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A B S T R A C T   

Hippocampal plasticity and memory are modulated by the potent estrogen 17β-estradiol (E2). Research on the 
molecular mechanisms of hippocampal E2 signaling has uncovered multiple intracellular pathways that 
contribute to these effects, but few have questioned the role that extracellular signaling processes may play in E2 
action. Modification of the extracellular matrix (ECM) by proteases like matrix metalloproteinase-9 (MMP-9) is 
critical for activity-dependent remodeling of synapses, and MMP-9 activity is required for hippocampal learning 
and memory. Yet little is known about the extent to which E2 regulates MMP-9 in the hippocampus, and the 
influence this interaction may have on hippocampal memory. Here, we examined the effects of hippocampal 
MMP-9 activity on E2-induced enhancement of spatial and object recognition memory consolidation. Post- 
training bilateral infusion of an MMP-9 inhibitor into the dorsal hippocampus of ovariectomized female mice 
blocked the enhancing effects of E2 on object placement and object recognition memory, supporting a role for 
MMP-9 in estrogenic regulation of memory consolidation. E2 also rapidly increased the activity of dorsal hip-
pocampal MMP-9 without influencing its protein expression, providing further insight into hippocampal E2/ 
MMP-9 interactions. Together, these results provide the first evidence that E2 regulates MMP-9 to modulate 
hippocampal memory and highlight the need to further study estrogenic regulation of extracellular modification.   

1. Introduction 

The hippocampus is remarkably sensitive to the modulatory effects 
of the potent estrogen 17β-estradiol (E2). E2 induces changes in dendritic 
morphology and synaptic signaling that are associated with memory 
formation (Frankfurt and Luine, 2015; Frick, 2015), and work by our lab 
and others has shown consistently that E2 enhances 
hippocampus-dependent spatial and object recognition memory 
consolidation in ovariectomized (OVX) female rodents (Boulware et al., 
2013; Fernandez et al., 2008; Fortress et al., 2013; Walf et al., 2006). 
Our understanding of the molecular mechanisms driving these effects 
has grown significantly over the last two decades, with a number of 
synaptic mechanisms and intracellular signaling cascades being linked 
to E2 regulation of hippocampal structure and function (Finney et al., 
2020; Frick, 2015; Frick et al., 2018). However, an area that remains 
largely unexplored is the potential contribution of extracellular 
signaling processes, such as regulation of the extracellular matrix 
(ECM), to E2-induced hippocampal plasticity and memory. 

The ECM is a dense network of proteins and molecules that provide 

structure and biochemical support to cells, and which undergoes dy-
namic modification and restructuring by extracellular proteases, such as 
matrix metalloproteinases (MMP). MMPs have been increasingly 
recognized as important mediators of synaptic plasticity (Ferrer-Ferrer 
and Dityatev, 2018; Huntley, 2012), with MMP-dependent breakdown 
of ECM components and associated membrane proteins contributing to 
long-term potentiation (LTP) and dendritic spine remodeling (Conant 
et al., 2010; Meighan et al., 2006; Tian et al., 2007; Wang et al., 2008). 
MMP-9 is highly expressed in the hippocampus (Szklarczyk et al., 2002), 
where it localizes to excitatory synapses (Bozdagi et al., 2007) and has 
been directly linked to hippocampal plasticity and memory (Huntley, 
2012). MMP-9 knockout mice have impaired hippocampal LTP and 
contextual fear conditioning (Nagy et al., 2006), and inhibition of hip-
pocampal MMP-9 in male rats impairs maintenance of LTP and acqui-
sition of a Morris water maze spatial memory task (Bozdagi et al., 2007; 
Meighan et al., 2006; Wright et al., 2007). Hippocampal MMP-9 also 
regulates dendritic spine morphology. Enhanced MMP-9 activity results 
in dendritic spine elongation in the CA1 region of the hippocampus in 
male rats (Michaluk et al., 2011), and MMP-9 activity during LTP 
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supports spine enlargement in hippocampal slices (Wang et al., 2008). 
However, much remains to be learned about the role of MMP-9 in hip-
pocampal synaptic plasticity and memory, including how findings in 
male rodents extend to the female hippocampus and how MMP-9 might 
contribute to specific memory processes, such as consolidation. In 
addition, considerable overlap of the literature on estrogenic enhance-
ment of hippocampal memory and on the molecular effects of hippo-
campal MMP-9 indicates that MMP-9 may be an overlooked mediator of 
E2 action in the hippocampus, as both MMP-9 and E2 enhance LTP, 
dendritic spine remodeling, and spatial memory formation in this region 
(Frick et al., 2018). 

Relatively few studies have directly examined the relationship be-
tween E2 and MMP-9 in the nervous system, and the existing literature 
largely focuses on the neuroprotective effects of E2. In neuroblastoma 
cells, E2 increases both MMP-9 expression and activity, which is neces-
sary for E2-induced enhancement of amyloid-β degradation (Merlo and 
Sortino, 2012). Further, in models of stroke and immune activation, E2 
appears to have a stabilizing effect on MMP-9 by reducing MMP-9 levels 
that are heightened by injury and inflammation (Liu et al., 2005; Vegeto 
et al., 2003). These data provide initial evidence that MMP-9 may be an 
important mediator of E2 effects in the brain, but how this interaction 
may influence normal hippocampal function is largely unexplored. A 
recent study shed light on this question by demonstrating that 
E2-induced synaptic facilitation in the male rat hippocampus is depen-
dent on MMP-2/9 activity and subsequent signaling through β1-integ-
rins (Wang et al., 2016). However, the extent of the interaction between 
E2 and MMP-9 in the hippocampus, and whether MMP-9 contributes to 
the memory enhancing effects of E2, is unknown. Here, we combine 
hippocampus-dependent object memory tasks with post-training in-
fusions of E2 and an MMP-9 inhibitor to determine if MMP-9 activity in 
the dorsal hippocampus (DH) is required for E2 enhancement of hip-
pocampal memory consolidation in OVX mice. The effects of E2 
administration on dorsal hippocampal MMP-9 expression and activity 
were also examined. Our findings suggest that MMP-9 critically medi-
ates E2-induced memory enhancement, perhaps via rapidly increased 
hippocampal MMP-9 activity. 

2. Methods 

2.1. Subjects 

Female C57BL/6 mice (n = 84 across all experiments) were obtained 
from Taconic Biosciences at 9 weeks of age. Mice were maintained on a 
12:12 light-dark cycle with food and water ad libitum. All procedures 
were performed during the light phase of the cycle. Mice were housed in 
groups of up to 5 prior to surgery, after which they were singly housed. 
All procedures followed the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals and were approved by the Institu-
tional Animal Care and Use Committee of the University of Wisconsin- 
Milwaukee. 

2.2. Surgery 

At 10 weeks of age, mice were bilaterally ovariectomized and 
implanted with indwelling guide cannulae targeting the DH and/or 
dorsal third ventricle using previously described methods (Boulware 
et al., 2013; Gross et al., 2021; Kim et al., 2019). Mice were anesthetized 
with 5% isoflurane in pure oxygen and placed into a stereotaxic appa-
ratus; anesthesia was maintained at 2–3% isoflurane throughout sur-
gery. Following bilateral ovariectomy, guide cannulae (C232G; 22 
gauge; Plastics One) were placed at coordinates targeting the DH alone 
(− 1.7 mm AP, +/- 1.5 mm ML, − 2.3 mm DV) or the DH and dorsal third 
ventricle (intracerebroventricular (ICV); − 0.9 mm AP, 0.0 mm ML, −
0.2.3 mm DV). After implantation, cannulae were secured with dental 
cement, which also served to close the wound. Dummy cannulae 
(C232DC, Plastics One) were inserted into the guides to maintain 

patency of the cannulae throughout experiments. Cannula placements 
were verified visually during tissue collection. Mice were allowed to 
recover for a minimum of one week before beginning behavioral testing. 

2.3. Drugs and infusions 

For intracranial infusions, mice were gently restrained, dummy 
cannulae were removed, and an infusion cannula (C313l; DH: 28 gauge, 
extending 0.8 mm beyond the 1.5 mm guide; ICV: 28 gauge, extending 
1.0 mm beyond the 1.8 mm guide; Plastics One) was inserted. Infusion 
cannulae were attached to PE50 polyethylene tubing mounted on a 10 µl 
Hamilton syringe. Infusions were controlled by a microinfusion pump 
(KDS Legato 180, KD Scientific). As described previously (Boulware 
et al., 2013; Fortress et al., 2013), infusions of 0.5 µl were made into 
each hemisphere of the DH at a rate of 0.5 µl/min (infusion time: 1 min); 
ICV infusions were 1 µl in volume and administered at a rate of 0.5 
µl/min (infusion time: 2 min). At the end of infusion, the cannula was 
left in place for 1 min to allow for drug diffusion. In triple infusion ex-
periments using both an inhibitor and E2, the inhibitor was infused first 
bilaterally into the DH, followed immediately by ICV E2 infusion. This 
triple infusion protocol was used to prevent tissue damage from multiple 
infusions into the DH in rapid succession (Boulware et al., 2013; Fer-
nandez et al., 2008; Fortress et al., 2013; Zhao et al., 2010). 

The MMP-9 inhibitor, MMP-9 Inhibitor II (MMPI, Calbiochem), was 
dissolved in 100% DMSO for a stock solution of 4 µg/µl and stored light 
protected at − 20 ◦C. On the day of the experiment, dilutions at con-
centrations of 1 and 2 µg/µl in 80% DMSO were prepared. MMPI was 
infused into the DH at doses of 0.5 or 1 µg/hemisphere with 80% DMSO 
as vehicle control. Cyclodextrin-encapsulated E2 (Sigma-Aldrich) was 
dissolved at a concentration of 10 µg/µl in 0.9% sterile saline and 
infused at a dose of 5 µg/hemisphere (DH) or 10 µg (ICV). For vehicle 
control, 2-hydroxypropyl-beta-cyclodextrin (HBC; Sigma-Aldrich) was 
dissolved in 0.9% sterile saline at an equivalent concentration as the 
encapsulated E2 solution. 

2.4. Object recognition (OR) and object placement (OP) 

Object recognition (OR) and object placement (OP) tasks were used 
to assess object recognition and spatial memory. Tasks were conducted 
as described previously (Boulware et al., 2013; Fernandez et al., 2008; 
Fortress et al., 2013; Gross et al., 2021; Kim et al., 2019). Experimenters 
were blind to treatment group, and all mice completed both tasks, with 
the order of tasks counterbalanced within each group. Mice were first 
briefly handled for three days to habituate to the experimenters. To 
habituate mice to objects, a Lego Duplo block was placed into the home 
cage on the second day of handling and then removed at the start of 
behavioral training. Following handling, mice were habituated to the 
empty testing arena for 5 min on each of 2 consecutive days. On the day 
of behavioral training, mice were briefly exposed to the empty arena for 
1 min, removed, and then placed back into the arena with two identical 
objects placed near the upper right and left corners. To ensure that mice 
received equal amounts of exposure to the objects, mice remained in the 
arena until 30 s of object exploration was accumulated or the trial was 
ended after 20 min. Exploration was defined as when the mouse was 
immediately adjacent to an object with its front paws and/or nose 
directed at or touching the object, and was manually scored with 
ANY-maze tracking software (Stoelting). Mice with 30 s of object 
exploration were immediately infused to target the memory consolida-
tion period and then returned to their home cage. 

During testing, one of the objects was either moved to a lower corner 
of the testing arena (OP) or replaced with a novel object (OR). Behav-
ioral testing was conducted at timepoints previously established by our 
lab to observe either impairment or facilitation of memory consolidation 
(Boulware et al., 2013; Fortress et al., 2013; Gross et al., 2021). For 
experiments on the memory impairing effects of MMP-9 inhibition, mice 
were tested after either a 4 hr (OP) or 24 hr (OR) delay. At these delays, 
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control mice demonstrate intact memory of the training objects, 
spending more time than chance (15 s) with the moved or novel objects 
due to an innate preference for novelty. For experiments examining the 
faciliatory effects of E2 on memory, mice were tested at either 24 hr (OP) 
or 48 hr (OR), times at which control mice do not demonstrate memory 
of training (Boulware et al., 2013; Fernandez et al., 2008; Fortress et al., 
2013; Gross et al., 2021). Mice explored the objects until 30 s of 
exploration time was reached and were then returned to their home 
cages. Behavioral tests were separated by two weeks to allow for dissi-
pation of acute effects of drug infusion. 

2.5. Western blot 

In mice that previously underwent behavioral training and testing, 
tissue was collected at a minimum of 2 weeks following the last 
behavioral testing. Mice received intracranial infusions as described 
above and 1 hr later were cervically dislocated, decapitated, and brains 
were removed for DH dissection. The DH was dissected rapidly on ice 
and frozen at − 80 ◦C until further processing. Cannula placements were 
visually verified during dissection and no missed placements were noted 
during the study. Western blotting was performed as described previ-
ously (Boulware et al., 2013; Fortress et al., 2013; Gross et al., 2021; Kim 
et al., 2019). Tissue was homogenized in a hypotonic lysis buffer con-
taining PMSF and a protease inhibitor cocktail (ThermoFisher Scientific) 
via sonication. A Bradford assay was used to determine total protein 
concentrations and then homogenates were electrophoresed on 4–15% 
Tris-HCl precast gels. Protein was transferred to a PVDF membrane and 
blocked with 5% milk before incubation with an MMP-9 (Cell Signaling 
Technology, #13667, 1:1000) or GAPDH (Cell Signaling Technology, 
#5174, 1:10000) primary antibody overnight at 4 ◦C. The next day, 
blots were incubated with an appropriate HRP-conjugated secondary 
antibody (anti-rabbit IgG, Cell Signaling Technology, 1: 5000) and 
developed with Clarity Max enhanced chemiluminescence substrate 
(Bio-Rad). Membranes were imaged on a ChemiDoc MP gel imager and 
Image Lab software (Bio-Rad, Image Lab version 5.2) was used to 
perform densitometry analysis of MMP-9 normalized to GAPDH. For 
statistical analysis, normalized proteins were expressed as a percentage 
relative to vehicle control. 

2.6. MMP-activity assay 

MMP-9 activity was measured by a fluorometric immunocapture 
assay using methods described by Hawkins et al. (2013). Dissected DH 
tissue was homogenized in a Tris-CaCl2-NaCl-Brij buffer (TCNB; 50 mM 
Tris, 10 mM CaCl2, 150 mM NaCl, 0.05% Brij L23) with 0.1% Triton 
X-100 and HALT protease/phosphatase inhibitor (Thermo Scientific). 
Samples were prepared with 100 µg of total protein in 100 µl of TCNB 
buffer. Additional aliquots of 20 µg protein were reserved for western 
blot analysis of MMP-9 protein expression as described above. As the 
assay substrate is not specific to MMP-9, we first immunoprecipitated 
MMP-9 from samples using a primary antibody to isolate specific MMP-9 
activity. Black 96-well IgG-coupled plates were rinsed with TCNB and 
then incubated with a primary antibody solution of 2 µg MMP-9 primary 
antibody (Abcam, #228402) in 100 µl TCNB/well on a shaker at room 
temperature for 2 hrs. Plates were washed with TCNB and then blocked 
with 5% BSA in TBS at room temperature for 1 hr. Plates were then 
incubated with protein samples (100 µg) overnight at 4 ◦C on a plate 
shaker. The next morning, samples were removed, and the plate was 
washed with TCNB. A volume of 100 µl of assay buffer (50 mM Tris–HCl 
pH 7.6, 200 mM NaCl, 5 mM CaCl2, 20 μM ZnCl, and 0.05% Brij L23) 
was added to each well and the plate was incubated at 37 ◦C for 30 min. 
Then, the peptide substrate (5-FAM/QXL™520 MMP FRET peptide III; 
Cat. No. 60570; AnaSpec) was added at a concentration of 1 µM/well 
and incubated for 18–24 hrs at 37 ◦C. Endpoint fluorescence activity was 
measured on a Synergy H1 plate reader (Biotek) at 485 nm excita-
tion/528 nm emission. Protein samples were run in duplicate with 

recombinant MMP-9 protein used as a positive control. A substrate 
control well was used to subtract baseline fluorescence. 

2.7. Statistical analysis 

All statistical analyses were conducted in GraphPad Prism 8. Out-
liers, defined by ± 2 standard deviations from the mean, were removed 
from all data sets prior to further analysis (n = 3 across all experiments). 
Behavioral data was first analyzed for within group learning effects with 
one sample t-tests comparing individual group means to chance (15 s). 
This analysis was used because time spent with the objects is not inde-
pendent; time spent with one object necessarily reduces time spent with 
the other (Frick and Gresack, 2003). Behavioral data were further 
analyzed for between-group differences with one- or two-way ANOVAs. 
For MMPI dose-response data, one-way ANOVAs were followed by 
post-hoc Dunnett’s test comparing treatment doses to vehicle control. 
For E2/MMPI behavior experiments, two-way ANOVAs (hormone x 
drug) were followed by planned post-hoc comparisons using Fisher’s 
LSD test. Western blot and MMP-9 activity assay data were analyzed 
using paired samples t-tests. Significance was determined at p < 0.05. 

3. Results 

3.1. MMP-9 inhibition impairs object memory consolidation in OVX mice 

As MMP-9 is known to contribute to hippocampal memory formation 
(Meighan et al., 2006; Nagy et al., 2006; Wright et al., 2007), experi-
ments examining interactions of MMP-9 with estrogenic enhancement of 
memory could be confounded by a general inhibitory effect of MMP 
inhibition on memory consolidation. Therefore, we first determined a 
dose of the specific MMP-9 inhibitor, MMPI, that does not impair object 
placement or object recognition memory on its own for use in later ex-
periments. OVX female mice were trained with two identical objects and 
then immediately received bilateral DH infusion of vehicle or MMPI (0.5 
or 1 µg/hemisphere) after removal from the training arena. Mice were 
tested either 4 hrs later for OP or 24 hrs later for OR, as control mice at 
these timepoints demonstrate intact memory for the training conditions, 
which allows for measurement of memory impairing interventions 
(Boulware et al., 2013; Gross et al., 2021; Kim et al., 2019). Mice infused 
with vehicle or the low dose (0.5 µg) of MMPI spent significantly more 
time than chance with the moved (vehicle: t(7) = 5.28, p = 0.001; 0.5 µg 
MMPI: t(8) = 2.37, p = 0.045; Fig. 1A) or novel objects (vehicle: t(10) =

2.51, p = 0.031; 0.5 µg MMPI: t(9) = 3.13, p = 0.012; Fig. 1B) during 
testing, indicating successful memory consolidation in both groups. 
However, mice treated with the higher dose of MMPI (1 µg) did not 
differ from chance in time spent with the moved (t(7) = 0.06, p = 0.947) 
or novel (t(10) = 1.54, p = 0.156) objects, demonstrating that this dose 
impairs memory consolidation. Further analysis with one-way ANOVA 
revealed a significant main effect of treatment for both OP (F(2,22) =

3.80, p = 0.038) and OR (F(2,29) = 6.17, p = 0.006), and post-hoc ana-
lyses found that mice treated with 1 µg MMPI spent significantly less 
time with the moved (p < 0.05) or novel (p < 0.05) objects when 
compared to vehicle-treated mice. These results establish a specific role 
for MMP-9 activity in hippocampal memory consolidation and provided 
a sub-threshold dose of MMPI for use in subsequent studies with E2. 

3.2. E2 enhancement of memory consolidation depends on MMP-9 
activity and is not associated with changes in MMP-9 expression 

To determine if MMP-9 activity is required for E2 enhancement of 
hippocampal memory consolidation, OVX female mice received ICV 
infusion of vehicle or E2 and a bilateral DH infusion of vehicle or 0.5 µg/ 
hemisphere MMPI immediately following object training (Fig. 2A). Mice 
were tested either 24 hrs later for OP or 48 hrs later for OR. These 
extended time points allow for observation of the memory-enhancing 
effects of E2, as only OVX mice treated with E2, but not vehicle, will 
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exhibit successful memory at these times (Boulware et al., 2013; Gross 
et al., 2021). For both tasks, mice treated with vehicle+vehicle or 
vehicle+MMPI were indistinguishable from chance in time spent with 
the moved (vehicle+vehicle: t(8) = 0.732, p = 0.485; vehicle+MMPI: t(7) 
= 0.341, p = 0.743, Fig. 2B) or novel objects (vehicle+vehicle: t(8) 
= 0.416, p = 0.688; vehicle+MMPI: t(9) = 1.28, p = 0.382, Fig. 2C). In 
contrast, mice treated with E2+vehicle spent significantly more time 
with the moved (t(10) = 3.02, p = 0.013) and novel (t(7) = 3.82, 
p = 0.007) objects, suggesting enhanced memory consolidation. How-
ever, in E2-treated mice also infused with MMPI, this effect was 

abolished, with mice spending significantly less time than chance with 
the moved object (t(8) = 2.49, p = 0.038) and not differing from chance 
in time spent with the novel object (t(7) = 0.93, p = 0.38). Further 
analysis by two-way ANOVA confirmed a significant main effect of 
MMP-9 inhibition (F(1,33) = 6.95, p = 0.013) and hormone x drug 
interaction for OP (F(1, 33) = 6.75, p = 0.014) and significant main ef-
fects of both E2 (F(1,31) = 11.72, p = 0.002) and MMP-9 inhibition (F(1, 

31) = 5.44, p = 0.026) for OR. Planned post-hoc comparisons found that 
the E2 +vehicle group spent more time with the moved and novel objects 
compared to the vehicle+vehicle (OP: p = 0.0063, OR: p = 0.0026) and 

Fig. 1. MMP-9 is essential for spatial and object 
recognition memory consolidation. MMP-9 in-
hibition with 1 µg, but not 0.5 µg, of the specific 
MMP-9 inhibitor MMPI blocked consolidation 
of object placement and object recognition 
memory. OVX female mice (n = 8–12/group) 
received bilateral DH infusion of vehicle or 
MMPI (0.5 or 1 µg/hemisphere) immediately 
following object training. In an object place-
ment test 4 hr later (A) or an object recognition 
test 24 h later (B), mice receiving vehicle (OP: 
n = 8; OR: n = 11) or 0.5 µg MMPI (OP: n = 9; 
OR: n = 10) spent significantly more time with 
the moved or novel object compared to chance 
(dotted line at 15 s, #p < 0.05 relative to 
chance), whereas mice receiving 1 µg of MMPI 
(OP: n = 8; OR: n = 11) did not, suggesting that 
the high dose impaired memory consolidation. 
Mice treated with 1 µg MMPI also spent signif-

icantly less time with the moved or novel object compared to vehicle-treated mice (*p < 0.05). Error bars indicate mean ± SEM.   

Fig. 2. Estradiol depends on MMP-9 activity to 
enhance hippocampal memory consolidation 
but does not influence MMP-9 expression. OVX 
female mice (n = 8–11/group) received ICV 
infusion of vehicle or E2 (10 µg) and DH infu-
sion of vehicle or MMPI (0.5 µg/hemisphere) 
immediately following object training (A). In an 
object placement test 24 hr later (B) or an ob-
ject recognition test 48 h later (C), mice infused 
with E2 +vehicle (OP: n = 11; OR: n = 8), but 
not E2 +MMPI (OP: n = 8; OR: n = 8), spent 
significantly more time than chance with the 
moved or novel objects (dotted line at 15 s, 
#p < 0.05). Mice treated with E2 +vehicle also 
spent significantly more time with the moved or 
novel objects compared to vehicle+vehicle (OP: 
n = 9; OR: n = 9) or E2 +MMPI groups (OP: 
n = 8; OR: n = 10; * p < 0.05). DH tissue 
collected 1 hr after infusion showed no change 
to MMP-9 protein expression following E2 and 
MMPI treatment (D, E). Error bars indicate 
mean ± SEM.   
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E2+MMPI groups (OP: p = 0.0005, OR: p = 0.020). 
To examine whether the interaction of E2 and MMP-9 was correlated 

with changes to MMP-9 protein expression, mice again received an ICV 
infusion of vehicle or E2 and a DH infusion of vehicle or MMP-9, and DH 
tissue was collected 1 hr later. At this time point, no significant differ-
ences were observed in MMP-9 protein expression as assessed via 
western blot (main effect E2: F(1,31) = 0.00, p = 0.98; main effect MMPI: 
F(1,31) = 1.59, p = 0.22; interaction: F(1,31) = 1.9, p = 0.28. Fig. 2D, E). 
Together, these results indicate that MMP-9 activity in the DH is 
required for E2-induced enhancement of object recognition and spatial 
memory consolidation in OVX mice, but that this effect is not associated 
with a change in MMP-9 expression. 

3.3. E2 increases MMP-9 activity, not expression 

To further examine how E2 interacts with MMP-9, we directly 
measured MMP-9 enzyme activity levels in the DH following E2 treat-
ment. Because MMP-9 is largely expressed as an inactive pro-enzyme, 
we performed MMP-9 immunocapture followed by a highly sensitive 
fluorescent substrate assay that allows for observation of the small pool 
of endogenously active MMP-9 (Hawkins et al., 2013). A set of behav-
iorally naïve OVX mice received bilateral DH infusion of vehicle or E2, 
and DH tissue was collected 30 min later (Fig. 3A). Again, E2 treatment 
did not affect MMP-9 protein levels in the DH at this time point (t(12) 
= 0.71, p = 0.94, Fig. 3B, C). However, E2 treatment did significantly 
increase MMP-9 activity (t(12) = 3.74, p = 0.0028, Fig. 3D). Overall, 
these data suggest that E2 rapidly increases hippocampal MMP-9 activity 
without influencing its protein expression. 

4. Discussion 

Previous literature has elucidated numerous intracellular mecha-
nisms essential for E2 to influence hippocampal plasticity and memory, 
but whether regulation of the extracellular space also plays a role has yet 
to be examined. Here, we began to study this putative relationship by 
examining the ability of E2 to facilitate hippocampal-dependent memory 
consolidation in OVX mice in the presence of an inhibitor for the 
extracellular matrix modifier, MMP-9. We found that MMP-9 inhibition 
in the DH could impair memory consolidation on its own and blocked 
the memory-enhancing of effects of E2. Experiments testing the regula-
tion of MMP-9 by E2 found that a single infusion of E2 rapidly increased 
dorsal hippocampal MMP-9 activity without an associated increase in 
MMP-9 protein expression. Together, these results demonstrate that 
MMP-9 is a critical mediator of both memory consolidation and E2- 
induced memory consolidation, and begin to define how E2 regulates 
hippocampal MMP-9. 

Prior work in rodent models has demonstrated that MMP-9 plays an 
important role in hippocampal learning and memory. Training in 
inhibitory avoidance, contextual fear conditioning, and Morris water 
maze tasks increases levels of active MMP-9 in the male rodent 

hippocampus (Ganguly et al., 2013; Nagy et al., 2007; Zhang et al., 
2013), and in intact female rats, MMP-9 activity is increased in the 
hippocampus following Morris water maze training or object explora-
tion (Wright et al., 2004). ICV or DH infusion of a non-specific MMP 
inhibitor impairs acquisition in the Morris water maze in male rodents 
(Meighan et al., 2006; Wright et al., 2007), and male mice with full 
MMP-9 knockout exhibit reduced freezing following 
hippocampus-dependent contextual fear conditioning but not cued fear 
conditioning (Nagy et al., 2006), suggesting a specific role for MMP-9 in 
hippocampal memory. Whether hippocampal MMP-9 activity is partic-
ularly required for memory consolidation is less clear, as previous 
studies administered MMP inhibitors prior to training and did not spe-
cifically manipulate the consolidation phase. Here, we used the one-trial 
learning tasks object placement and object recognition, which are ideal 
for examining the molecular mechanisms of memory consolidation 
because they offer a temporally discrete window of time post-training to 
manipulate consolidation processes. We found that immediate 
post-training infusion of 1 µg of a specific MMP-9 inhibitor into the 
dorsal hippocampus impaired object placement and object recognition 
memory in OVX mice, demonstrating a necessity for MMP-9 activity 
during the memory consolidation period. Although a lower dose of the 
MMP-9 inhibitor (0.5 µg) left consolidation memory intact when infused 
on its own, this dose blocked the memory-enhancing effects of E2, again 
supporting the importance of MMP-9 for memory consolidation. These 
data build on previous work by extending tests of MMP-9 inhibition to 
female rodents and by defining a specific role for MMP-9 in hippocampal 
memory consolidation. 

We next examined whether MMP-9 contributes to E2 enhancement of 
hippocampal memory consolidation in these tasks. Immediate post- 
training infusion of E2 promoted memory consolidation as observed 
previously (Boulware et al., 2013; Fernandez et al., 2008; Fortress et al., 
2013; Gross et al., 2021). However, in mice treated with a low dose of 
MMP-9 inhibitor, this effect was abolished, suggesting that estrogenic 
enhancement of memory depends on activity of dorsal hippocampal 
MMP-9. This result is consistent with previous findings that E2-mediated 
degradation of β-amyloid is dependent on MMP-9 (Merlo and Sortino, 
2012) and that MMP-2/9 inhibition blocks E2 facilitation of hippo-
campal CA1 excitatory postsynaptic potentials (Wang et al., 2016). In 
this latter study, E2-induced CA1 excitatory synaptic facilitation was 
also dependent on β1-integrin signaling, which can be activated by 
MMP-9-meditated production of integrin ligands in the ECM (Dityatev 
et al., 2010; Wang et al., 2016). Whether MMP-9 activation of integrin 
signaling is also involved in E2-induced memory enhancement is a topic 
for future work, as is the examination of other substrates of MMP-9 
activity that may contribute to memory consolidation. For instance, 
MMP-9 has been shown to influence hippocampal plasticity and memory 
by targeting cellular adhesion molecules, like ICAM-5 and nectin-3. 
MMP-9-mediated ICAM-5 breakdown is associated with hippocampal 
LTP induction and dendritic spine elongation (Conant et al., 2010; Tian 
et al., 2007), whereas MMP-9 dependent nectin-3 cleavage in the hip-
pocampus is associated with stress-induced memory impairment (van 
der Kooij et al., 2014). Interestingly, MMP-9 can also extracellularly 
process proforms of growth factors into mature, active forms, including 
the conversion of pro-BDNF to mature BDNF, which is associated with 
increased activation of its receptor TrkB (Hwang et al., 2005). In the 
hippocampus, MMP-9 upregulation or overexpression is associated with 
increased production of mature BDNF (mBDNF) following environ-
mental enrichment, seizure activity, and in a mouse model of Alz-
heimer’s disease (Cao et al., 2014; Fragkouli et al., 2014; Mizoguchi 
et al., 2011). As BDNF and TrkB signaling are known to be important 
mediators of E2-induced hippocampal plasticity and memory consoli-
dation (Gross et al., 2021; Kramár et al., 2013; Murphy et al., 1998; Sato 
et al., 2007), determining a role for MMP-9-induced generation of 
mBDNF in the memory-enhancing effects of E2 may be a particularly 
interesting avenue for future studies. 

To better define the interactions between E2 and MMP-9 in the dorsal 

Fig. 3. Estradiol increases hippocampal MMP-9 enzyme activity. OVX female 
mice (n = 7/group) received bilateral DH infusion of vehicle (V) or E2 (5 µg/ 
hemisphere) and DH tissue was collected 30 min later (A). E2 treatment did not 
affect levels of MMP-9 protein expression (B,C), but did increase levels of MMP- 
9 enzyme activity (D). (**p < 0.01) Error bars indicate mean ± SEM. 
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hippocampus, we also examined MMP-9 expression and activity 
following E2 treatment. We found that E2 increased MMP-9 activity, but 
not protein expression, 30 min after a single infusion into the DH. 
Classical E2 signaling is characterized by slow, modulatory effects on 
gene expression via intracellular receptors, however, current work 
shows that E2 modulation of hippocampal memory largely depends on 
rapid recruitment of membrane-receptor-initiated intracellular 
signaling cascades (Taxier et al., 2020). E2 initiates processes that sup-
port memory consolidation such as ERK phosphorylation, mTOR acti-
vation, histone acetylation, and dendritic spine formation within 
5–30 min of infusion into the dorsal hippocampus (Fernandez et al., 
2008; Fortress et al., 2013; Tuscher et al., 2016; Zhao et al., 2010). Our 
observed effect of E2 on MMP-9 activation is consistent with this time 
course, as well as the time course of rapid E2 synaptic facilitation, which 
is dependent on MMP-2/9 signaling (Wang et al., 2016). Thus, rapid 
signaling at membrane-localized estrogen receptors might underlie the 
rapid increase observed in MMP-9 activity following E2 infusion, how-
ever, direct testing of this hypothesis and a further understanding of the 
time course of E2-induced MMP-9 regulation is needed. As our study 
focused on relatively early timepoints following E2 administration, it 
remains unknown whether E2 infusion might alter hippocampal MMP-9 
gene or protein expression at later time points. 

The mechanisms through which E2 might increase hippocampal 
MMP-9 activity remain unclear. Regulation of MMP-9 activity can occur 
not only through altered gene expression, but also via changes in MMP-9 
cellular compartmentalization, cleavage of inactive zymogens (pro- 
MMPs), and regulation of MMP-9 degradation. Although previous 
studies have found that increased MMP-9 activity correlates with 
increased MMP-9 expression (Ganguly et al., 2013; Nagy et al., 2007), 
we do not find evidence that E2 increased MMP-9 protein expression at 
either 30 min or 1 h post-treatment. Because previous observations of 
learning-induced increases in hippocampal MMP-9 expression peaked at 
6–24 h, it is possible that our relatively rapid increase in MMP-9 activity 
is fueled by alternative mechanisms. For instance, E2 could rapidly 
activate MMP-9 by reducing its endogenous inhibition by tissue in-
hibitors of matrix metalloproteinases (TIMPs). E2 reduces TIMP activity 
in both uterine and breast cancer cells (Nilsson et al., 2007; Zhang et al., 
2007), and in the mouse uterus, this effect is accompanied by an increase 
in MMP-9 activity (Zhang et al., 2007). Dynamic control of MMP-9 ac-
tivity by TIMP inhibition also appears to be important for promoting 
hippocampal plasticity. Work in hippocampal slice and culture finds that 
a short period of high MMP-9 activity and low TIMP inhibition, followed 
by an increase in TIMP-1 inhibition to prevent excessive proteolysis, is 
necessary for successful LTP and maturation of dendritic spines (Mag-
nowska et al., 2016). Thus, E2 might transiently control MMP-9 inhibi-
tion in a similar way to regulate hippocampal MMP-9 activity. 

E2 could also regulate active MMP-9 by increasing cleavage of pro- 
MMP-9 to yield more active enzyme. Numerous proteases can cleave 
pro-MMP-9, including other MMPs and serine proteases like tissue 
plasminogen activator (tPA). In particular, tPA is the primary driver of 
MMP-9 activation following cerebral ischemia (Tsuji et al., 2005), and 
interestingly, E2 administration following ischemia modulates this 
relationship by reducing excessive upregulation of MMP-9 activity (Li 
et al., 2011; Liu et al., 2010). In postmenopausal women, estrogen 
therapy and acute E2 administration increase endothelial tPA release 
(Hoetzer et al., 2003), further suggesting that E2 can dynamically 
regulate tPA activity. Characterizing E2 regulation of pro-MMP-9, tPA, 
and other MMP subtypes in the hippocampus will be required to 
determine whether pro-enzyme cleavage contributes to E2-induced 
MMP-9 activity. 

In summary, the results of the present study provide important new 
insights into the mechanisms of E2 signaling in the hippocampus, as well 
as the signaling processes essential for E2 to regulate object recognition 
and spatial memory consolidation. We found that MMP-9 signaling was 
necessary both for memory consolidation on its own, as well as for E2- 
induced enhancement of memory consolidation in OVX mice. Moreover, 

we found that E2 rapidly induces hippocampal MMP-9 activity without 
affecting MMP-9 protein levels, suggesting that rapid actions of E2 on 
extracellular signaling may influence its effects on intracellular 
signaling. These results provide the first direct evidence that E2 regulates 
hippocampal MMP-9 and further our understanding of the mechanisms 
of estrogenic memory enhancement. However, many questions remain 
to be addressed in future work, for example, defining the mechanisms 
through which E2 regulates MMP-9 and extending these findings to 
studies of male rodents and local estrogen synthesis. Nevertheless, the 
addition of MMP-9, a modulator of the extracellular space, fundamen-
tally alters the existing model of E2 signaling in the dorsal hippocampus 
and highlights the importance of considering extracellular modifications 
as a potentially critical substrates for estrogenic regulation of memory. 
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