boyd J, Delaney K, Murphy TH. Rapid reversible changes in dendritic
spine structure in vivo gated by the degree of ischemia. J Neurosci 2005; 25:
5333–5338.

8 Ruan YW, Lei Z, Fan Y, Zou B, Xu ZC. Diversity and fluctuation of spine mor-
phology in CA1 pyramidal neurons after transient global ischemia. J Neurosci Res
2009; 87: 61–68.

9 Brown CE, Wong C, Murphy TH. Rapid morphologic plasticity of peri-infarct
dendritic spines after focal ischemic stroke. Stroke 2008; 39: 1286–1291.

10 Hotulainen P, Hoogenraad CC. Actin in dendritic spines: connecting dynamics to
function. J Cell Biol 2010; 189: 619–629.

11 Penzes P, Rafalovich I. Regulation of the actin cytoskeleton in dendritic spines.
Adv Exp Med Biol 2012; 970: 81–95.

12 Jaffe AB, Hall A. Rho GTPases: biochemistry and biology. Annu Rev Cell Dev Biol
2005; 21: 247–269.

13 Tolias KF, Duman JG, Um K. Control of synapse development and plasticity by Rho
GTPase regulatory proteins. Prog Neurobiol 2011; 94: 133–148.

14 Raz L, Zhang QG, Zhou CF, Han D, Gulati P, Yang LC et al. Role of Rac1 GTPase in
NADPH oxidase activation and cognitive impairment following cerebral ischemia
in the rat. PLoS ONE 2010; 5: e12606.

15 Zhang QG, Wang R, Han D, Dong Y, Brann DW. Role of Rac1 GTPase in JNK
signaling and delayed neuronal cell death following global cerebral ischemia.
Brain Res 2009; 1265: 138–147.

16 Tolias KF, Bikoff JB, Burette A, Paradis S, Harrar D, Tavazoie S et al. The Rac1-GEF
Tiam1 couples the NMDA receptor to the activity-dependent development of
dendritic arbors and spines. Neuron 2005; 45: 525–538.

17 Jourdain P, Nikonenko I, Alberi S, Muller D. Remodeling of hippocampal synaptic
networks by a brief anoxia-hypoglycemia. J Neurosci 2002; 22: 3108–3116.

18 Ehler E, van Leeuwen F, Collard JG, Salinas PC. Expression of Tiam-1 in the
developing brain suggests a role for the Tiam-1-Rac signaling pathway in cell
migration and neurite outgrowth. Mol Cell Neurosci 1997; 9: 1–12.

19 Garcia-Mata R, Wennerberg K, Arthur WT, Noren NK, Ellerbroek SM, Burridge K.
Analysis of activated GAPs and GEFs in cell lysates. Methods Enzymol 2006; 406:
425–437.

20 Dixon RM, Mellor JR, Hanley JG. PICK1-mediated glutamate receptor subunit 2
(GluR2) trafficking contributes to cell death in oxygen/glucose-deprived hippo-
campal neurons. J Biol Chem 2009; 284: 14230–14235.

21 Fleming IN, Elliott CM, Buchanan FG, Downes CP, Exton JH. Ca2+/calmodulin-
dependent protein kinase II regulates Tiam1 by reversible protein phosphoryla-
tion. J Biol Chem 1999; 274: 12753–12758.

22 Lisman J, Yasuda R, Raghavachari S. Mechanisms of CaMKII action in long-term
potentiation. Nat Rev Neuroscience 2012; 13: 169–182.

23 Martel MA, Ryan TJ, Bell KF, Fowler JH, McMahon A, Al-Mubarak B et al. The
subtype of GluN2 C-terminal domain determines the response to excitotoxic
insults. Neuron 2012; 74: 543–556.

24 Xie Z, Srivastava DP, Photowala H, Kai L, Cahill ME, Woolfrey KM et al. Kalirin-7
controls activity-dependent structural and functional plasticity of dendritic spines.
Neuron 2007; 56: 640–656.

25 Lecrux C, Nicole O, Chazalviel L, Catone C, Chuquet J, MacKenzie ET et al.
Spontaneously hypertensive rats are highly vulnerable to AMPA-induced brain
lesions. Stroke 2007; 38: 3007–3015.

26 Skelding KA, Spratt NJ, Fluechter L, Dickson PW, Rostas JA. alphaCaMKII is dif-
ferentially regulated in brain regions that exhibit differing sensitivities to ischemia
and excitotoxicity. J Cereb Blood Flow Metab 2012; 32: 2181–2192.

27 Coultrap SJ, Bayer KU. CaMKII regulation in information processing and storage.
Trends Neurosci 2012; 35: 607–618.

28 Murphy TH, Li P, Betts K, Liu R. Two-photon imaging of stroke onset in vivo reveals
that NMDA-receptor independent ischemic depolarization is the major cause of
rapid reversible damage to dendrites and spines. J Neurosci 2008; 28: 1756–1772.

29 Tran S, Chen S, Liu RR, Xie Y, Murphy TH. Moderate or deep local hypothermia
does not prevent the onset of ischemia-induced dendritic damage. J Cereb Blood
Flow Metab 2012; 32: 437–442.

30 Brown CE, Wong C, Murphy TH. Rapid morphologic plasticity of peri-infarct
dendritic spines after focal ischemic stroke. Stroke 2008; 39: 1286–1291.

31 Meller R, Thompson SJ, Lusardi TA, Ordonez AN, Ashley MD, Jessick V et al.
Ubiquitin proteasome-mediated synaptic reorganization: a novel mechanism
underlying rapid ischemic tolerance. J Neurosci 2008; 28: 50–59.

32 Noh KM, Yokota H, Mashiko T, Castillo PE, Zukin RS, Bennett MV. Blockade of
calcium-permeable AMPA receptors protects hippocampal neurons against global
ischemia-induced death. Proc Natl Acad Sci USA 2005; 102: 12230–12235.

33 Hardingham GE, Fukunaga Y, Bading H. Extrasynaptic NMDARs oppose synaptic
NMDARs by triggering CREB shut-off and cell death pathways. Nat Neurosci 2002;
5: 405–414.

OGD spine shrinkage in hippocampal and cortical neurons
E Blanco-Suárez et al

1906

Journal of Cerebral Blood Flow & Metabolism (2014), 1898 – 1906 © 2014 ISCBFM


	Differential Tiam1/Rac1 activation in hippocampal and cortical neurons mediates differential spine shrinkage in response to oxygen/glucose deprivation
	Introduction
	Materials and methods
	Cell Cultures and Transfection
	Oxygen/Glucose Deprivation
	Cell Death Assay

	Figure 1 Oxygen/glucose deprivation (OGD) triggers differential spine shrinkage in cortical and hippocampal neurons.
	Active Rac1 and Active Tiam1 Glutathione-S-Transferase Pulldowns
	Drug Treatments
	DNA Constructs

	Figure 2 Oxygen/glucose deprivation (OGD) causes differential activation of Rac1, but not Cdc42, in cortical and hippocampal neurons.
	Immunocytochemistry
	Live Imaging

	Results
	Oxygen/Glucose Deprivation Induces Differential Spine Shrinkage in Cortical and Hippocampal Neurons

	Figure 3 Tiam1 is activated in response to oxygen/glucose deprivation (OGD) in hippocampal, but not in neurons.
	Rac1 and Tiam1 Are Differentially Regulated in Response to Oxygen/Glucose Deprivation in Cortical and Hippocampal Neurons

	Figure 4 Oxygen/glucose deprivation (OGD)-induced activation of Tiam1 and Rac1 in hippocampal neurons is abolished after blockade of Ca2+-permeable AMPA receptors (CP-AMPARs) or NMDA receptors (NMDARs).
	Tiam1/Rac1 Are Activated by a Pathway Involving NMDA Receptors, Ca2+-Permeable AMPA Receptors, and CaMKII in Hippocampal Neurons During Oxygen/Glucose Deprivation
	Tiam1 Knockdown Causes Further Spine Shrinkage in Response to Oxygen/Glucose Deprivation in Hippocampal Neurons

	Figure 5 CaMKII activity is required for the oxygen/glucose deprivation (OGD)-induced activation of Tiam1 in hippocampal neurons.
	Discussion
	Figure 6 Validation of Tiam1 shRNA.
	Figure 7 Tiam1 knockdown causes increased spine shrinkage and reduced cell death in hippocampal neurons in response to oxygen/glucose deprivation (OGD).
	A5
	A6
	ACKNOWLEDGEMENTS
	REFERENCES




