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Abstract

In aging women, cognitive decline and increased risk of dementia have been associ-
ated with the cessation of ovarian hormones production at menopause. In the brain,
presence of the key enzyme aromatase required for the synthesis of 17-p-estradiol
(E2) allows for local production of E2 in absence of functional ovaries. Understanding
how aromatase activity is regulated could help alleviate the cognitive symptoms. In
female rodents, genetic or pharmacological reduction of aromatase activity over
extended periods of time impair memory formation, decreases spine density, and hin-
ders long-term potentiation (LTP) in the hippocampus. Conversely, increased excit-
atory neurotransmission resulting in rapid N-methyl-d-aspartic acid (NMDA) receptor
activation rapidly promotes neuroestrogen synthesis. This rapid modulation of aro-
matase activity led us to address the hypothesis that acute neuroestrogens synthesis
is necessary for LTP at the Schaffer collateral-cornu ammonis 1 (CA1) synapse in
absence of circulating ovarian estrogens. To test this hypothesis, we did electrophysi-
ological recordings of field excitatory postsynaptic potential (fEPSPs) in hippocampal
slices obtained from ovariectomized mice. To assess the impact of neuroestrogens
synthesis on LTP, we applied the specific aromatase inhibitor, letrozole, before the
induction of LTP with a theta burst stimulation protocol. We found that blocking aro-
matase activity prevented LTP. Interestingly, exogenous E2 application, while block-
ing aromatase activity, was not sufficient to recover LTP in our model. Our results
indicate the critical importance of rapid, activity-dependent local neuroestrogens syn-
thesis, independent of circulating hormones for hippocampal synaptic plasticity in

female rodents.
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1 | INTRODUCTION

The end of ovarian hormone production at menopause coincides with
cognitive decline in women along with increased risk of dementia.
Although controversial, hormone therapy reduces the impact of cogni-
tive decline during menopause in healthy subjects.? In rodents, expo-
sure to 17-B-estradiol (E2) administered after ovariectomy, a rodent
model of menopause, improves hippocampal-dependent memory
tasks.>* These benefits persist long after the end of hormone
treatment®’ and are supported by the estrogen receptor alpha
(Era® 1) E2 can also support neuronal plasticity through rapid “non-

genomic” means,*213 14,15

which involve membrane bound receptors.
Exogenous E2 application on hippocampal slices rapidly enhances
excitatory neurotransmission both presynaptically by increasing gluta-

mate release®”

and postsynaptically by acting on N-methyl-
d-aspartic acid (NMDA) receptors.'®? These synaptic effects have
important consequences on a cellular correlate of learning and mem-
ory, long-term potentiation (LTP), as insertion of NMDA receptors,
major contributors of calcium (Ca2*) entry, are required for LTP.2°
Accordingly, when applied to hippocampal slices before LTP induction,
E2 facilitates and enhances LTP.182%22 |t is now well accepted that
tissue- and cell-specific synthesis of E2 exists outside of the ovaries,
in both females and males.?>?* Among those sources, the brain can
produce E2 locally.2>~2” The hippocampus expresses the rate limiting
enzyme, aromatase, which converts testosterone into E2,227%° allow-
ing local production of neuroestrogen, which can be blocked by the
nonsteroidal aromatase inhibitor, letrozole (LTZ,Y).

Systemic administration of aromatase inhibitors also causes mem-
ory deficits in birds, mice and even humans, when used for breast can-
cer treatments.>273® Presumably, neuroestrogen produced in the
hippocampus by aromatase activation contributes against these cogni-
tive deficits, as chronic administration of LTZ or deletion of the aro-
matase gene, CYP19A1,%® decreases spine density®”*€ and alters LTP
in the hippocampus.2®3?

Interestingly, aromatase activity is transiently modulated in under
5 min by changes in concentrations in potassium or Ca*.® Increased
neuronal activity can stimulate neuroestrogens synthesis after gluta-
mate activation of NMDA receptors in hippocampal preparations?>41
and within 30 min following training for hippocampal dependent
memory task.>®> This suggests that local neuroestrogens may have a
stronger influence on synaptic plasticity and short-term signaling cas-
cades over ovarian, circulating, estrogens.

In this study, we address the hypothesis that acute neuroestro-
gens synthesis is required for long-term potentiation of hippocampal
field excitatory postsynaptic potentials (fEPSP) in absence of circulat-
ing ovarian estrogens. To test this hypothesis, we ovariectomized
(OVX) young adult mice and after 10 to 18 days recorded field excit-
atory postsynaptic potential (fEPSPs) from the cornu ammonis 1 (CA1)
pyramidal layer of hippocampal brain slices. The slices were stimulated
in the Schaffer collaterals projecting from CA3 to CA1 and submitted
to a theta burst stimulation (TBS) protocol to induce LTP. To assess
the impact of neuroestrogens synthesis on LTP, we applied LTZ prior
to the induction of LTP. We found that a 30-min inhibition of

aromatase activity was enough to prevent LTP. We also investigated
the impact of the application of exogenous E2 in presence or absence
of aromatase activity and found concomitant application of exoge-

nous E2 was not sufficient to recover LTP in our model.

2 | METHODS

21 | Animals
Sixty to 70 days old C57BI6 female mice from Inotiv (formerly Envigo,
USA) were OVX under ketamine (100 mg/kg)/xylazine (7 mg/kg)
anesthesia. Buprenex (0.1 mg/kg) was administered before surgery for
pain. After surgery, the animals were allowed to recover for at least
10 days and up to 18 days in individual cages to insure basal levels of
estradiol in the brain.*? The efficacy of the OVX was confirmed by
measuring 1 cm of uterus weight at time of death. All animals pre-
sented atrophied uteri (4.35 + 0.2 mg) when compared with cycling
animals (18.3 * 1. 4 mg*®).The animals were single housed in microi-
solator cages with wood-based bedding (PJ Murphy Forest Products,
Sani-Chips®) and had ad libitum access to water and phyto-estrogen
free chow (Labdiet, 5V5R-PicoLab®) under a 12/12 h light/dark cycle
(6 am/6 pm).

All animal procedures were approved by Tulane University Insti-
tutional Animal Care and Use Committee (IACUC) according to
National Institutes of Health (NIH) guidelines.

22 | Drugs

The aromatase inhibitor LTZ (Sigma-Aldrich) was dissolved in 100%
dimethyl sulfoxide (DMSO, Sigma-Aldrich) at a concentration of 1 mM
and added directly into the recording bath at a final concentration of
100 nM, 0.01% DMSO. The estrogen, E2 (Sigma-Aldrich), was dis-
solved in 100% ethanol at a concentration of 100 uM and added
directly into the recording bath at a final concentration of 10 nM in
most experiments. E2 concentrations (1 and 100 nM) were also tested
(Figure 2A).

2.3 | Slice preparation

Slices were prepared from mice 10 to 18 days after OVX, which
allowed circulating E2 levels to drop significantly.***> The mice were
anesthetized with isoflurane and decapitated. Brains were quickly
removed and immersed in oxygenated (95% O, and 5% CO,), ice-cold
N-methyl-D-glucamine (NMDG)-based slicing solution (in millimoles,
110 NMDG, 3 KCl, 1.1 NaH,PO,, 25 NaHCO3, 25 glucose, 10 ascorbic
acid, 3 pyruvic acid, 10 MgSQy, 0.5 CaCl,, pH to 7.3-7.4 with HCI).*¢
Following the procedure described in Bischofberger et al.,*” 400 uM
horizontal brain sections preserving the Schaffer collaterals in the hip-
pocampus were obtained with a Vibratome Series 3000 Plus Tissue

Sectioning System. The freshly collected brain slices were incubated
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at 37°C for 15 min in NMDG, then transferred and incubated in oxy-
genated artificial cerebrospinal fluid (aCSF, in mM, NaCl 124, KCI 2.5,
NaH,PO,4 1.06, NaHCO; 25, Glucose 14.5, MgCl, 2, CaCl, 2) at room

temperature until use.

2.4 | Electrophysiology recordings
Field recordings were acquired using a MultiClamp 700a amplifier,
Digidata 1322A digitizer, and a personal computer running Clampex
10.3 software (Molecular Device). Data were sampled at 10 kHz.
Hippocampal slices were placed in a chamber perfused with oxy-
genated aCSF at 31°C. A tungsten bipolar electrode was placed in
CA2/CAS3 region to stimulate the Schaffer collaterals. A glass pipette
(1-3 mQ) filled with aCSF was placed in the stratum radiatum of CA1
to record fEPSPs. fEPSPs were evoked every 10 s to monitor their
evolution over time. The stimulus intensity was set to a range of 30 to
50% of the maximal response, defined from an input-output curve
(0-10 mA stimulation intensity, Figure 1). After at least 20 min of sta-
ble recording, either drugs or a long-term potentiation (LTP) protocol
was applied. The drugs were applied in the circulating aCSF for at
least 30 min until the fEPSPs were stable for 10 min. These 10 min
were used as a baseline for post-TBS LTP. The LTP protocol consisted
of TBS design as four bursts at 100 Hz every 200 ms repeated four
times every 20 s. After the TBS, fEPSPs were monitored every 10 s
for 60 min.

2.5 | Paired-pulse facilitation

Paired-pulse facilitation was assessed by applying two consecutive

pulses at the intensity defined by the input-output curve as described

Normalized fEPSP

0 2 4 6 8 10
Stimulation Intensity (mA)

FIGURE 1 The input-output curves are not significantly different
between control (CTL, n = 9), letrozole (LTZ, n = 11), 17-B-estradiol
(E2,n = 11) and E2 + LTZ (n = 9) groups. Interaction: F(27,324) =
0.274, p = .897; Time: F(9,324) = 45.823, p < .001; Group: F(3,36) =
0.41, p > .05. Field excitatory postsynaptic potential (fFEPSP) (y-axis)
are normalized to the maximum fEPSP.

above. The time intervals used between the two pulses were 25, 50,
75, and 100 ms. The ratio was calculated by dividing the second peak
amplitude by the first peak amplitude (PPR = Peak Amp2/
Peak Amp 1).

2.6 | Statistics

Data are reported as mean + SEM. Statistics were done using IBM
SPSS statistics software (SPSS inc, Windows Version 28.0.0.0, Chi-
cago). Data were analyzed by Student t-tests, one-way, and two-way
repeated measures ANOVA with Greenhouse-Geisser correction,
Tukey, or pairwise comparisons with Sidak adjustment post hoc tests
as described in the statistical Table 1.

3 | RESULTS

3.1 | Field EPSP stimulation intensity setting

Input-output curves measuring the relationship of stimulus intensity
and fEPSP slope were determined at baseline before TBS and drug
application (Figure 1). No significant differences in the input-output
curves of all four groups (Vehicle, LTZ, E2, E2 + LTZ) were observed
(F(3,37) = 0.42, p = .989). To assess LTP, the stimulation intensities
of the fEPSP were set within a range of 30%-50% of the maximum

intensity observed.

3.2 | Effect of drugs on baseline fEPSP

Baseline field EPSPs were recorded for at least 20 min to establish a
stable baseline before drugs were applied in the bath (Figure 2A,B).
After the addition of the drugs, fEPSP were monitored until a new
10-min stable baseline was established usually 20-30 min after the
drug application.

As the literature reports effects of E2 on baseline synaptic trans-
mission at concentrations ranging between 1 and 100 nM,1:16:39:48
we tested the effect of 3 different concentrations of E2 (1, 10, and
100 nM) on fEPSP baseline (Figure 2A). E2 application (1 and 10 nM)
increased fEPSP slope to 109 + 26% (t(7) =1.771, p = .12) and 121%
+ 26% (t(10) =3.735, p = .004) of baseline, respectively. The 100 nM
concentration increased fEPSP slope to 221% + 70% of baseline mea-
sures (Figure 2A). Application of 10 nM of E2 significantly increased
the fEPSP slope from —0.15+0.03 to —0.19 + 0.04 mV/ms (t(10)
= 3.7335, p = 0.004, Figure 2A,B). To keep enough margin for LTP
development, while having confirmation that E2 was effective, we
chose to use 10 nM.

Application of a commonly used dose of LTZ (100 nM,37:3748-52)
also slightly but significantly increased the baseline fEPSP slope with
the slope changing from —0.12 + 0.03 mV/ms at baseline to —0.13
+ 0.03 mV/ms after LTZ, t(10) = 2.887, p = 0.016 (Figure 2B). While
the combined application of E2 (10 nM) and LTZ (100 nM) did not
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TABLE 1 Statistical analysis table.
p
Title Distribution Test Results value  Power
Figure 1  Input-Output Mauchly's test of sphericity failed 2-way Greenhouse- .001 1 NA (Not
curves (p <.001) ANOVA Geisser 989 0.056  Applicable)
Time F(9,324) = 45.82 .897 0.106
Group F(3,36) = 0.41
Interaction F(27,324) = 0.27
95%
Distribution p Post confidence
Figure Title Shapiro-Wilk Test Results value Power hoc Groups interval
Figure 2A E2 (1 nM) on Normality Paired sample t- tH7) 12 2-tailed, NA Baseline -0.15
fEPSP passed, p = .16 test (two-sided) =1.77 95% = 0.40 versus drug 1.30
Figure 2B E2 (100 nM) Normality Paired sample t- H(3) 22 2-tailed, NA Baseline —-0.35
on fEPSP passed, p = .33  test (two-sided) =1.51 95% = 0.19 versus drug 0.97
Figure 2B LTZ (100 nM) Normality Paired sample t- t(10) .02 2-tailed, NA Baseline 0.003
on fEPSP passed, p = .48 test (two-sided) =2.89 95% = 0.74 versus drug 0.024
Figure 2A.B E2 (10 nM) Normality Paired sample t- t(10) .004 2-tailed, NA Baseline 0.01
on fEPSP passed, p = .47  test (two-sided) =373 95% = 0.9 versus drug  0.05
Figure 2B E2 + LTZ on Normality Paired sample t- t(8) .10 2-tailed, NA Baseline —0.008
fEPSP passed, p =.30 test (two-sided) =184 95% = 0.37 versus drug ~ 0.075
p Post
Figure Title Distribution Test Results value Power hoc
Figure 3  LTZ paired-pulse Mauchly's test of sphericity failed 2-way Greenhouse- .001 99 NA
ratio (p <.018) ANOVA Geisser .35 14
Time F(3,18) = 33.0 .32 .18
Group F(1,6) = 1.03
Interaction F(3,18) = 1.26
p
Figure Title Distribution Test Results value Power Post hoc
Figure 4E  fEPSP LTP time course in Mauchly's Test of Sphericity 2-way Greenhouse- .001 1 Pairwise with Sidak
10-min bins Failed (p < .000) ANOVA Geisser .003 0.92 adjustment
Time F(6,216) .004 0.96
Group =15.93
Interaction  F(3,36) = 5.62
F(18,216)
=2.784
Figure 4E continued: Pairwise comparisons with Sidak adjustment for multiple comparisons:
Time Group Versus Lower Upper p value
Time 1 Control LTZ 0.004 0.015 .025
(Baseline: —10 to 0') E2 0.002 0.013 129
E2 +LTZ 0.002 0.014 .083
LTZ Control -0.015 —0.004 .025
E2 —0.007 0.003 .98
E2 +LTZ —0.007 0.004 1
E2 Control -0.013 —0.002 129
LTZ —0.003 0.007 .98
E2 +LTZ —0.006 0.006 1
E2 + LTZ Control -0.014 —0.002 .083
LTZt —0.004 0.007 1
E2 —0.006 0.006 1
Time 2 Control LTZ -0.04 0.305 .548
(0" to 10) E2 ~0011 0.334 333
E2 + LTZ -0.107 0.254 961
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TABLE 1 (Continued)

Figure 4E continued: Pairwise comparisons with Sidak adjustment for multiple comparisons:

Time Group Versus Lower Upper p value
LTZ Control —0.305 0.04 .548
E2 -0.134 0.193 1
E2 +LTZ —0.231 0.114 .98
E2 Control —0.334 0.011 .333
LTZ —0.193 0.134 1
E2 + LTZ —0.26 0.085 .888
E2 +LTZ Control —0.254 0.107 961
LTZ -0.114 0.231 .98
E2 —0.085 0.26 .888
Time 3 Control LTZ 0.033 0.458 139
(10" to 20) E2 ~0.083 0.342 776
E2 +LTZ —0.05 0.396 .545
LTZ Control —0.458 —0.033 139
E2 —0.318 0.085 .828
E2 +LTZ —0.285 0.14 .983
E2 Control —0.342 0.083 776
LTZet —0.085 0.318 .828
E2 +LTZ —0.169 0.257 999
E2 +LTZ Control —0.396 0.05 .545
LTZ -0.14 0.285 .983
E2 —0.257 0.169 999
Time 4 Control LTZ 0.13 0.622 .022
(200 30) E2 ~0.049 0443 509
E2 + LTZ 0.086 0.603 .058
Lt Control —0.622 —0.13 .022
E2 —0.413 0.054 565
E2 +LTZ —0.278 0.215 1
E2 Control —0.443 0.049 .509
LTZ —0.054 0.413 565
E2 + LTZ —0.098 0.394 79
E2 + LT Control —0.603 —0.086 .058
LTZ —0.215 0.278 1
E2 —-0.394 0.098 79
Time 5 Control LTZ 0.15 0.598 .01
(30" to 40) E2 -0.049 0.399 552
E2 + LTZ 0.131 0.6 .019
LTz Control —0.598 —0.15 .01
E2 —-0.412 0.013 323
E2 + LT —0.232 0.216 1
E2 Control —-0.399 0.049 552
LTZ —0.013 0.412 323
E2 +LTZ —0.033 0.415 433
E2 + Let Control -0.6 -0.131 .019
LTZ —0.216 0.232 1
E2 —-0.415 0.033 433

(Continues)
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TABLE 1 (Continued)

Figure 4E continued: Pairwise comparisons with Sidak adjustment for multiple comparisons:

Time Group Versus Lower Upper p value
Time 6 Control LTZ 0.226 0.625 <.001
0 i S E2 0047 0446 099
E2 +LTZ 0.21 0.63 .001
LTZ Control —0.625 —0.226 <.001
E2 —0.369 0.01 .322
E2 +LTZ —0.205 0.194 1
E2 Control —0.446 —0.047 .099
LTZ —-0.01 0.369 322
E2 +LTZ —0.026 0.373 409
E2 +LTZ Control —0.63 -0.21 .001
LTZ -0.194 0.205 1
E2 -0.373 0.026 409
Time 7 Control LTZ 0.189 0.633 .004
(50" to 60') E2 0.007 0451 234
E2 +LTZ 0.174 0.639 .006
LTZ Control —0.633 -0.189 .004
E2 -0.392 0.028 419
E2 + LTZ —0.226 0.217 1
E2 Control -0.451 —-0.007 234
LTZ —0.028 0.392 419
E2 +LTZ —0.044 0.399 .504
E2 + LT Control —0.639 -0.174 .006
LT -0.217 0.226 1
E2 —0.399 0.044 .504
p Post
Figure Title Distribution Test Results value Power hoc
Figure 4F  Fiber volley LTP time course in Mauchly's test of sphericity failed 2-way Greenhouse- .10 0.38 NA
10-min bin (p < .000) ANOVA Geisser 22 0.37
Time F(6,216) =179 51 0.38
Group F(3,36) = 1.53
Interaction F(18,216)
=0.96
p
Figure Title Distribution Test Results value Power  Post hoc
Figure 4G fEPSP change Normality and equality of variance One way F(3,39) .001 0.92 Tukey
Bar graph last passed ANOVA =6.53 HSD
10 min Normality, p = .124

Eq of variance: p = .183

Figure 4G continued

Post hoc Groups p value 95% interval of confidence
Tukey HSD Group Vs Lower Upper p value
Control Let 10.1414 56.4994 .002
Estradiol —9.6459 36.7121 407
E2 +LTZ 7.0786 55.6992 .007
LTZ Control —56.4994 —10.1414 .002
Estradiol —41.7768 2.2023 .091

E2 +LTZ —25.1105 21.2475 996
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TABLE 1 (Continued)

Figure 4G continued

Post hoc Groups p value 95% interval of confidence
Tukey HSD Group Vs Lower Upper p value
Estradiol Control -36.7121 9.6459 407
LTZ —2.2023 41.7768 .091
E2 +LTZ —5.3232 41.0348 181
E2 +LTZ Control —55.6992 —7.0786 .007
LTZ —21.2475 25.1105 996
Estradiol —41.0348 5.323 181
p Post
Figure Title Distribution Test Results value Power hoc
Figure 4H  Fiber volley change bar graph last Normality and equality of variance ~ One-way F(3,39) .97 0.049 NA
10 min passed ANOVA =0.08

Normality, p = .74

Eq. of variance, p = .92

Abbreviations: E2, 17-B-estradiol; fEPSP, field excitatory postsynaptic potential; LTZ, letrozole; LTP, long-term potentiation; NA, not applicable.

FIGURE 2 (A) Effect of 1, 10, (A)
100 nM of 17-B-estradiol (E2) on 400 —
basal field excitatory postsynaptic
potential (FEPSP). Values are
normalized to baseline. E2 1 nM:
T(7)=1.771,p=.120,n = 11,
E2 10 nM: T(10) = 3.735,

p =.004,n = 11; E2 100 nM:
T(3) = 1.509,p = .120,n = 4.

(B) Effect of letrozole (LTZ)

(100 nM, n = 11), E2 (10 nM, 11),
and LTZ + E2 (100/10 nM,n =9)
on basal fEPSP slope. Both LTZ
(p <.05)and E2 (p < .01)
significantly increased fEPSP
slope. LTZ 100 nM: T(10) =
2.887,p = .016; E2 10 nM:

T(10) = 3.735, p = .004; LTZ +
E2 100/10 nM: T(8) = 1.840,

p =.103.*p < .05,

**p < .01, ***p < .001.

300+

O

200+

100 —

FEPSP % Increaese from baseline
O O
OO

(n=8)(n=11)(n=4)

significantly change the slope (baseline: —0.16 +0.03 mV/ms,
E2 + LTZ: —0.20 = 0.03 mV/ms, t(8) = 1.084, p = 0.103, Figure 2B).

3.3 | Paired-pulse ratio with LTZ

As previous studies showed that E2 can enhance the glutamate
probability of the Schaffer
1617 and LTZ affects the synthesis of neuroestrogens

release collaterals in the
hippocampus,
in the hippocampus, we determined LTZ's effect on release probabil-
ity in our preparation. To study the release probability, we used the

paired-pulse ratio (PPR), which is the ratio between two evoked

E2 E2 E2

(B) * Je e

-0.5- - (/ -

-0.4 - .
m
£
>
E-03- ©><@ 1 1
g
[e)
8 @/Q)
o —-0.2- - .
7]
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L
¢ B/@

—0.11 ~ - .

0.0- - -
Drug - + — + — +
1nM 10nM100nM LTZ E2 E2+LTZ
(n=11) (n=11) (n=9)

postsynaptic events given within a short period of time
(Figure 3).3755 LTZ did not significantly affect the PPR, at any of the
inter-pulse intervals tested (Figure 3, effect of treatment: F(1,31) =
1.211, p = 0.35). These data indicate that blocking neuroestrogen
synthesis with LTZ did not significantly affect the probability of
glutamate release from presynaptic terminals.

3.4 | Long-term potentiation

TBS was applied to induce LTP after at least 10 min of stable baseline
fEPSPs. In the control group, TBS induced an increase in the fEPSP
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FIGURE 3 Thirty minutes application of letrozole (LTZ) did not
significantly change the paired-pulse ratio of Schaffer collateral to
CA1 synapse in the hippocampus. Interaction: F(3,18) = 1.261,

p = .317; Time: F(3,18) = 33.025, p < .001; Group: F(1,6) =

1.028, p = .350.

slope to 148 + 8% (Figure 4AE,G) compared with baseline value after
50-60 min. The slope of the fiber volley, which reflects the presynap-
tic activity, remained constant (104 + 6%), during the same time lapse
(Figure 4AF,H). When the TBS protocol was given in presence of LTZ,
fEPSP slope increased to only 112 + 6% from baseline (Figure 4B,E,G),
while the fiber volley also remained constant (105 + 5%, Figure 4B,F,
H). This result shows that LTZ blocked TBS-induced potentiation.

When the TBS was applied in the presence of E2 (10 nM), the
fEPSP slope increased similarly to the control conditions to 131 + 6%
(Figure 4C,E,G) compared with pre-TBS baseline and the volley fiber
was not affected (102 + 5%, Figure 4C,F,H).

As blocking the synthesis of neuroestrogen with LTZ prevented
the development of LTP, we assessed the ability of exogenous E2 to
rescue it by adding E2 (10 nM) during LTZ application before inducing
LTP. In these conditions, LTP was reduced and the fEPSP slope
increased by 113 + 4% from baseline (Figure 4D,E,G). Again, the fiber
volley slope remained constant (104 + 6%, Figure 4D,F,H).

When compared, the LTP levels revealed a significant difference
(F(3,37) = 6.374, p = .001) with the post hoc analysis indicating that
both LTZ (p =.002) and E2 + LTZ (p = .008) groups were different
from the control group (Figure 4E,G). The E2 group was not signifi-
cantly different from the control group (p = .403), the LTZ group
(p =.09), nor the E2 + LTZ group (p = .224). The LTZ group and the
E2 + LTZ group also were not different (p = .976). This result shows
that while LTZ blocked TBS-induced potentiation, exogenous E2 was
not able to rescue it.

4 | DISCUSSION

In this study, we investigated the role of local estrogen synthesis dur-
ing the induction of LTP in the CA1 region of the hippocampus in
slices from OVX female mice. We show that aromatase activity, and
rapid neuroestrogen synthesis within the hippocampus, are required
during TBS for the induction of LTP in absence of circulating ovarian
hormones and cannot be recovered with bath application of exoge-
nous E2 (10 nM).

Consistent with previous studies that have showed that either
chronic inhibition of neuroestrogen synthesis by pharmacological inhi-
bition®? or genetic knockout?® of aromatase impair LTP and memory
formation in female mice,*? our results extend these studies showing
that an acute inhibition of aromatase also impairs induction of LTP
independent of any long-term, transcriptional alterations in OVX
females.

A crucial question of our study is related to the role of neuroes-
trogen versus circulating estrogens on hippocampal synaptic plasticity.
Our results point to a critical and specific role of locally produced neu-
roestrogens in LTP induction as exogenous application of E2 did not
rescue the LTZ-induced inhibition of LTP. Consistent with our results
are a series of studies that show the importance of locally synthesized
and not ovarian or exogenous estrogens in hippocampal
synaptic plasticity and dendritic spine dynamics.®®°¢>” Chemical or
genetic inactivation of aromatase lead to a reduction in spine numbers
in the hippocampus.28°® Echoing our results, in vitro application of
exogenous low, physiological concentrations of E2 (0.1-10 nM) was
not able to rescue the LTZ-mediated decrease in synaptophysin
expression®” or the upregulation of the immediate early gene Arc/
Arg3.1,%? indicating that exogenous E2 application alone is not always
sufficient to compensate for loss of aromatase activity and neuroes-
trogen synthesis.

But our observation is also at odds with other studies that
showed exogenous E2 application rescued LTZ inhibition of LTP. For
example, acute administration of 0.2 nM E2 was able to rescue HFS
induced LTP in hippocampus slices from male mice.>® In females, both
1 and 100 nM E2 were able to recover LTP in slices of OVX mice
either knocked-down for aromatase?® or chronically treated with
LTZ3 as well as in cycling mice chronically treated with the aroma-
tase inhibitor, formestane.!?

Multiple reasons could explain this discrepancy of the role of
exogenous E2 in recovery aromatase-dependent LTP, including sex
differences®® or ovarian hormone status. Ovariectomy and even
estrous cycle could also influence E2 sensitivity, as spine density
changes with estrous stage.®*%? In addition, compensatory mecha-
nisms in both genetic and chronic inhibition of aromatase, involving
translational or transcriptional modifications may have taken place
altering the systems sensitivity to E2, which may not be present under
rapid conditions of acute applications in brain slices. One could also
argue that application of E2 simply had no effect in our hands. How-
ever, we observed an increase in the amplitude of basal fEPSP slope
within minutes after E2 application, consistent with previous stud-

ies 16216364 This acute increase in basal excitatory transmission
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FIGURE 4
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produced by E2 is driven by at least two mechanisms, including a
direct stimulation of excitatory neurotransmission through ERB,'” or a
more complex pathway relying on ERa and involving mGIuR1 and
endocannabinoids to suppress inhibitory interneuron firing.® In either
framework, the studies report that only a subset of hippocampal neu-
rons responds to E2 acting on the release probability of a group of
synapses that have an overall effect on the local network.®® Also the
estrogen receptors, Era, Erf, and GPER1 distribution and sensitivity
for E2 modulate the network activity in as levels of hormones fluctu-
ate.’? Given the complexity of the hippocampal microcircuits, the
impact of E2, whether exogenous or local, and on inhibitory neuro-
transmission makes the overall output difficult to predict.®”

Surprisingly, in our experiments, acute application of LTZ, like E2,
caused an increase in the baseline fEPSP slope. This increase was
small but significant and there was no effect on presynaptic glutamate
release, as paired-pulse facilitation was unchanged by LTZ.

When both exogenous E2 and LTZ were applied together, the
combination occluded the increase in fEPSP slope, suggesting that
exogenous E2 and neuroestrogen may ultimately act through similar
mechanisms to affect baseline activity. This could be due to a shift in
the neurosteroid synthesis pathway, as LTZ prevents the transforma-
tion of testosterone to E2. With this blockade of aromatase, testoster-
one may instead be converted into dihydrotestosterone (DHT) by the
Sa-reductase type 2.°8%? Interestingly, previous studies have shown
that DHT synthesis is necessary for long-term depression in response
to 1 Hz stimuli in male rats.°®5%7° In our case of the LTZ-induced
increase in basal transmission, DHT may counteract the potentiating
effect of E2 to prevent the E2-induced increase in basal transmission.
Our study here does not address the role of DHT in basal transmission
or activity-dependent plasticity, but future studies need to focus on
whether other neurosteroids affect basal transmission or activity-
dependent plasticity as well as any differences across sexes.

In summary, our current study adds to a growing literature that

supports the hypothesis that locally produced estrogens have a

greater impact on hippocampal physiology than circulating
estrogens.®®71772 Given the impact of the loss of ovarian hormones
at menopause on cognitive functions, understanding the mecha-
nisms by which the brain can synthetize neuroestrogen is becoming
more and more relevant in our aging society. Our study comes in
support of other studies showing the requirement of local neuroes-
trogen synthesis for hippocampal memory formation adding the
observation of the reliance of the LTP induction on neuroestrogens
when ovarian hormones are removed. The intrinsic relationship and
timing between the machineries engaged by both the LTP process
and estrogens still need better understanding to eventually improve
treatment alleviating menopausal effects on aging women

cognition.
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FIGURE 4 Time course and analysis of long-term potentiation (LTP) of Schaffer collateral to CA1 synapse in the hippocampus. (A) Time

course of slope of field excitatory postsynaptic potential (fEPSP) (open circles) and fiber volley (gray circles) in control condition (CTL, n = 9), in
absence of any treatment sampled every 10 s; insert: Average traces 10 min before (thin gray trace) and 50 min after theta burst stimulation (TBS,
black trace). (B) Time course of slope of fEPSP (open circles) and fiber volley (gray circles) in presence of letrozole (LTZ) (100 nM, n = 11) sampled
every 10 s; insert: Average traces 10 min before LTZ application (thin black trace), 20 min after LTZ application (green trace) and 50 min after TBS
(thick black trace). (C) Time course of slope of fEPSP (open circles) and fiber volley (gray circles) in presence of 17-p-estradiol (E2) (10 nM, n = 11)
sampled every 10 s; insert: Average traces 10 min before E2 application (thin black trace), 20 min after LTZ application (purple trace) and 50 min
after TBS (thick black trace). (D) Time course of fEPSP (open circles) and fiber volley (gray circles) in presence of E2 (1 nM) and LTZ (100 nM)
sampled every 10 s (n = 9); insert: Average traces 10 min before E2 application (thin black trace), 20 min after drug application (yellow trace) and
50 min after TBS (thick black trace). In (A)-(D), the long-colored line indicates when the drugs are applied; the arrow indicates the time at which
the TBS was applied; the two or three short bottom lines indicate the periods over which the traces represented in the insert were averaged as
well as the averaged values used in (G) and (H). (E) Development of the fEPSP after the LTP induction represented in 10-min bin. Interaction:
F(18,216) = 2.784, p < .004; Time: F(6,216) = 15.932, p < .001; Group: F(3,36) = 5.623, p = .003. (F) Development of the fiber volley after the
LTP induction represented in 10 min bin. Interaction: F(18,216) = .955, p = .514; Time: F(6,216) = 1.788, p = .103; Group: F(3,36) = 1.529,

p =.224. In (E) and (F), the time O min corresponds to the baseline before TBS to which the values have been normalized. (G) Bar graph
representation of the last 10 min of fEPSP recordings relative to baseline (indicated by the short black line in A). F(3,39) = 6.527, F(3,39) = 6.527.
(H) Bar graph representation of the last 10 min of fiber volley recordings relative to baseline (indicated by the short black line in C). F(3,39) =
0.078, p = .971. Post hoc statistics for (E) and (G): *p < .05, **p < .01, ***p < .001 CTL versus LTZ and op < .05, cop < .01, ccop < .001, CTL versus
E2 + LTZ.
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