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Estrogen’s Effects on Excitatory Synaptic Transmission
Entail Integrin and TrkB Transactivation and Depend Upon

Bl-integrin function

Weisheng Wang', Svetlana Kantorovich', Alex H Babayan', Bowen Hou', Christine M Gall*"? and

Gary Lynch™'?

'Department of Anatomy and Neurobiology, University of California, Irvine, CA, USA; “Department of Neurobiology and Behavior, University of
Cdlifornia, Irvine, CA, USA; 3 Department of Psychiatry and Human Behavior, University of California, Irvine, CA, USA

Estradiol (E2) perfusion rapidly increases the strength of fast excitatory transmission and facilitates long-term potentiation in the
hippocampus, two effects likely related to its memory-enhancing properties. Past studies showed that E2’s facilitation of transmission
involves activation of RhoA signaling leading to actin polymerization in dendritic spines. Here we report that brief exposure of adult male
hippocampal slices to | nM E2 increases the percentage of postsynaptic densities associated with high levels of immunoreactivity for
activated forms of the BDNF receptor TrkB and Bl-integrins, two synaptic receptors that engage actin regulatory RhoA signaling. The
effects of E2 on baseline synaptic responses were unaffected by pretreatment with the TrkB-Fc scavenger for extracellular BDNF or TrkB
antagonism, but were eliminated by neutralizing antisera for fI-integrins. E2 effects on synaptic responses were also absent in conditional
Bl-integrin knockouts, and with inhibition of matrix metalloproteinases, extracellular enzymes that generate integrin ligands. We propose
that E2, acting through estrogen receptor-, transactivates synaptic TrkB and f|-integrin, and via mechanisms dependent on integrin
activation and signaling, reversibly reorganizes the spine cytoskeleton and thereby enhances synaptic responses in adult hippocampus.

INTRODUCTION

Acute treatments with estradiol (E2), the most potent and
prevalent estrogen, improve learning in male and female
rodents, while reduced levels impair retention in a variety
of behavioral paradigms in female rodents (Luine and
Frankfurt, 2012). Understanding processes responsible for
these effects would be a significant step towards the develop-
ment of cellular explanations for a broad range of memory-
related phenomena. Neurobiological studies have identified
two effects of E2 that constitute plausible explanations for its
rapid actions on memory and cognition: (1) brief exposures
rapidly enhance transmission within cortical networks, and
(2) E2 lowers the threshold for inducing long-term potentiation
(LTP), a form of plasticity implicated in memory encoding
(Bi et al, 20005 Foy et al, 1999; Kramar et al, 2009). How the
steroid produces these actions is not yet understood. One
possibility is suggested by recent work showing that E2
engages actin-regulatory signaling involved in the production
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of LTP (Kramar et al, 2009; Yuen et al, 2011) and may
thereby produce a mild and reversible potentiation of
excitatory synaptic responses. Specifically, cytoskeletal effects
of E2 are associated with stimulation of RhoA GTPase
signaling leading to phosphorylation (inactivation) of the
actin-depolymerizing protein cofilin. Moreover, E2-induced
increases in the strength of synaptic transmission are
accompanied by actin polymerization in dendritic spines
and both effects are blocked by latrunculin (Kramar et al,
2009), which disrupts actin filament assembly.

The present studies further investigated mechanisms
through which E2 influences the spine cytoskeleton. It has
been proposed (Spencer et al, 2008) that E2 transactivates
synaptic TrkB receptors for BDNF. This possibility is of
considerable interest here because BDNF engages RhoA-to-
cofilin signaling leading to LTP-related actin polymerization
(Panja and Bramham, 2014; Rex et al, 2009). We first
determined if E2 increases TrkB phosphorylation at excitatory
synapses in adult rat hippocampus and then asked if scavenging
extracellular BDNF blunts the effects of E2 on transmission.

Integrins constitute a second group of receptors that
have an essential role in structural changes required for
shifting synapses into the potentiated state. Integrins are
ap heterodimeric transmembrane proteins that mediate cell-
extracellular matrix adhesion and exert a strong regulatory
influence on the actin cytoskeleton (DeMali et al, 2003).
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1 Family integrins are localized to excitatory synapse post-
synaptic densities (PSDs) (Mortillo et al, 2012) and critical
for activity-induced synaptic plasticity and the associated
actin remodeling (Chan et al, 2006; Kramar et al, 2006; Nagy
et al, 2006; Wang et al, 2008). Moreover, integrins influence
signaling by neighboring receptors including those for
estrogen and growth factors (Meng et al, 2011; Miranti and
Brugge, 2002; Munger and Sheppard, 2011). Accordingly, we
tested if in acute hippocampal slices E2 perfusion activates
synaptic pl-integrins and if neutralizing f1 function reduces
the steroid’s effect on transmission.

MATERIALS AND METHODS
Hippocampal Slice Electrophysiology

Acute hippocampal slices were prepared from young adult
male and female rats (Sprague-Dawley; 40-50 days old) and
mice (C57BL6/]; 2.5-3 months), collected into chilled high
magnesium artificial cerebral spinal fluid (ACSF) contain-
ing (in mM): 124 NaCl, 3 KCl, 1.25 KH,POy, 5.0 MgSO,,
26 NaHCOs3, and 10 dextrose and then transferred to an
interface recording chamber at 31 +1°C with 60-70 ml/h
infusion of oxygenated ACSF containing (in mM): 124 NaCl,
3 KCl, 1.25 KH,POy, 1.5 MgSOy, 26 NaHCO3, 2.5 CaCl,, and
10 dextrose (Trieu et al, 2015). Experiments began 1.5-2h
later. To study responses of Schaffer-commissural (S-C)
innervation of field CA1b stratum radiatum (SR), stimulat-
ing electrodes were placed in CAla and CAlc SR and a
glass recording electrode (2M NaCl filled, 2-3 MQ) was
positioned in CA1b SR. Stimulation intensity was set to elicit
field EPSPs (fEPSPs) that were 50-60% of the maximum
spike-free response. fEPSP initial slopes and peak amplitudes
were measured using NACGather 2.0 (Theta Burst Corp.,
Irvine, CA, USA). Baseline stimulation was applied as single
pulses at 3/min. LTP was induced with one train of theta
burst stimulation (TBS: 10 bursts of 4 pulses at 100 Hz,
200 ms between bursts; at baseline stimulation intensity).
For quantitative analyses, the ‘N’ values reflect the number of
slices per group.

Drug Application

Antagonists were introduced to the ACSF perfusion line
using a syringe pump; E2 was introduced via the ACSF
perfusate at 1.17 baseline rate. Vehicle controls and
antagonists were run in parallel using slices from the same
animal. Drug, neutralizing antisera, and TrkB-Fc experi-
ments used concentrations selected from the literature and our
prior work. Agents used included estrogen receptor-a (ERa)
antagonist MPP (1, 3-Bis (4-hydroxyphenyl)-4-methyl-5-[4-(2-
piperidinylethoxy) phenol]-1H-pyrazole dihydrochloride), ERS
antagonist PHTPP (4-[2-phenyl-5,7-bis(trifluoromethyl)pyra-
zolo[1,5-a]pyrimidin-3-yl]phenoland), f-E2 ((17/3)-estra-1,3,5
(10)-triene-3,17-diol), GM6001 and batimastat (Tocris, Bristol,
UK), and G-15 (Chemical, Ann Arbor, MI); these com-
pounds were prepared in 100% dimethylsulfoxide and
diluted to a final concentration in ACSF. TrkB-Fc Chimera
Protein (688-TK; R&D Systems, Minneapolis, MN), ANA-12
(Tocris), and neutralizing anti-fl-integrin (MAB1987Z;
Millipore, Billerica, MA) were diluted in ACSF to 2 ug/ml,
500 nM, and 0.2 mg/ml, respectively. The latter two reagents
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were applied locally by pressure ejection (Picospritzer;
General Valve, Fairfield, NJ) (Kramar et al, 2006).

Immunostaining and Fluorescence Deconvolution
Tomography

Hippocampal slices were processed for dual immuno-
fluorescence and fluorescence deconvolution tomography
as described (Seese et al, 2012, 2013). Primary antisera
cocktails included rabbit anti-ERa (1:700, sc-543), mouse
anti-ERfS (1:700, sc-390243) (Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-pTrkB Tyr515 (1:500, NB100-
92656; Novus Biochem, Littleton, CO) (Simmons et al, 2013)
and anti-activated pl-integrin (1:400, MAB2259Z, Millipore,
Middleton MA) (Ni et al, 1998) in combination with anti-
PSD95 (1:1000, MA1-045 (Thermo Scientific, Waltham, MA)
or abl12093 (Abcam, Cambridge UK)). Secondary antisera
included AlexaFluor 594 anti-rabbit IgG and AlexaFluor 488
anti-mouse IgG (1:1000; Life Technologies, Carlsbad, CA).
Epifluorescence image z-stacks were collected at x 63 in
200 nm steps through 2 pm from CAlb SR (4-5 stacks per
slice). Images were processed through restorative deconvolu-
tion (99% confidence, Volocity 4.0; Perkin-Elmer) and indi-
vidual z-stacks were used to construct a three-dimensional
(3D) montage of each sample field (136 x 105 x 2 um>);
elements meeting size constraints of synapses, and detected
across multiple intensity thresholds, were quantified using
automated systems (Rex et al, 2009; Seese et al, 2013).
This resulted in the analysis of ~30000 PSDs per sample
field and >100000 PSDs per slice. Elements were consi-
dered double labeled if there was overlap in the two
fluorophores as assessed in 3D. The density of a particular
immunolabel colocalized with PSD95 was measured for
each synapse and expressed as a percent of all double-
labeled PSDs for construction of intensity frequency
distributions.

PB1-Integrin Knockouts

Conditional S1-integrin knockouts (cKOs) were created by
crossing mice with floxed f1-integrin gene exon 3, with mice
expressing Cre-recombinase under the CaMKII promoter
(Chan et al, 2006; Mortillo et al, 2012). In progeny, Cre
expression in excitatory hippocampal and cortical neurons
(Tsien et al, 1996) leads to excision of f1 exon 3, and
disrupted p1 protein expression, from ~3 weeks of age;
experiments were conducted on 2-3-month-old mice. The
genetic manipulation was verified by PCR of genomic DNA
and by rtPCR of mRNA, isolated from hippocampus, using
primers spanning 1 exon 3: 5'-GAATTTGCAACTGGTTT
CCTGG-3" and 5-ACAACAGCTGCTTCTAAAATTGA-3'.
Mice were verified to contain Lox-p sites and Cre-
recombinase expression by PCR of DNA from tail snips.

Statistics

Results are presented as means + SEM. Statistical significance
(p<0.05) was evaluated using two-tailed Student’s t-test,
and one- and two-way analysis of variance (GraphPad Prism,
San Diego, CA). In graphs asterisks denote the level of
significance (*p <0.05, **p<0.01, and ***p <0.001).



A QLUVALTI JyHIGPUIL 1R QU HILCE 11D

W Wang et al

RESULTS localization and intensity-frequency-distribution curves
were comparable for the two ERs (p>0.70; Figure 1b),
suggesting that there were no differences in their relative
Both ERa and ERJ have been localized to dendritic spines ~ abundance at field CA1 SR synapses.

(Hara et al, 2015). We used dual fluorescence deconvolution
tomography (FDT) (Figure 1la) (Seese et al, 2012, 2013) to
compare the distribution and density of these receptors at
excitatory synapses in CAl SR in hippocampal slices from Next, we tested which ER mediates the synaptic response
young adult male rats. While absolute values for labeling facilitation produced by exogenous E2. E2 (1nM) was
intensity cannot be compared for two antibodies, intensity— perfused for 20 min into hippocampal slices from young
frequency-distribution curves (% double-labeled synapse-  adult male rats with low-frequency (3/min) stimulation
sized elements across a series of immunolabeling-density  applied to the S-C projections; fEPSPs were collected from
bins) provide a relative measure (normalized per slice)  CAlb SR. Response size increased within 2-5min of E2
for comparison of ERa and ERp. The incidence of PSD  arrival in the chamber and shortly thereafter reached a

Synaptic Localization of ERa and ERf

Exogenous E2 Enhances Transmission via ERf
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Figure | Estradiol (E2) enhances synaptic transmission through estrogen receptor-p (ERp) in rat slices. (a) Deconvolved image shows postsynaptic density
95 (PSD95) (green) and ERP (red) immunostaining, double-labeled elements appear yellow (arrows; bar: 10 pm; inset bar:| pm). (b) Immunolabeling
intensity frequency distributions for ERa and ER colocalized with PSD95 (% of all double-labeled (2 x) PSD95+ elements shown; mean + SEM values;
Fa93200=1129, p>0.70, two-way analysis of variance (ANOVA). (c—e) E2 (I nM) applied to male slices for 20 min rapidly increased excitatory
postsynaptic potential (fEPSP) slope: this response was not affected by pretreatment with (c) ERa antagonist MPP (1, 3-bis (4-hydroxyphenyl)-4-methyl-5-
[4-(2-piperidinylethoxy) phenol]-| H-pyrazole dihydrochloride) (3 pM) or (e) GPERI antagonist G-15 (100 nM) but was blocked by (d) ERB antagonist
PHTPP (3 uM; t(10)=3.658, p=0.005 for E2 vs E2+PHTPP; two-tailed t-test). (f~h) E2 (I nM) applied to female slices for 20 min enhanced fEPSPs as in males:
antagonists of ERa (f) or GPERI (h), perfused at the same concentrations used in the male studies, had no effect on E2's response facilitation. (g) However,
ERB antagonist PHTPP markedly reduced effects of E2 (t(;0)=2.69, p = 0.027; two-tailed t-test). (i) Numbers of PSD95+ synapses do not differ with time after
E2 perfusion onset in male slices (F(34¢)=0.268, p =0.848, one-way ANOVA). Numbers within parentheses and on bars denote the number of slices
per group.
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plateau at 15-30% above baseline (Figure 1c). Past work
showed that E2’s effects on fEPSPs in field CAl are not
accompanied by changes in S-C paired-pulse facilitation or
NMDA receptor currents, measures that would reflect
changes in neurotransmitter release (Kramar et al, 2009).
Moreover, feedforward inhibition mediated by GABA-A or
GABA-B receptors was not detectably affected by 20 min E2
perfusion (Kramar et al, 2009).

The response enhancement produced by E2 was not
affected by ERa antagonist MPP (3 uM; E2: 23.97 +9.47%,
E2+MPP: 25.12 +11.13%) but was effectively eliminated by
ERp blocker PHTPP (3 pM; E2: 22.25 + 7.47%, E2+PHTPP:
6.25+7.16%, p=0.005; E2+PHTPP vs baseline, p=0.07)
(Figures 1c and d). These results accord with evidence that
ERp agonist WAY-200070 replicates the effects of E2 on
transmission, whereas ERa agonist PTT does not (Kramar
et al, 2009). The G-protein-coupled ER-1 (GPERI1) report-
edly contributes importantly to exogenous E2 effects on
excitatory transmission in female rodents (Kumar et al, 2015;
Oberlander and Woolley, 2016). However, in slices from
male rats GPER1 antagonist G-15 (100 nM) did not attenuate
E2’s effects on S-C fEPSPs (E2: 24.34+6.19%, E2+G-15:
22.60 +2.57%; Figure le). These results indicate that in
males ERf mediates effects of applied E2 on S-C response
facilitation.

Similar results were obtained using slices from female rats:
E2 increased fEPSPs in vehicle-treated slices with the same
magnitude and time course as in male slices, and these effects
did not differ across estrus cycle stages (diestrus: 44% of
cases; estrus: 26%; proestrus: 26%). Pretreatment with ERf
blocker PHTTP markedly reduced but, in contrast to effects
in males, did not eliminate response enhancement by E2
(E2: 25.1+10.55%, E2+PHTPP: 13.37 +8.52%; p=0.027;
E2+PHTPP vs baseline, p =0.004; Figure 1g), whereas ERa
and GPERI1 antagonists had no effect (E2: 24.95+8.67% vs
E2+MPP: 26.27 +5.24%; E2: 26.54+11.09% vs E2+G-15:
26.34 +5.20%; Figures 1f and h).

Many studies have shown that E2 increases the number of
spines (Hara et al, 2015; Luine and Frankfurt, 2012; Mukai
et al, 2007) and spine synapses (Fester and Rune, 2015;
Leranth et al, 2000), but whether this effect occurs quickly
enough to contribute to the rapid facilitation of synaptic
responses is unclear. Accordingly, we used FDT to count the
number of PSD95-immunopositive (+) synapses in CA1 SR
of slices harvested 5-30 min after E2 perfusion onset: the
steroid did not increase the number of immunolabeled PSDs
through 30 min (Figure 1i).

E2 Activates Synaptic TrkB and #1-Integrins

E2 initiates RhoA signaling leading to cofilin phosphoryla-
tion and actin polymerization in dendritic spines; this
sequence is critical for response facilitation by the steroid
(Kramar et al, 2009). Synaptic TrkB (Rex et al, 2007) and
Pl-integrins (Kramar et al, 2006) both promote the dendritic
spine actin filament assembly that is essential for TBS-
induced LTP. This raises the possibility that E2 produces its
effects on actin, and thus on synaptic facilitation, by
engaging one or both of these receptors.

We tested for TrkB activation in male rat slices using dual
immunofluorescence and FDT to measure immunoreactivity
(ir) for phosphorylated (p) TrkB Tyr515 (Chen et al, 2010)

Neuropsychopharmacology
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Figure 2  Estradiol (E2) perfusion activates synaptic TrkB and p1-integrin.
(a and b) Images show dual immunolabeling for (a) postsynaptic density 95
(PSD95) (green) and pTrkB Y515 (red) and (b) for PSD95 (green) and
activated Bl (red) (bar: 1.5 pm); double-labeled elements appear yellow
(arrows). (c) Intensity frequency distributions for pTrkB-ir colocalized with
PSD95 in slices collected before (0 min), 5-10 min, or 30 min after E2
perfusion onset (means + SEM): the 30 min curve was statistically different
from Omin baseline (Fse,1363=9.82, p<0.0001, two-way analysis of
variance (ANOVA)). (d) Plot of the percent of pTrkB+ PSDs with high
density (>110) pTrkB-ir normalized to the O min group mean shows an
increase in densely pTrkB+ PSDs at 30 min only (F49)=7.30; p <0.002,
one-way ANOVA; ##5 <001, 30 vs Omin). (e) Intensity frequency
distributions for activated Pl-ir plotted as in (c) (SEM bars smaller
than icons): The 5-10min curve was right-shifted relative to O min
(F(s6,1463)=3.87, p<0.0001, two-way ANOVA). (f) Percent of activated
Bl+ PSDs, normalized to ‘O min’ mean, shows an increase at 5—10 min
(Fa3y=1181, p<0.0001, one-way ANOVA; **p<00I, 5 vs O min).
Numbers in bars denote the number of slices per group.

colocalized with PSD95 (Figure 2a). E2 perfusion caused a
rightward shift in the intensity—frequency-distribution for
pTrkB+ elements that was modest after 5-10 min but robust
after 30 min relative to vehicle control (0 min) slices
(p<0.0001), indicating that E2 increased pTrkB levels in
the postsynaptic compartment (Figure 2c). As a conse-
quence, the percentage of double-labeled contacts highly
enriched in pTrkB (immunolabeling intensities >110) was
significantly elevated at 30 min (Figure 2d).

We used the same experimental design to test if E2
increases the proportion of excitatory synapses associated
with activated f1-integrin (Figure 2b). E2 perfusion caused a
pronounced rightward shift in the intensity-frequency-
distribution for activated p1 colocalized with PSD95; the
effect was robust at 5-10min (p<0.0001) and greatly
reduced by 30 min (Figure 2e). The percentage of PSDs
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Figure 3 Estradiol (E2) effects on transmission do not depend on brain-derived neurotrophic factor (BDNF) or TrkB signaling. (a) TrkB-Fc (2 pg/ml; at
horizontal bar) blocked Schaffer-commissural (S-C) long-term potentiation (LTP) induced with theta burst stimulation (TBS) applied at 30 min (t(;2) = 3.83,
p=0.002 vs veh at 55-60 min post-TBS; two-tailed t-test). (b) TrkB-Fc did not influence E2's effects on synaptic responses (t9)=0.510, p=0.623 vs veh;
two-tailed t-test). (c) The percentage of postsynaptic density 95-positive (PSD95+) elements colocalized with dense pTrkB-ir was similarly elevated in slices
treated with E2 or E2+TrkB-Fc, relative to vehicle (veh) control values (F 22y = 124, p =0.0002, one-way analysis of variance (ANOVA); ##¥p <0.001 vs veh;
Bonferroni's post hoc test). (d) ANA-12 (750 nM) did not block E2's effects on transmission (t(0)=0.25, p=0.81 vs veh; two-tailed t-test). Numbers within
parentheses and on bars denote the number of slices per group. A full color version of this figure is available at the Neuropsychopharmacology journal online.

associated with dense activated f1 immunolabeling was
also elevated at 5-10min but not 30 min time points
(Figure 2f).

Effects of Sequestering BDNF or Blocking TrkB on
E2-Induced Synaptic Facilitation

Next, we tested if BDNF is required for E2-driven TrkB
activation and synaptic response facilitation in slices from
male rats. TrkB-Fc scavenges extracellular BDNF (Shelton
et al, 1995) and blocks TrkB activation in many experimental
systems. It also prevents stable TBS-LTP (Rex et al, 2007).
TrkB-Fc (2 pg/ml) pretreatment produced the predicted
elimination of LTP (Figure 3a) but did not block E2’s
facilitation of transmission: The S-C fEPSP response
facilitation after 30 min E2 perfusion was the same with
and without TrkB-Fc present (veh: +20.0 + 1.59%; TrkB-Fc:
+22.20 + 3.87%) (Figure 3b). Moreover, E2-induced increases
in postsynaptic pTrkB-ir were unaffected by TrkB-Fc
(Figure 3c). These results indicate that E2’s effects on
synaptic TrkB constitute transactivation rather than changes
in ligand action.

We tested if E2 effects on synaptic responses require TrkB
activity. ANA-12 is a high-affinity TrkB antagonist shown to
reduce BDNF-induced growth effects (Cazorla et al, 2011)
and TrkB phosphorylation (M Chao, personal communica-
tion). At 500 nM ANA-12 disrupts field CA1 LTP in male

slices (not shown). Here we used a higher concentration
(750 nM) for 60 min before and during E2 treatment;
ANA-12 did not diminish E2’s enhancement of synaptic
responses (E2: 19.76 +3.49%; E2+ANA-12: 20.18 +2.20%)
(Figure 3d).

E2-Induced Synaptic Facilitation Depends Upon
p1-Integrin Function

In contrast to effects of TrkB manipulation, perfusion of
function blocking antisera for pl-integrin (Kramar et al,
2006) fully disrupted E2’s enhancement of S-C responses,
without altering baseline transmission (Figure 4a): the fEPSP
slope in anti-p1-treated slices was 97.0+0.8% of pretreat-
ment baseline just before E2 perfusion and 96.1 +0.4% at its
conclusion. This indicates that pl-integrin function is
essential for E2-induced increases in fEPSPs. To further test
this conclusion, we evaluated the effects of E2 perfusion in
hippocampal slices from cKO mice in which hippocampal
P1 expression is knocked down in CaMKII-expressing, exci-
tatory neurons beginning at ~3 weeks of age; expression is
retained in glia and GABAergic neurons (Chan et al, 2006).
PCR analysis of genomic DNA (Figure 4b) and reverse-
transcribed DNA purified from the hippocampus (not
shown) verified the excision of 1 exon 3 and the presence
of truncated mRNA transcripts in cKOs relative to floxed f1
wild types (WTs; lacking Cre-recombinase expression).

Neuropsychopharmacology

2727



A QLUVALTI JyHIGPULC 1IN GIIU HILCET 111D

W Wang et dl
2728
a b wr wr ko cko size ¢
140 7 o IgG(5)
- o anti-p1 (4)
2 ¥ Ex3 R —
©
w
w
L0
=
a
w
&
=
IgGlanti-p1 E2
80 ; - : - .
0 0 20 30 40 50
minutes
d e
300 : o WT (6) 109 o WT (8 3507 o WT @)
T 250 ‘ e p1cKO (7) 0 © p1cKO (7) g 0{ ©PIKO®
e S @ 250
& 200 @ @
2 & S 200
B =2 =
o 150 = e {50
2 o g "
w100 T W 100
e E2
50 44— A——
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90
minutes minutes minutes
g wT p1 cKO h i
200 4
*k 140 1 o veh (6) 140 7 o veh (8)
T ® GMB001 (6) T e Batimastat (5)
g 2 2
& 100 a8 5
T; =2 2
i a
= L 73]
= 50 b o
= 10 12 ] w
h veh/GM6001
0 ; ; . 80 —_— 80 —_—
veh veh E2 0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 B0 70 80 90

minutes minutes

Figure 4 Estradiol's (E2’s) effects on synaptic transmission depend upon fl-integrin function. (a) Plot of field CAl excitatory postsynaptic potentials
(fEPSPs) shows that neutralizing anti-p| blocked E2's enhancement of Schaffer-commissural (S-C) transmission (t(j6)=2.78, p =0.013; two-tailed t-test for
increase above baseline at 20 min post-E2 onset), whereas control immunoglobulin G (IgG) was without effect. (b) PCR products from hippocampal genomic
DNA, for samples from homozygous floxed B wild types ‘WTs' (lacking Cre expression), and homozygous conditional p-integrin knockout (cKO) mice,
generated using primers that span 1 exon 3 (base pair size markers at right): WTs have a prominent ~ 1000 bp band reflecting the presence of the floxed B
exon 3 (Ex 3; verified by sequencing), whereas the cKOs have a weak band at this position but a prominent band at 300 bp (arrow) corresponding to the
recombined sequence generated with B exon 3 excised (Chan et al, 2006). (c) Deconvolved images of immunolabeling for postsynaptic density 95 (PSD95)
(green) and Bl-integrin (red) in CAl SR show the marked reduction in punctate B1-irin a cKO mouse relative to a paired floxed B WT; retention of some
Bl-ir is consistent with continued expression by glia and inhibitory neurons (bars =3 pm). (d) Theta burst stimulation (TBS)-induced long-term potentiation
(LTP) was severely impaired in B1-integrin cKOs (¢ 1)=4.03, p =0.002 vs WT; two-tailed t-test). (e) E2 did not increase baseline transmission in Bl cKOs,
although increases were robust in WTs (t) = 5.05, p=0.002; two-tailed t-test at 20 min post-E2 onset). (f) In the same slices shown in (e), TBS-induced LTP
was enhanced in E2-treated WT slices (1 10.9 +5.43% over E2 baseline; ~2-fold normal, WT LTP effect) but was absent in E2-treated slices from I cKOs.
(g) Fluorescence deconvolution tomography (FDT) quantification of densely pTrkB Y5 I5-immunoreactive PSDs (immunolabeled for PSD95) shows an
increase in pTrkB+ synapses with E2 vs vehicle (veh) treatment in field CAl SR of floxed I WTs but not B1 cKOs (F(| 40y =723, p =0.0104, two-way analysis
of variance (ANOVA); *#p <0.01 for veh- vs E2-treated WT; p>0.05 for veh- vs E2-treated Bl cKOs; Bonferroni post hoc test). (h and i) Effects of E2 on
baseline transmission were (h) absent in slices pretreated with the matrix metalloproteinase (MMP) inhibitor GM6001 (25 pM) (t(0y=3.67, p =0.004; two-
tailed t-test for £2 vs E2+GM600 1% increase above baseline), and (i) reduced by MMP inhibitor batimastat (4 nM) (t(10)=4.27, p = 0.034; two-tailed t-test for
% increase above baseline).

Moreover, punctate f1-ir was markedly reduced in CA1 SR
of cKOs relative to WT's (Figure 4c). Previous studies showed
that LTP consolidation is blocked in f1 ¢cKOs (Chan et al,
2006). We confirmed this result (Figure 4d) and then tested
effects of E2 perfusion. E2 had no significant effect on
synaptic responses in slices from S1 cKOs (Figure 4e),
supporting the conclusion that pl-integrin function is
essential for E2’s actions on synaptic transmission. More-
over, application of TBS to E2-treated slices produced a
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markedly greater than normal LTP in WTs, as described
previously (Bi et al, 2000; Foy et al, 1999), but failed to
induce potentiation in 1 cKOs. (Figure 4f). Estrogen reduces
feedback inhibition in the hippocampus (Steffensen et al,
2006), an effect that could potentially enhance LTP
induction. However, applied E2 does not influence burst
response facilitation during S-C TBS (Kramar et al, 2009);
this indicates it acts primarily on events that follow initial
induction at excitatory synapses.



Next, we asked if TrkB activation by perfused E2 is
dependent on pl-integrins. Slices from f1 cKOs and floxed
p1 WTs were treated with E2 for 30 min and then processed
for dual immunofluorescence and FDT (as above). The
increase in the proportion of PSDs associated with dense
pTrkB-ir after E2 treatment was confirmed for WTs
(p<0.001) but absent for 1 cKOs (Figure 4g). These results
constitute the first evidence that integrins influence activa-
tion of synaptic TrkB.

Prior studies have shown that f1-integrin-dependent LTP
is blocked by inhibitors of matrix metalloproteinase 9
(MMP9) (Nagy et al, 2006; Wang et al, 2008), which cleaves
matrix proteins to generate integrin ligands, and that E2 can
increase extracellular MMP9 activity (Merlo and Sortino,
2012). We tested if MMP inhibition alters E2 actions on
synaptic responses in slices from male rats. Perfusion of the
broad-spectrum MMP inhibitor GM6001 (25 uM) blocked
E2’s facilitation of S-C fEPSPs (p=0.004) (Figure 4h).
Perfusion of batimastat (4nM), an inhibitor with greater
selectivity for MMP2 and MMPY, significantly attenuated
E2’s response facilitation (p =0.034; Figure 4i). These results
indicate that E2’s activation of fl is dependent on the
generation of extracellular integrin ligands.

DISCUSSION

We previously hypothesized that E2 perfusion generates a
weak and unstable form of LTP (Kramar et al, 2009).
Evidence for this came from the observation that E2 activates
elements of actin signaling required for potentiation and that
inhibiting this signaling eliminates E2’s effects on synaptic
responses. However, the hypothesis lacked information on
how E2, presumably acting on membrane ERs, engages
postsynaptic cytoskeletal signaling. One possibility is that
ERp, shown here and previously (Kramar et al, 2009;
Smejkalova and Woolley, 2010) to mediate response facili-
tation, acts through G proteins to directly activate Rho
GTPases leading to cofilin phosphorylation and actin
filament assembly. An alternative explanation is that bound
ERs act indirectly by stimulating other synaptic components
that drive dendritic spine actin polymerization; we tested this
point with regard to integrins and TrkB, previously shown to
be critical for activity-regulated actin polymerization in field
CA1l (Kramar et al, 2006; Rex et al, 2007).

We confirmed that ERa and ERf are comparably
abundant at PSDs in CAl SR and, using receptor-specific
antagonists, obtained evidence that ERf mediates exogenous
E2’s synaptic response facilitation in slices from male rats.
These results agree with reports that ERfS mediates
postsynaptic actions of applied E2 in male CAl (Kramar
et al, 2009; Oberlander and Woolley, 2016). In contrast, ERf
antagonist PHTPP did not fully block E2’s synaptic response
facilitation in slices from female rats even though ERa and
GPERI antagonists were without effect. The latter result was
surprising given evidence from studies using receptor
agonists that ERf is involved but GPERI has a larger role
in postsynaptic S-C response facilitation with E2 infusion in
female rats (Kumar et al, 2015; Oberlander and Woolley,
2016). Clearly, more work is needed to understand the
apparent discrepancies between these studies and sex
differences in GPERI regulation of synaptic transmission
(Kumar et al, 2015). Although the present results imply that
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ERa does not mediate acute effects of exogenous E2 on
synaptic physiology in either sex, our experiments did not
specifically explore presynaptic actions of this receptor
(Oberlander and Woolley, 2016) or possibilities that ERa
may become involved when E2 is applied for longer intervals
or at higher concentrations. The last point is important given
the possibility that locally derived E2 can reach higher
concentrations in the confined space of the synaptic junction
(Ooishi et al, 2012).

Applied E2 increased the levels of activated (Y515-
phosphorylated) TrkB at PSD95+ excitatory synapses within
30 min. This increase was not attenuated in the presence
of BDNF scavenger TrkB-Fc, indicating that E2 signaling
transactivates the BDNF receptor. Transactivation of TrkB,
in the absence of BDNF, has been described for several
treatments including 5-HT (Samarajeewa et al, 2014),
epidermal growth factor (Puehringer et al, 2013), antide-
pressant drugs (Rantamaki et al, 2011), and adenosine
(Rajagopal and Chao, 2006). Mechanisms are not fully
resolved but links between G-protein-coupled receptors
(GPCRs) and Src kinases are well established (Rajagopal
and Chao, 2006). This is noteworthy because ERs signal
through Src kinases (Bi et al, 2000) and Src inhibitors block
TrkB phosphorylation associated with LTP (Chen et al,
2010). We therefore suggest that ERf signaling through a Src
kinase may mediate effects of E2 on TrkB.

The functional consequences of E2-induced TrkB trans-
activation are unclear: this response appears to be too slow
to initiate the rapid effects of E2 on synaptic responses
(within 5min), although TrkB signaling may contribute to
the maintenance of enhanced responses. It is interesting in
this regard that TrkB-Fc does not affect the first few minutes
of LTP but causes potentiation to decay thereafter. Moreover,
we found the TrkB antagonist ANA-12, applied at concen-
trations that block TBS-induced LTP, did not attenuate E2’s
effects on S-C synaptic responses. This indicates that TrkB
does not mediate the rapid effects of applied E2 on synaptic
physiology. Another possibility is that E2’s activation of TrkB
contributes to the later production of new dendritic spines.
We did not detect increases in PSDs after 30-min E2
perfusions, although initial spine changes may be evident at
this time point. Further work is needed to determine if E2’s
transactivation of TrkB contributes to changes in spine and
synapse numbers.

E2 caused synaptic 1-integrins to shift into their activated
state and work with neutralizing antisera, and pfl-integrin
cKO mice showed that this effect is critical for exogenous
E2’s enhancement of S-C synaptic responses. Effects of E2 on
synaptic integrins were rapid and brief: activated p1 levels
were increased within 5-10 min but had subsided 25 min
later. A similarly rapid and transient activation of synaptic
Pl-integrins was found in LTP experiments with activation
peaking at 2min post-TBS and dissipating within 10 min
(Babayan et al, 2012).

Integrin transactivation occurs in a broad range of
contexts and cell types, and is argued to be involved in
clinically important conditions such as atherosclerosis
and cancer. For example, the inflammatory mediator leuko-
triene B4 acting through a defined membrane receptor
transactivates integrins leading to signaling through integrin-
associated focal adhesion kinase and actin polymerization
(Moraes et al, 2010). These events are present within 15 min
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and thus bear some resemblance to synaptic effects of
perfused E2. A recent and detailed description of integrin
transactivation by GPCRs concluded that two mechanisms
are involved: (i) stimulation of the small GTPase Rapl and
actions on submembrane proteins (kindlins) that promote
integrin activation, and (ii) recruitment of adaptor proteins
to the C terminus of the f-integrin subunit (Ortega-Carrion
et al, 2015). The present studies also provide evidence that
Pl-integrins are necessary for E2’s activation of TrkB. This
was not entirely unexpected given that integrins interact
with other transmembrane proteins, including growth factor
receptors, in many circumstances (Meng et al, 2011; Munger
and Sheppard, 2011). However, synaptic TrkB activation
could also be secondary to rapid cytoskeletal changes that
accompany integrin activation, events that may influence the
status of various membrane receptors. It is also possible that
the enhanced synaptic responses elicited by E2, which
require functional pl-integrins, produce effects that alter
the status of synaptic TrkB. Resolving these questions will be
a challenging but necessary step in explicating E2’s actions
on excitatory transmission.

Further work showed that MMP inhibition blocks the
effects of E2 on synaptic physiology. These extracellular
enzymes both generate integrin ligands from the extracellular
matrix and process proBDNF to produce the mature
neurotrophin (Ethell and Ethell, 2007). However, given
evidence that neither BDNF sequestration with TrkB-Fc nor
TrkB antagonism disrupts E2’s facilitation of synaptic
responses, the MMPs most likely contribute to E2’s effects
on transmission by enabling integrin activities. It is possible
that constitutive MMP activity is required to maintain an
integrin ligand pool. Alternatively, perfused E2 may activate
MMPs, as previously reported for neuroblastoma (Merlo and
Sortino, 2012), which then produce integrin ligands. Past
work showed that induction of field CAl1 LTP activates
MMP?9, and that blocking the proteinase disrupts potentiation
(Nagy et al, 2006; Wang et al, 2008). Moreover, perfusion of
activated MMP9 initiates f1-integrin-mediated signaling to
cofilin, actin polymerization, and potentiation of synaptic
responses. Related to this, LTP stabilization is prevented by
intracellular application of agents that block exocytosis
(Wang et al, 2008). Tissue plasminogen activator (tPA) is
one candidate for the releasable intermediary: E2 stimulates
tPA secretion (Hoetzer et al, 2003) and, via generation of
extracellular plasmin, it activates MMPs (Tsilibary et al, 2014).
As inhibitors of tPA block LTP (Hoffman et al, 1998), it
should be straightforward to test if they similarly block
E2-induced increases in fast, excitatory synaptic transmission.

The above arguments can be summarized in a simplified,
provisional model of how E2 enhances EPSPs and primes
synapses for LTP (Figure 5). Importantly, this scheme does
not specifically address E2’s actions on transmission in
females, where the situation is likely more complicated than
in males. E2 is synthesized within axon terminals and
in hippocampal field CA1l locally produced E2 is required
for LTP in females only (Vierk et al, 2012). There is also
evidence from whole-cell recordings that exogenous E2 has
synapse-specific effects on pre- vs postsynaptic mechanisms
that differ between males and females (Oberlander and
Woolley, 2016). Information on whether transactivation
events shown here to mediate the effects of exogenous E2 in
males are also engaged by agonists for the different ERs, and
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Figure 5 Proposed mechanisms whereby exogenous estradiol (E2)
enhances fast excitatory transmission in adult male hippocampus. (a) Rapid
E2 effects involving p1-integrins. Published work indicates that perfused E2
acting through synaptic estrogen receptor-p (ERP) engages Src family kinases
and Ras/Rap GTPases, and releases factors (eg, tPA: 7) that activate
extracellular matrix metalloproteinases (MMPs); together, these intra- and
extracellular events shift synaptic B-integrins into their activated configura-
tion. Integrins then drive downstream small Rho GTPases that enable local
polymerization of filamentous actin (F-actin) from actin monomers
(G-actin); this cytoskeletal reorganization affects AMPA  receptors
(AMPA-Rs) so as to increase the effects of released glutamate, resulting in
enhanced synaptic currents. (b) Delayed activation of TrkB. Integrin signaling
set in motion by E2/ERP could affect TrkB through three routes: a.
transactivation resulting from p1-dependent stimulation of small GTPases; b.
formation and elaboration of actin networks that affect the probability of
TrkB phosphorylation; and c. enhanced depolarization produced by afferent
activity, an effect dependent on P |-integrin activation. Earlier work showing
that actin polymerization is critical for E2's enhancement of synaptic
transmission favors hypothesis ‘b’. A full color version of this figure is
available at the Neuropsychopharmacology journal online.

by locally derived E2 most particularly in females, should
provide better understanding of synapse- and region-specific
E2 actions (Briz et al, 2015; Oberlander and Woolley, 2016)
and the larger question of sex differences in learning-related

synaptic plasticity.
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