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The microRNA miR-132 serves as a key regulator of a wide range of plasticity-associated processes in the central nervous

system. Interestingly, miR-132 expression has also been shown to be under the control of the circadian timing system. This

finding, coupled with work showing that miR-132 is expressed in the hippocampus, where it influences neuronal morphol-

ogy and memory, led us to test the idea that daily rhythms in miR-132 within the forebrain modulate cognition as a function

of circadian time. Here, we show that hippocampal miR-132 expression is gated by the time-of-day, with peak levels occur-

ring during the circadian night. Further, in miR-132 knockout mice and in transgenic mice, where miR-132 is constitutively

expressed under the control of the tetracycline regulator system, we found that time-of-day dependent memory recall (as

assessed via novel object location and contextual fear conditioning paradigms) was suppressed. Given that miRNAs exert

their functional effects via the suppression of target gene expression, we examined the effects that transgenic miR-132 ma-

nipulations have on MeCP2 and Sirt1—two miR-132 targets that are associated with neuronal plasticity and cognition. In

mice where miR-132 was either knocked out, or transgenically expressed, rhythmic expression of MeCP2 and Sirt1 was sup-

pressed. Taken together, these results raise the prospect that miR-132 serves as a key route through which the circadian

timing system imparts a daily rhythm on cognitive capacity.

Work in many species has shown that the circadian timing system
exerts a potentmodulatory influence over both learning andmem-
ory (Holloway andWansley 1973a,b;Wansley andHolloway 1975;
Monk et al. 1997; Fernandez et al. 2003; for reviews, see Schmidt
et al. 2007; Gerstner and Yin 2010; Lyons 2011; Smarr et al.
2014). For example, in mammals, the efficacy of memory forma-
tion, acquisition, and recall vary depending on the time-of-day
(Davies et al. 1973; Monk et al. 1997; Valentinuzzi et al. 2001;
Chaudhury and Colwell 2002; Eckel-Mahan et al. 2008). Further,
disruption of circadian timing in the suprachiasmatic nucleus
(SCN), the locus of themaster circadian clock, has profound effects
on the acquisition and maintenance of learning and memory
(Stephan and Kovacevic 1978; Tapp and Holloway 1981; Ruby
et al. 2008; Phan et al. 2011).

In addition to the SCN, the role of ancillary clocks located in
forebrain circuits has also been shown to exert circadian influence
over cognition. For example, Snider et al. (2016) showed deficits
in circadian-gated learning in amousemodel where a key circadian
gene, Bmal1, was deleted from forebrain excitatory neurons.
Likewise, Shimizu et al. (2016) demonstrated that consolidation
of long-term recognition memory is abrogated when the hippo-
campal clock is disrupted. These findings raise interesting
questions about the molecular effectors that couple the circadian
clock to rhythms of plasticity and memory in the hippocampus.

If one were to posit potential genetic/cellular signalingmech-
anisms by which the clock modulates cognition, a candidate gene
would likely function at the interface of circadian timing and
memory; hence this gene would be clock-regulated, and it would
serve as a modulator of synaptic plasticity in the hippocampus.
One gene that could fit these criteria is the microRNA, miR-132.
Vo et al. (2005) first identified miR-132, characterizing its induc-

ible regulation and its marked effects on neurite outgrowth.
Since this initial study, a large body of work has shown that
miR-132 is inducibly expressed in vivo following a wide range of
stimuli (Cheng et al. 2007; Nudelman et al. 2010; Mellios et al.
2011; Hansen et al. 2013; Hernandez-Rapp et al. 2015). miR-132
also plays a role in shaping neuronal morphology and synaptic
plasticity/transmission (Impey et al. 2010; Jasińska et al. 2016;
for review, see Aten et al. 2016). Consistent with this, deletion of
miR-132 attenuates activity-dependent dendritic growth and leads
to a reduction in hippocampal dendritic length and spine density
(Wayman et al. 2008; Magill et al. 2010) and a decrease in the am-
plitude of both evoked and spontaneous EPSCs (Luikart et al.
2011; Remenyi et al. 2013), whereas overexpression of miR-132
leads to an increase in spine density (Hansen et al. 2010) and an
increase in paired-pulse facilitation and mEPSC amplitude
(Edbauer et al. 2010; Lambert et al. 2010). In accordancewith these
observations, knockout of miR-132 leads to cognitive deficits
(Hernandez-Rapp et al. 2015; Hansen et al. 2016), while moderate
overexpression of transgenic miR-132 enhances cognition
(Hansen et al. 2013).

With respect to circadian physiology, miR-132 expression
is under the control of the circadian oscillator in the SCN, and
photic entrainment cues trigger a marked increase in miR-132 lev-
els (Cheng et al. 2007). Additionally, miR-132 also varies over the
diurnal cycle in the rat brain, with significant time-of-day expres-
sion differences found in the somatosensory cortex (Davis et al.
2011).

The noted studies raise the possibility that miR-132 could
serve as a signaling intermediate through which the circadian
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timing system fine tunes learning and
memory efficacy. Here, we used transgen-
ic and knockout mouse lines and a series
of molecular and behavioral approaches
to examine the contribution of miR-132
to time-of-day dependent measures of
cognition. We show that both the dele-
tion of miR-132 and the transgenic
expression of miR-132 to stable
(noncircadian-regulated) levels disrupt
the effect of the circadian system on
learning and memory efficiency. These
data suggest that the rhythmic expression
of miR-132 modulates synaptic circuits
that facilitate optimal cognitive perfor-
mance across the circadian day.

Results

Endogenous miR-132 expression is

higher during the circadian night
Previous work has demonstrated that
miR-132 expression is under the control
of the circadian timing system in the
SCN, with peak expression occurring dur-
ing the subjective day (Cheng et al. 2007).
Given that circadian rhythms have been
detected in the forebrain, we examined
whether miR-132 could also be expressed
in a time-of-day-dependentmanner with-
in the hippocampus. To this end,C57Bl/6
mice were entrained to a 12 h light–dark
cycle, and were then dark-adapted for 2
d (to remove the entraining effects of
light) before being sacrificed during either
the circadian day (CT 6) or the circadian
night (CT 15). Subsequently, hippocam-
pal tissue was processed for miR-132 ex-
pression using fluorescence in situ
hybridization (FISH) (Fig. 1A–E). Repre-
sentative images (Fig. 1A–C)andquantita-
tive analysis (Fig. 1E) revealed that
miR-132 expression was significantly
higher during the circadian night (CT15)
(Fig. 1E, overall the time-of-day effect on
brain regions F(1,32) = 20.107, P < 0.001;
interaction F(2,32) = 1.500, P = 0.241; two-
way ANOVA). Specifically, miR-132 was
significantly higher at night in the GCL
and CA3 (Fig. 1E, t(9) = 3.796, P = 0.004
for GCL and t(9) = 2.625, P = 0.028 for
CA3; selective Bonferroni post hoc test).

Next, we examined the circadian profile of miR-132 expres-
sion in the hippocampus. Thus, WT mice were dark-adapted for
2 d, and tissue was isolated at 4 h intervals over the circadian cycle.
Quantitative RT-PCR revealed an oscillation in miR-132 expres-
sion, with peak expression occurring during the early subjective
night (CT14) and nadir occurring during the early subjective day
(CT2) (Fig. 1F; F(5,44) = 12.94, P = 0.024; Kruskal–Wallis one-way
ANOVA). Specifically, Dunn’s Multiple Comparison Test revealed
a significant difference in miR-132 expression between CT2 and
CT14 (Fig. 1F, t(15) =−24.39, P < 0.01). Further, to determine
whether this oscillation is under the influence of the circadian
clock, miR-132 expression was examined in tissue isolated from
BMAL1−/− mice. BMAL1 is an essential component of the molecu-

lar circadian clock, and as such BMAL1−/− mice do not exhibit
clock-gated molecular or behavioral rhythms (Bunger et al.
2000). Using the approximate peak and nadir of miR-132 expres-
sion in WT mice as a reference point, we did not detect a
time-of-day difference in miR-132 expression in hippocampal tis-
sue from BMAL1−/− mice (Fig. 1G; t(5) = 0.864; Student’s t-test).
Together these data indicate a clock-driven miR-132 rhythm in
the hippocampus.

miR-132 knockout and miR-132 transgenic mice
Prior studies from our laboratory demonstrated that cognitive ca-
pacity is tightly regulated by miR-132 (Hansen et al. 2010,
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Figure 1. Time-of-day miR-132 expression in the hippocampus. miR-132 expression in the CA1 (A),
GCL (B), CA3 (C), was examined by FISH in WT animals during the circadian day (CT6) and the circadian
night (CT15) time points. Scale bar = 50 µm for CA1, GCL, and CA3. (D) FISH profiling of a control,
scrambled miRNA probe: note the lack of cellular labeling. (E) Quantification of the relative intensity
of miR-132 expression in the noted brain regions during the circadian day and the circadian night.
Data were analyzed by two-way ANOVA, n = 5–6 animals per group. CA1 miR-132 mean intensity
during the circadian night was set equal to a value of one, and the remaining brain regions were nor-
malized to this condition. Data are displayed as the mean ± standard error (SEM); (*) P < 0.05; (**) P <
0.01; (n.s.) not significant (P > 0.05). (F ) Total hippocampal RNA was isolated from WT mice sacrificed
every 4 h across the 24-h circadian cycle, and miR-132 cDNA was probed via real-time PCR. Relative
miR-132 abundance at CT2 was set equal to a value of one. Significance was examined via Kruskal
Wallis Test, n = 7–8 animals per group. Data are displayed as the mean ± SEM for each timepoint. (G)
Total hippocampal RNA was isolated from BMAL1−/− animals sacrificed at CT4 and CT15. Relative
miR-132 abundance at CT4 was set equal to a value of one, and miR-132 expression at CT15 was nor-
malized to this value. Significance was examined via Student’s t-test, n = 3–4 animals per timepoint.
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2013). This observation, coupledwith the observed rhythm in hip-
pocampal miR-132 expression, led us to test the role of miR-132 in
time-of-day learning and memory. To this end, we utilized two ge-
netically modified mouse lines: one in which miR-132 is deleted,
and a second line, where miR-132 time-of-day expression is sup-
pressed. In the first line, a Cre/lox strategy was used to condition-
ally delete the miR-132/212 locus from excitatory forebrain
neurons, including those of the cortex and hippocampus
(miR-132/212f/f conditional knockout; Fig. 2A, hereafter referred
to as the “cKO” line: Fig. 2B, Animal #2). Prior work with this
line confirmed the selective loss of miR-132 from forebrain excit-
atory neurons (Hansen et al. 2016). In the second mouse line,
we sought to test the cellular and behavioral effects that constitu-
tive, noncircadian-gated, expression of miR-132 would have on
time-of-day-dependent learning and memory. Thus, we crossed
the miR-132/212f/f conditional knockout (cKO) line to a
tetracycline-inducible transgenicmiR-132mouse line. The tetracy-
cline inducible (i.e., “Tet-off”) miR-132 transgenic line (previously
described by Hansen et al. 2010) was generated by crossing a
CaMKII-tTA driver line with a line expressing miR-132 (and cyan
fluorescent protein) under the control of the TRE promoter.
Therefore, crossing of the CaMKII-Cre::miR-132/212f/f (cKO) line
to the CaMKII-tTA::miR-132-CFP transgenic line generated a four
transgene mouse line: CaMKII-tTA::miR-132:CaMKII-CRE::
miR-132/212f/f (Fig. 2A, hereafter referred to as the “Transgenic”
miR-132 line: Fig. 2B, Animal #3). This unique animal model al-
lowed us to selectively delete endogenous miR-132 and transgeni-
cally express miR-132 in the same population of excitatory
forebrain neurons. Of note, cKO and transgenic mice were gener-
ated in the expected Mendelian distribution with normal sex ra-
tios, and no anatomical abnormalities were detected. Cresyl
violet labeling revealed no obvious gross morphological differenc-
es in the hippocampus of cKO and Transgenic animals compared
to WT animals (Fig. 2C). Control animals (hereafter referred to as
“WT”) were either negative for all four noted transgenes (as depict-
ed in Fig. 2B, Animal #1), or they were positive for the driver
(CaMKII-Cre or CaMKII-tTA) or the responder transgene
(miR-132 or miR-132/212f/f).

In order to assess hippocampal miR-132 expression, quantita-
tive RT-PCR was performed on the three noted mouse lines at CT4
(circadian day) and CT15 (circadian night). Consistent with the
data shown in Figure 1, WT animals showed significantly higher
miR-132 expression at night (Fig. 2D, t(9) = 2.560, P = 0.031;
Student’s t-test); in contrast, a time-of-day difference in cKO and
Transgenic animals was not detected (Fig. 2D). The low level of
miR-132 detected in cKO animals likely results from interneuron
and nonneuronal cell populations. Importantly, expression of
the reference snRNA that was used for normalization (RNU6B)
was not altered between circadian day and night conditions (data
not shown). Together, these results suggest that the WT rhythmic
profile of miR-132 is eliminated in miR-132 cKO and Transgenic
animals.

Next, we examined circadian wheel running activity of WT,
cKO, and Transgenic mice in order to determine whether the
SCN clock machinery was significantly affected by the noted ge-
netic manipulations. Double plotted actograms of WT, cKO, and
Transgenic mice are presented (Fig. 2E). All circadian wheel run-
ning data were analyzed by one-way ANOVA. The circadian period
(tau) under DD conditions was similar for all genotypes (Table 1;
F(2,13) = 2.087, P = 0.170), and the overall activity (rotations per
day) in LD and in DD was similar for all three genotypes (Table
1; F(2,13) = 0.876, P = 0.442) and (F(2,13) = 2.139, P = 0.164).
Additionally, a light pulse (40 lux, 15 min) administered during
the early subjective night (CT15), elicited phase delaying responses
in all three lines. The Transgenic animals exhibited an attenuated
phase shift relative to the two other lines, however this difference

did not reach statistical significance (Table 1; F(2,13) = 3.217, P =
0.079). Together, these experiments show that key functional fea-
tures of the SCN are retained in miR-132 cKO and Transgenic
animals.

Impairments in time-of-day dependent novel object

location memory in mice with forebrain miR-132

dysregulation
We next sought to examine the effects of miR-132 dysregulation
on time-of-day dependent measures of learning and memory. To
this end, we utilized the novel object location (NOL) task—a
hippocampal-dependent memory test (Barker and Warburton
2011; Chao et al. 2016) with an efficiency that has previously
been shown to be influenced by circadian time (McGowan and
Coogan 2013; Takahashi et al. 2013, Snider et al. 2016). The
NOL task examines the ability of amouse to remember the location
of an object aftermoving one of the two objects in the arena. Thus,
the more time spent exploring the moved object (compared to the
object in the familiar location), the better the memory recall (par-
adigm shown in Fig. 3A).

To determine time-of-day performance in the NOL task, mice
were tested at circadian day (CT4) and circadian night (CT15) time
points. For this experiment, mice on a 12 h/12 h LD schedule were
dark-adapted (DD) for 2 d and were subsequently tested under dim
red light (∼5 lux). The red light condition allowed animals to use
visual/contextual cues, while not affecting the circadian clock tim-
ing system (Hattar et al. 2003; Figueiro and Rea 2010; Zhang et al.
2017). Interestingly,WT animals exhibited time-of-day differences
in NOL discrimination, while miR-132 cKO and Transgenic ani-
mals did not. Indeed, an interaction at the level of genotype that
depended on time-of-day was detected (Fig. 3B, interaction F(2,28)
= 5.011, P = 0.001; repeated-measures ANOVA). In particular,
when comparing within genotype,WT animals displayed a signifi-
cantly higher discrimination index (DI) when tested at night com-
pared to when tested during the day (Fig. 3B, t(9) = 3.497, P = 0.020;
Bonferroni post hoc test). On the other hand, cKO and Transgenic
animals showed no such differences (Fig. 3B, t(9) = 0.978, P = 1.000
for cKO mice and t(10) = 0.776, P = 1.000 for Transgenic mice;
Bonferroni post hoc test). Additionally, statistical analyses were
performed to determine whether the DI for each group (at each
time point) was significantly greater than chance levels. Only
WT animals demonstrated greater-than-chance discrimination
for the novel location at night (Fig. 3B, t(9) = 3.47, P = 0.005; one
sample t-test). Finally, no significant effect of time-of-day or geno-
type on total distance moved (Fig. 3C) or total exploration time
(Fig. 3D) was observed (assessed via repeated-measures ANOVA).

Previouswork fromour laboratory has shown that overexpres-
sion of miR-132 (greater than approximately threefold over
basal levels) can impair learning and memory (Hansen et al.
2010, 2013). Given that the Transgenic animals displayed an ap-
proximately sevenfold increase in miR-132 during the day, and a
∼3.5-fold increase relative to endogenous miR-132 levels at night
(Fig. 2D), wewanted to determine whether time-of-day-dependent
cognitive deficits revealed in the NOL assay in the miR-132
Transgenic animals could be attributed to the high, supra-
physiological, levels of transgenic miR-132. Thus, we administered
0.4 μg/mL doxycycline to the drinkingwater of a separate cohort of
mice, and tested the animals in the NOL task 3 wk later. Of note,
0.4 μg/mL doxycycline treatment was previously shown to reduce
transgenic miR-132 expression to a level that is approximately
equivalent to WT (i.e., endogenous) miR-132 expression levels in
the hippocampus (Hansen et al. 2013). Remarkably, Transgenic an-
imals maintained on doxycycline did not exhibit time-of-day-
dependent differences in NOL discrimination (Fig. 3E). We again
found an interaction at the level of genotype that depended on
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the time point of testing (Fig. 3E, interaction F(2,18) = 3.594, P =
0.0176; repeated-measures ANOVA). When comparing within ge-
notype, WT animals displayed a significantly higher DI at night
compared to during the day (Fig. 3E, t(5) = 3.974, P = 0.0078;

Bonferroni post hoc test). However, cKO and Transgenic animals
did not show a significant difference (Fig. 3E, t(8) = 1.512, P =
0.523 for cKO mice and t(5) = 0.272, P = 1.000 for Transgenic
mice; Bonferroni post hoc tests). Again, only WT animals
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Figure 2. miR-132 knockout and transgenic mouse models and circadian phenotyping. (A) Schematic depiction of CaMKII-Cre::miR-132/212f/f

(denoted as “cKO”) and CaMKII-tTA::miR-132:CamKII-Cre::miR-132/212f/f (“Transgenic”) mice. (B) PCR-based genotyping results for the miR-132 cKO
and Transgenic mice. Of note, mouse #2 represents a miR-132 cKO animal—positive for both the CaMKII-Cre driver and the miR-132/212f/f transgene.
Mouse #3 represents a miR-132 Transgenic animal—positive for both the tTA and miR-132 transgenes, in addition to the CaMKII-Cre driver and the
miR-132/212f/f transgene. (C) Representative hippocampal tissue stained with cresyl violet. Of note, no gross morphological differences in cKO and
Transgenic animals were detected; scale bar = 150 μm for low-magnification images and 50 μm for high-magnification images. (D) To profile miR-132
expression levels, total hippocampal RNA from WT, cKO, and Transgenic animals was isolated, reverse transcribed and probed via real-time PCR.
Relative miR-132 abundance (in WT animals) during the circadian night was set equal to a value of one. Time-of-day comparisons were analyzed by
Student’s t-test, n = 3–5 animals per group. Data are displayed as the mean ± SEM; (*) P < 0.05; (n.s.) not significant (P > 0.05). (E) Double-plotted
wheel running actograms of WT, cKO, and Transgenic mice. White and black horizontal bars across the tops of the plots represent the light and dark
(LD) periods, respectively; DD (shown on the Y-axis) refers to the time when mice were housed in constant darkness. Yellow arrows indicate a light
pulse (15 min, 40 lux) given at CT15 to induce a phase delay.
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demonstrated greater-than-chance discrimination for the novel
object at night (Fig. 3E, t(5) = 4.504, P = 0.006; one sample t-test).
Finally, no significant effect of time-of-day or genotype on total
distance moved or total exploration time (assessed via repeated-
measures ANOVA) was observed (Fig. 3F,G). Together, these results
indicate that the daily rhythm in miR-132 facilitates both the for-
mation of NOL memory and regulates its strength as a function of
time-of-day.

Disruption of circadian-gating of contextual fear memory

recall in miR-132 cKO and Transgenic mice
Next, we tested whether miR-132 influences time-of-day-depen-
dent memory recall. This approach is in line with previous studies
showing that the strength of memory recall is influenced by the
time-of-day (Chaudhury and Colwell 2002; Eckel-Mahan et al.
2008). For this experiment, mice were initially handled once a
day under LD conditions (for two consecutive days). Next, they
were transferred to darkness (DD), where they were handled once
per day for an additional 2 d. The 2 d of handling in DD, the train-
ing trial, and all retrieval trials were conducted under dim red light
(∼5 lux), allowing the animals to use visual/contextual cues with-
out influencing the circadian timing system, as described in the
NOL section above.

On the day of training, mice received a conditioning foot-
shock during the early subjective day (CT4; Fig. 4A, Day 7).
Memory retrieval (based on the percent time an animal was immo-
bile/freezing) was then tested 24 h after conditioning and then
probed every 12 h thereafter for 5 d (Fig. 4A; days 8 through 12).
Mice were maintained on drinking water supplemented with 0.4
μg/mL doxycycline (from 3wk prior to the beginning of the exper-
iment until the completion of the experiment). A graphical repre-
sentation of the daily recall profile of contextual fear memory for
all three genotypes is shown in Figure 4B. We report that WT
mice showed a daily oscillation in contextual fear memory recall;
thus, over the first 3 d of testing, WT mice consistently exhibited
more efficient recall during the subjective day. In contrast, daily os-
cillations in contextual fear memory recall were not consistently
observed in miR-132 cKO and Transgenic animals. Specifically, a
significant effect of genotype (Fig. 4C, F(2,24) = 3.609, P = 0.043;
repeated-measures ANOVA) and a trend between genotype and
freezing level that is dependent on time-of-day was observed (Fig.
4C, interaction F(2,24) = 3.156, P = 0.061; repeated-measures
ANOVA). WT mice showed higher daytime freezing compared to
nighttime freezing (Fig. 4C, t(9) = 5.476, P < 0.001; Bonferroni
post hoc test), whereas miR-132 cKO and Transgenic mice showed
no significant time-of-day-dependent differences inmemory recall
(Fig. 4C, t(10) = 2.122, P = 0.180 for cKO mice and t(5) = 2.559, P =
0.153 for Transgenic mice, Bonferroni post hoc tests). The abroga-
tion of a circadian rhythm in memory recall in the knockout
and transgenic animals supports the idea that the rhythmic expres-
sion of miR-132 gates time-of-day- dependent contextual fear
memory recall.

To control for the effects of doxycycline treatment, we also
examined time-of-day contextual fear memory recall in mice
that were not treated with doxycycline; consistent with the
doxycycline-treated paradigm, we found that onlyWTmice exhib-
ited a significant time-of-day contextual fear memory recall (data
not shown). Further, to test whether the observed reduction in
freezing during subjective night inWT animals was a result of a cir-
cadian rhythm in fear memory, or a result of an innate increase in
an animal’s activity, we subjected a second cohort of animals to a
context-only paradigm (data not shown). In this experiment, the
animals were “trained” and tested in the same shock-box as the
mice that underwent contextual fear conditioning; however, the
context-only mice did not receive a footshock when they were ex-
posed to the arena. As expected, all groups (WT, cKO, and
Transgenic) displayed amild, nonsignificant, overall increase in av-
erage freezing percentage during subjective day time points com-
pared to subjective night time points, and no significant
interaction was observed between genotypes that was dependent
on the time-of-day (interaction F(2,13) = 2.32, P = 0.0814; repeat-
ed-measures ANOVA). Additionally, while context-only WT ani-
mals froze an average of 1.8 sec more during the day than the
night, fear conditioned WT animals froze an average of 12.7 sec
more during the day than the night. These data suggest that the in-
crease in freezing observed in WT animals during the subjective
day is due to a circadian rhythm in fear memory retrieval and is
not simply the result of the animals’ increase in activity during
the night time point domain.

Hippocampal time-of-day-dependent expression changes

in miR-132 target genes
MicroRNAs function via the suppression of translation and/or
the degradation of target mRNA. Given the marked effects on
time-of-day-dependent memory recall in the miR-132 cKO and
Transgenic lines, we examined whether miR-132 affects the
time-of-day expression of putative target genes that affect synaptic
plasticity and/or cognition. To this end, we profiled the expression
of MeCP2 and Sirt1.

For the analysis of MeCP2, hippocampal tissue was profiled at
CT4 and CT15 via immunohistochemical labeling and Western
blotting. Quantitative immunohistochemical analysis revealed a
significant time-of-day variation in MeCP2 expression within the
CA1 (Fig. 5A,B, t(10) = 2.762, P = 0.017; Student’s t-test) and the
GCL (Fig. 5B, t(10) = 2.309, P = 0.044; Student’s t-test) of WT mice,
with higher levels observed during the circadian night. Interesting-
ly, time-of-day-dependent differences inMeCP2 expressionwithin
theCA1,GCL, andCA3werenot detected inmiR-132 cKOorTrans-
genic mice (Fig. 5B, P > 0.3 for all brain regions in both genotypes,
Student’s t-tests). Western analysis of hippocampal lysates from
WT animals showed a mean increase in MeCP2 expression during
the subjective night, although significance was not reached (Fig.
5D, t(4) = 1.229, P = 0.287; Student’s t-test). Significant time-of-day
differences in band intensity were not detected in miR-132 cKO

Table 1. Tabular representation of the circadian period (tau), the overall activity in LD and DD, and the mean phase delay after a light pulse
at CT15 for the three noted mouse lines

Parameter (mean ± SE) WT cKO Transgenic P value

Circadian period (τ) in DD (h) 23.57 ± 0.05 23.49 ± 0.02 23.47 ± 0.02 0.170
Overall activity in LD (rotations/day) 16450.56 ± 1159.33 18921.60 ± 1028.67 17899.20 ± 1512.84 0.442
Overall activity in DD (rotations/day) 11895.84 ± 3064.06 18167.04 ± 2962.17 19252.80 ± 1238.92 0.164
Photic phase delay at CT15 (h) 117.49 ± 23.61 151.60 ± 17.78 71.06 ± 4.10 0.079

Wheel running activity (denoted as rotations per day) was averaged over 7 d in both LD and DD conditions. Data were analyzed with a one-way ANOVA, n = 4–5
mice per group. No parameters were significantly different across genotypes. Data are presented as the mean ± SEM.
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Figure 3. Time-of-day-dependent learning assayed using the NOL task. (A) Outline of the experimental design. (B) Discrimination indices of WT, cKO,
and Transgenic mice were profiled (in the absence of doxycycline treatment) during the circadian day and the circadian night, recorded as [(novel object
exploration time-familiar object exploration time)/(total exploration time)]. Significant time-of-day differences were tested using the repeated-measures
ANOVA with Bonferroni post hoc correction for within genotype comparisons; n = 8–10 animals per group. The dashed line indicates 30% more time
spent exploring the NOL compared to the familiar object location. Only WT animals (tested during the circadian night) demonstrated above-chance
NOL discrimination, analyzed with a one-sample t-test. Total distance moved (C) and total exploration time (D) did not differ between WT, cKO, and
Transgenic animals, and did not differ in any genotype depending on time-of-day, assessed via Repeated-Measures ANOVA. (E) Discrimination indices
of WT, cKO, and Transgenic animals (maintained on 0.4 μg/mL doxycycline water) profiled during both time points, as described in B. Only WT
animals (tested at night) demonstrated above-chance NOL discrimination. Total distance moved (F ) and total exploration time (G) did not differ
between genotypes or time-of-day after doxycycline treatment, assessed via Repeated-Measures ANOVA; n = 6–9 animals per group. Data are presented
as mean ± SEM. (*) P < 0.05; (**) P < 0.01; (n.s.) not significant (P > 0.05).
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or Transgenic mice (Fig. 5D, P > 0.30 for both genotypes, Student’s
t-tests). As a loading control, all Western blots were probed for
β-actin. Importantly, previous studies have reported that β-actin ex-
pression is not under the control of the circadian clock (Eckel-
Mahan et al. 2008; Gerstner et al. 2014; Jang et al. 2015).

Here, it is alsoworthnoting that expression level comparisons
for the noted target genes were only made within a genotype (e.g.,
WT circadian day versus WT circadian night), as immunohisto-
chemical labeling and Western blotting experiments were run
independently for each genotype. Hence, though one would ex-
pect for MeCP2 (and Sirt1) levels to be highest in the miR-132
cKO animals and lowest in the miR-132 Transgenic animals (given
that they are miR-132 targets), we did not make across-genotype
comparisons.

Next we examined Sirt1, an NAD-dependent deacetylase that
has been reported to modulate synaptic plasticity and memory
(Gao et al. 2010). In WT mice, immunohistochemical labeling de-
tected higher Sirt1 expression within the CA1 cell layer during the
circadian night compared to during the circadian day (Fig. 6A,B,
t(6) = 2.973, P = 0.025; Student’s t-test). In contrast, significant
time-of-day expression within the CA1 cell layer (or CA3 and

GCL) was not detected in cKO or Transgenic mice (Fig. 6B, P >
0.30 for all brain regions analyzed in both genotypes, Student’s
t-tests). As a complement to the IHC analysis, Western blotting
of hippocampal lysates revealed significant time-of-day expression
of Sirt1, with higher expression during the circadiannight (Fig. 6D,
t(5) = 3.907, P = 0.011; Student’s t-test). In contrast, significant
time-of-day expression in the miR-132 cKO or Transgenic animals
was not observed (Fig. 6D; P > 0.30, Student’s t-tests).

As a control, we profiled the time-of-day expression of the
neuronal-enriched protein NeuN (Fig. 7A; Mullen et al. 1992).
Given that NeuN is not a target of miR-132 and has not been re-
ported to be regulated by the circadian clock (Campos et al.
2015), we did not anticipate time-of-day-gated NeuN expression.
InWTmice, the expression of NeuNwas not significantly different
between CT4 and CT15 in the CA1, CA3, or GCL (Fig. 7B). Further,
the expression of NeuN was not significantly affected in either the
miR-132 cKO or the Transgenic lines (Fig. 7B). Together these data
indicate that the effects of miR-132 are specific, and as such, add
support to the idea that the rhythmic expression of miR-132 plays
a key role in shaping the functionality of forebrain circuits that un-
derlie cognition.
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Figure 4. Time-of-day-dependent contextual fear memory recall. (A) Outline of the experimental design. After 2 d of dark-adaptation (days 5–6) mice
were trained to associate a context box with a mild footshock. Beginning 24 h after training, mice were placed in the box every 12 h during circadian day
and circadian night time points to profile their freezing behavior (i.e., memory retrieval). Of note, from day 5 onward, experimental manipulations were
conducted under dim red light. Gray boxes represent circadian day time points (retrieval at CT4) and black boxes represent circadian night time points
(retrieval at CT15). Mice were maintained on doxycycline drinking water (0.4 μg/mL) for 3 wk prior to fear conditioning (and throughout the fear con-
ditioning experiment). (B) Graphical representation of the percentage of time spent freezing for WT, cKO, and Transgenic mice. 24, 48, 72, 96, and 120 h
(post-training) represent day contextual fear retrieval time points, while 36, 60, 84, 108, and 132 h represent night retrieval time points. (C) Comparison of
the freezing percentage (averaged over the first three respective day time points and the first three night time points) revealed a significant difference in WT
animals, but not in cKO or Transgenic animals; analyzed using repeated-measures ANOVA with Bonferroni post hoc correction for within genotype com-
parison by TOD; n = 6–10 mice per group. Data are presented as mean ± SEM. (**) P < 0.01; (n.s.) not significant (P > 0.05).
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Figure 5. Clock-gated and miR-132-regulated MeCP2 expression in the hippocampus. (A) Low and high magnification representative images of MeCP2
immunohistochemical labeling in WT, cKO, and Transgenic animals sacrificed during the circadian day and the circadian night; scale bar = 50 μm for low-
magnification images and 30 μm for high-magnification images. Boxed regions in the lowmagnification images approximate the locations fromwhich the
high magnification images were acquired. (B) Immunolabeling quantification for the CA1, GCL, and CA3. Within-genotype time-of-day differences were
statistically analyzed using the Student’s t-test, n = 5–6 mice per condition. For each genotype, MeCP2 expression is presented as relative intensity values,
with the highest of the six expression levels set to a value of one. (C) Representative Western blot images of hippocampal MeCP2 expression in WT, cKO,
and Transgenic animals sacrificed during the circadian day and the circadian night. Each time point was run as an experimental replicate (one mouse/lane,
two lanes per condition). For each genotype, the time point (day or night) with the highest relative band intensity was set equal to a value of one. (D)
Quantitative densitometric analysis of MeCP2 hippocampal protein levels relative to the control protein, β-actin; significance was assessed via the
Student’s t-test, n = 3–4 animals per group. The experiment was replicated at least one time per condition. Of note, immunolabeling and Western blotting
for each genotype was performed on separate occasions, thus comparisons were only made within genotype (i.e., WT day versusWT night), and not across
genotypes. Data are presented as mean ± SEM. (*)P < 0.05; (n.s.) not significant (P > 0.05).
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Figure 6. Clock-gated andmiR-132-regulated Sirt1 expression in the hippocampus. (A) Representative low and highmagnification images of hippocam-
pal Sirt1 immunostaining in WT, cKO, and Transgenic animals sacrificed during the circadian day and the circadian night. Scale bar = 50 μm for low-
magnification images and 30 μm for high-magnification images. Boxed regions in the low magnification images approximate the locations from
which the highmagnification images were acquired. (B) Quantification of Sirt1 expression in the CA1, GCL, and CA3. Statistical comparisons of time-of-day
expression were performed using the Student’s t-test, n = 4–6 animals per condition. For each genotype, Sirt1 expression is presented as relative intensity
values, with the highest of the six expression levels set to a value of one. (C) Representative Western blot images of hippocampal Sirt1 expression in WT,
cKO, and Transgenic animals sacrificed during the circadian day or night. Each time point was run as an experimental replicate (one mouse/lane, two lanes
per condition). For each genotype, the time point (day or night) with the highest relative band intensity was set equal to a value of one. (D) Quantitative
ratiometric densitometric analysis of Sirt1/β-actin protein levels; significance was assessed using the Student’s t-test, n = 3–4 animals per group. The exper-
iment was replicated at least one time per condition. A significant time-of-day difference in band intensity was observed for the WT animals, but no sig-
nificant differences were observed in cKO or Transgenic animals. Expression level comparisons for immunolabeling and Western blotting were only made
within genotype. Data are presented as mean ± SEM. (*) P < 0.05. (n.s.) not significant (P > 0.05).
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Figure 7. Profiling hippocampal TOD expression: NeuN, and MeCP2/Sirt1 in BMAL1−/− mice. (A) Representative immunohistochemical labeling for
NeuN in WT, cKO, and Transgenic animals sacrificed during the circadian day and the circadian night. Scale bar = 30 μm. (B) Immunolabeling quantifi-
cation; no time-of-day differences in NeuN expression were observed in any genotype. Significance assayed using the Student’s t-test; n = 4–6 mice
per group. In each of the three noted mouse lines, the hippocampal region with the highest NeuN intensity was set equal to a value of one. (C)
Representative immunolabeling for MeCP2 in BMAL1−/− mice; animals were profiled during the circadian day and the circadian night. (D)
Quantification of MeCP2 expression did not detect a time-of-day difference in any hippocampal region. Data were analyzed by Student’s t-test; n = 4
mice per time point. (E) Representative Sirt1 immunolabeling in BMAL1−/− animals. (F) Quantification of Sirt1 expression did not detect a time-of-day dif-
ference in any hippocampal region. Data were analyzed by Student’s t-test; n = 4 mice per time point. Data are presented as mean ± SEM. (n.s.) not sig-
nificant; P > 0.05.
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Finally, we examined time-of-day expression of MecP2 and
Sirt1 and BMAL1−/− animals (Fig. 7C,E). BMAL1−/− is a critical com-
ponent of the circadian clock timingmechanism, and its germline
deletion results in a complete loss of circadian timekeeping capac-
ity (Bunger et al. 2000). Interestingly, significant time-of-day differ-
ences in MeCP2, and Sirt1 in the CA1, GCL, and CA3 were not
observed in the BMAL−/− background (P > 0.30 for all three brain re-
gions profiled for both proteins, Student’s t-tests). These data pro-
vide support for the idea that the circadian timing system drives a
rhythm of miR-132, which in turn imparts rhythmicity to target
genes and cognition.

Discussion

Here, we provide evidence that miR-132 serves as a conduit
throughwhich the biological clock confers daily rhythms on cellu-
lar plasticity and cognition in forebrain circuits. With respect to
the miR-132 rhythm in the hippocampus, our data are in line
with several studies that have found time-of-day expression differ-
ences in miR-132 within the murine cortex (Davis et al. 2011) and
the SCN (Cheng et al. 2007). Interestingly, a time-of-day difference
in hippocampalmiR-132 expressionwas not detected in BMAL1−/−

mice, indicating thatmiR-132 is a clock-regulated gene. Consistent
with this idea, Cheng et al. found that the disruption of the circa-
dian clock transcription/translation feedback led to a suppression
of rhythmic miR-132 expression in the SCN. However, it should
be noted that our assessment of miR-132 levels in the BMAL1−/−

mice was conducted at two time points (CT4 and CT15), approxi-
mating the time points in which miR-132 was low or high in WT
animals. Though unlikely, it is possible that there may be a shift
in the phase of the rhythm in miR-132 in the BMAL1−/− mouse
lines that evaded our detection; as such, more extensive circadian
profiling would be needed to confirm a total loss of the miR-132
hippocampal rhythm in BMAL1−/− animals.

It is worth noting that miR-132 does not appear to be under
the direct control of the E-Box dependent core clock timing mech-
anism wherein heterodimers of CLOCK and BMAL1 promote the
transcription of cryptochrome and period genes (Cheng et al.
2007). Consistent with this, the promoter/regulatory region of
miR-132 does not contain an E-box element (Cheng et al. 2007).
Rather, the rhythmic expression of miR-132 is likely to be driven
by the CREB/CRE transcriptional pathway. In support of this hy-
pothesis, multiple CRE-motifs have been identified within the reg-
ulatory region of the miR-132/212 gene cluster (Vo et al. 2005;
Remenyi et al. 2010). Further, the disruption of CREB-mediated
transcription has been shown to suppress inducible miR-132 ex-
pression in neurons (Vo et al. 2005; Remenyi et al. 2010).

Interestingly, within the SCN, circadian-gated, CRE-mediat-
ed, gene expression has been reported by several laboratories
(Obrietan et al. 1999; O’Neill et al. 2008). Further, time-of-day
changes in CREB activity have been reported in multiple forebrain
regions (Cirelli and Tononi 2000; Graves et al. 2003; Guzman-
Marin et al. 2006), thus raising the prospect that rhythmic
miR-132 expression in the forebrain is mediated via a circadian
clock-driven, CREB-dependent, transcriptional pathway.

In the NOL task, we found that cKO and Transgenic animals
exhibited time-of-day-dependent learning deficits, suggesting
that peak cognitive performance requires rhythmic miR-132 ex-
pression. It should be noted that the NOL memory impairments
observed in miR-132 cKO animals are similar to recent studies
showing that both forebrain miR-132 cKO animals and miR-132
germline knockout animals exhibit marked deficits in Novel
Object Recognition (Hernandez-Rapp et al. 2015; Hansen et al.
2016). Further, with regard to the time domain-specific efficacy ob-
served in the NOL task inWT animals, studies from several labora-

tories have shown that rodents display better discrimination at
night and very low to negligible discrimination during the day
(Takahashi et al. 2013; Snider et al. 2016). It was somewhat unex-
pected that both constitutive expression and targeted deletion of
miR-132 disrupted discriminatory capacity; hence neither line
scored better than chance during either the circadian day or circa-
dian night. The reasons for these similar effects resulting from two
profoundly different transgenic manipulations are not clear. It is
worth noting, however, that Transgenic animals displayed in-
creased orientation toward the NOL (during both the subjective
day andnight; Fig. 3B), but these values did not reach statistical sig-
nificance; a larger sample size may have been needed to disentan-
gle a potential phenotypic effect.

Turning to the contextual fear conditioning paradigm, we
found that both the loss ofmiR-132 expression in the knockout an-
imals and constitutive expression in the Transgenic animals led to
a disruption of time-of-day gated memory recall. This finding con-
trasts with the recall rhythm in WT mice, which persisted for 4 d
after training. Of note, this rhythm is consistent with work from
several paperswhich found that fearmemory recall varies as a func-
tion of the time-of-day, with better retrieval occurring during the
day (Chaudhury and Colwell 2002; Eckel-Mahan et al. 2008).
Here, however, it should be noted that we cannot definitively con-
clude that the superior day-time retrieval inWTmice (or lack there-
of in cKO and Transgenicmice) is strictly a time-of-day effect, as we
have not controlled for the potential influence of time-stamping in
our experiments. Along these lines, several groups (using a variety
of memory retention paradigms) have shown that regardless of the
time-of-day inwhich training occurs, memory retention is optimal
24 h later (or multiples of 24 h after training) (Holloway and
Wansley 1973a,b; Wansley and Holloway 1975; Holloway and
Sturgis 1976; Holloway 1978; Chaudhury and Colwell 2002;
Ralph et al. 2002). Hence, since we trained our mice at only one
timepoint (CT4), it is possible that our behavioral findings may
also be attributed to a miR-132-dependent time-stamping phe-
nomenon. Indeed, additional experiments aiming to tease apart
the role of miR-132 and its function in time-of-day memory re-
trieval and/or time-stamping would be of merit. Finally, one inter-
esting observation from our contextual fear conditioning studies
was that miR-132 cKO mice exhibited a higher level of freezing
than WT mice, which could be interpreted as more efficient
memory retrieval. However, our NOL data reported here, as well
as prior work fromour laboratory and the Hébert laboratory, found
that the disruption of miR-132 results in diminished cognitive
capacity (Hansen et al. 2010, 2013; Hernandez-Rapp et al. 2015).
Potential explanations for this discord may be related to the differ-
ences inherent to the contextual fear conditioning assay compared
to spatial learning assays used to detect cognitive deficits (i.e., nov-
el object recognition, NOL and Barnes maze). Along these lines,
contextual fear training would be expected to require the involve-
ment of fear circuits to amuch greater extent than the novel object
recognition, NOL and Barnes maze assays (Fendt and Fanselow,
1999; Moser et al. 2008). As such, the relatively high level of cKO
freezing detected in the contextual fear conditioning assay may
be related to an elevated anxiety response: a topic that we are
currently pursuing.

Prior hippocampal gene profiling work from our laboratory
found thatmiR-132 affects the expression of hundreds of function-
ally diverse gene transcripts (Hansen et al. 2016). Hence, it is rea-
sonable to expect that the behavioral effects that we report here
for cKO and Transgenic mice may result from a complex interplay
of genes (i.e., direct targets) and gene networks (i.e., indirect tar-
gets) that are affected bymiR-132. Given this complexity, attempts
to identify a target gene(s) through which miR-132 disrupts
time-of-day learning would have been technically challenging.
Thus, rather than attempting to identify a behavioral link between
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miR-132 and a target, we chose to focus on the cellular functional
effects of miR-132 rhythms by analyzing two genes that are (1)
well-characterized miR-132 targets, (2) reported to exhibit diurnal
oscillations, and that (3) affect cognition. To this end, we exam-
ined MeCP2 and Sirt1.

MeCP2 is a chromatin-associated protein targeted bymiR-132
that functions as a potent transcriptional regulator (Klein et al.
2007; Chahrour et al. 2008; Alvarez-Saavedra et al. 2011; Hansen
et al. 2010). Loss-of-function mutations in MeCP2 have been
shown to result in Rett syndrome (Amir et al. 1999), a developmen-
tal disorder that results in marked deficits in learning and memory
tasks (Moretti et al. 2006; Pelka et al. 2006; for reviews, see
McGowan 2006; Na et al. 2012). Initially, we detected a significant
time-of-day-dependent MeCP2 expression profile within the hip-
pocampus of WT mice. Consistent with this finding, a number of
profiling studies performed on both brain and peripheral tissues
have reported an oscillatory profile at the level of mRNA and pro-
tein (Hoogerwerf et al. 2007; Mouse 1.OST Lung Affymetrix:
Circadian Expression Profiles Data Base (CircaDB) Pizarro et al.
2013; Martínez de Paz et al. 2015). Given the profound effects
that MeCP2 has on synaptic plasticity and dendritic complexity
and cognition (Na et al. 2013), it is reasonable to postulate that
MeCP2 could contribute to the circadian clock-mediated,
miR-132-dependent, modulation of learning and memory.

Interest in the NAD-deacetylase Sirt1 was piqued by work
showing that Sirt1 knockout mice display impairments in both
short- and long-term associative memory tasks and show deficits
in synaptic plasticity and dendritic branching/arborization
(Michán et al. 2010; Codocedo et al. 2012). Further, regarding its
post-transcriptional regulation, Strum et al. (2009) and Zhang
et al. (2014) identified Sirt1 as a direct target of miR-132, and
both theMicroRNA.org andmiRanda algorithms detect robust hy-
bridization capacity between miR-132 and Sirt1 (Betel et al. 2008;
Peterson et al. 2014).

Our analysis indicates that rhythmic Sirt1 hippocampal ex-
pression is driven bymiR-132. The temporal profile of Sirt1 expres-
sion in WT mice reported here is consistent with the work of
Rawashdeh et al. (2014) who reported peak protein levels of hippo-
campal Sirt1 during the night domain and Asher et al. (2008) who
reported peak levels of Sirt1 protein from the mouse liver at ZT16.
Interestingly, CREB protein levels have been shown to be signifi-
cantly reduced inmutantmice lacking brain-specific Sirt1 catalytic
activity (Gao et al. 2010). Given the tight regulation of miR-132 by
CREB, one could propose a complex interplay wherein Sirt1 regu-
lates plasticity and cognition across the circadian day, in part,
through a miR-132-CREB-mediated mechanism.

With respect to the peak in the time-of-day protein expression
profiles of MeCP2 and Sirt1 reported here, one may have expected
for these gene products to be lower at night (given that they are di-
rect targets of miR-132—which was highest at night). However, at
the level of protein expression/regulation, the kinetics of a wide ar-
ray of processes impacts the functional effects of microRNA. Along
these lines, in addition to the kinetic rates of miRNA-mediated
mRNA decay and translational repression (Morozova et al. 2012),
simplemRNA stability and translation rates, as well as protein half-
lives, impact the temporally delimited effects of miRNAs. Hence,
within a circadian timeframe, it is conceivable for the peak expres-
sion times of MeCP2 and Sirt1 to temporally overlap with the peak
in miR-132 expression.

Together, these data suggest that the rhythm of miR-132 ex-
pression regulates learning and memory as a function of the
time-of-day. In addition, the results presentedhere raise interesting
questions regarding the potential role of miR-132 in an array of
time-of-day-delineated processes, including synaptic scaling and
homeostatic plasticity; to these ends, additional studies are highly
merited.

Materials and Methods

miR-132 transgenic and knockout mouse lines
Generation of the CaMKII-Cre::miR-132/212f/f conditional fore-
brain neuron knockout (referred to as “cKO”) mouse line was pre-
viously described by Hansen et al. (2016). The miR-132/212f/f

animals were provided to us by Dr. Simon Arthur, and the
CaMKII-Cre line (Mayford et al. 1996) was acquired from Jackson
Laboratory (Bar Harbor, ME, USA). To generate the CaMKII-tTA::
miR-132:CaMKII-Cre::miR-132/212f/f mouse line (referred to as
“Transgenic”), homozygous CaMKII-Cre::miR-132/212f/f mice
were crossed to a tetracycline-regulated bidirectional miR-132/
cyan fluorescent protein (CFP) transgenic mouse line (driven
by CaMKII::tTA); the details of this mouse line are provided in
Hansen et al. (2010). Female and male experimental CaMKII-
tTA::miR-132:CaMKII-Cre::miR-132/212f/f animals were homozy-
gous for the miR-132/212f/f locus and positive for Cre, tTA,
and miR-132. Littermates negative for either the driver(s)
(CaMKII-tTA and/or CaMKII-Cre) and/or the responder(s) (miR-132
and/or miR-132/212f/f) served as control, WT-like mice (referred
to as “WT”). All genotyping was performed as described previ-
ously (Hansen et al. 2010, 2016). Additionally, BMAL1−/− mice
from the C57/Bl6 background were purchased from Jackson
Laboratory (RRID:SCR_004633B6.129; Arntltm1Bra/J). BMAL−/−

line genotyping was performed as described by Bunger et al.
(2000). Animal care protocols and methods were approved by
the Ohio State University’s Institutional Animal Care and Use
Committee.

Experimental animals were bred, housed, andmaintained un-
der standard 12 h/12 h light–dark (LD) conditions. Experiments
performed under circadian time (CT) conditions are noted with
the terminology “Circadian Day” or “Circadian Night.” For these
experiments, mice were dark-adapted (kept in constant darkness
beginning at the normal lights-off time) for the noted periods.
Any animal manipulations were performed under dim red light
to avoid perturbation of the circadian clock. Under these condi-
tions, CT0 denotes the beginning of the circadian day (when lights
would have been turned on) and CT12 (when lights would have
been turned off).

Fluorescence in situ hybridization
Tissue isolation and FISH against miR-132 was carried out as de-
scribed previously (Hansen et al. 2013). Initially, brains were re-
moved from mice at least 8 wk of age, tissue was cut into 500 μm
coronal sections using a vibratome, and sections containing the
dorsal hippocampus were fixed in 4% paraformaldehyde (PFA)
for 4 h at 4°C. After fixing, tissue was cryoprotected overnight in
30% sucrose in PBS, and then thin cut (40 μm thick) using a freez-
ing microtome. Next, free-floating sections were incubated with
the nuclear/DNA stain DRAQ5 (1:10,000 dilution; BioStatus
Limited, Cat# DR50050 RRID:AB_2314341) and then probed for
miR-132 expression using fluorescein-conjugated locked nucleic
acid (LNA) probes to mouse miR-132, or to a “scrambled” negative
control probe that does not correspond to any known murine
miRNA (Exiqon Corp). An anti-fluorescein Alexa 488 signal detec-
tion kit (Millipore, Cat# MAB045X RRID:AB_11214450) was used
to amplify the fluorescein signal. Of note, 40× images were taken
using a Zeiss 510 confocal microscope with LSM Software (LSM
Image Examiner, RRID:SCR_014344) and MetaMorph analysis
software (MetaMorph Microscopy Automation and Image
Analysis Software, RRID:SCR_002368) was used to quantify the
signals.

RT-PCR quantification of miR-132 expression levels
Total hippocampal RNA was isolated during the noted day and
night time points, using methods described previously (Hansen
et al. 2013). In brief, after RNA isolation, hippocampal cDNA was
prepared using the miScript II Reverse Transcription kit (Qiagen).
Amplification of cDNA was carried out using QuantiFast SYBR
Green (Qiagen), and the miScript Primer System (Qiagen) was
used to quantify miR-132 levels. The following miR-132 primer
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sequence was utilized: 5′ UAACAGUCUACAGCCAUGGUCG
(Qiagen, Cat# MS00001561). QuantiFast SYBR Green thermocy-
cling conditions were previously described by Alemayehu et al.
(2013). Data from both time points were normalized to RNU6B_2
cDNA levels, and Double Delta CT was used for analysis.

Tissue processing and cresyl violet staining
A group of WT, cKO, and Transgenic animals was sacrificed, and
brains were cut into 600 μm sections using a vibratome, fixed in
4% PFA (6 h at 4°C), and cryoprotected overnight in 30% sucrose
in 1× PBS. After thin sectioning to 40 μm, sections were mounted
onto gelatin-coated slides and dehydrated in alcohol (100%), incu-
bated in a 0.1% cresyl violet solution in dH2O (5 min), destained
with 0.1% glacial acetic acid in 95% ethanol, cleared with xylenes,
and coverslipped with DPX (Electron Microscopy Sciences).

Immunohistochemical labeling
Animals were sacrificed during day and night time points (CT4 and
CT15), and tissue was fixed and cut using the methods noted
above. Forty micrometer sections were washed in 1% Triton
X-100 in PBST (3 times, 5 min each) and then incubated in 0.3%
hydrogen peroxide in 1× PBST (20 min). Next, sections were
blocked in 10% normal goat serum (NGS) in 1× PBST for 1 h and
incubated in primary antibody overnight at 4°C in rabbit polyclon-
al anti-Sirt1/Sir2α (1:1000 dilution; Millipore, Cat# 09-845 RRID:
AB_1587512), rabbit monoclonal anti-MeCP2 (1:3000 dilution;
Cell Signaling Technology, Cat# 3456S RRID:AB_2143849), or rab-
bit polyclonal anti-NeuN (1: 2000 dilution; Millipore, Cat#
MAB377 RRID:AB_2298772). The next day, sections were washed
in PBST and incubated in biotin-conjugated goat anti-rabbit IgG
secondary antibody (1:500 dilution; Vector Laboratories, Cat#
BA-1000RRID:AB_2313606) for 2 h at room-temperature. Next, tis-
sue was processed using the ABC labeling method (Vector
Laboratories Cat# PK-6100 RRID:AB_2336819) and the signal was
visualized using nickel intensified diaminobenzidine labeling
(Vector Laboratories Cat# SK-4100 RRID: AB_2336382). Finally,
sections were mounted on gelatin-coated slides, washed in dH2O
(2×, 5 min each), cleared using xylene, and coverslipped with
PermountMountingMedium (Fisher Chemical). Bright field imag-
es were captured with a 16-bit digital camera (Micromax YHS 1300;
Princeton Instruments) on a Leica DMIR microscope with
Metamorph software (MetaMorph Microscopy Automation and
Image Analysis Software, RRID:SCR_002368). For quantification
of MeCP2, Sirt1 and NeuN labeling, images of the CA1, CA3, and
GCL were traced digitally from 2 to 4 hippocampi per animal.
Intensity levels for each section were background subtracted and
analyzed using ImageJ software (ImageJ, RRID:SCR_003070).
Values for each animal were averaged and displayed as the mean
± SEM for each noted region of the hippocampus.

Western blotting
The Western blotting protocol has previously been described
(Hansen et al. 2010). Animals were sacrificed at CT4 and CT15 as
noted above. Hippocampal tissue was collected and lysed in 125
μL of radioimmunoprecipitation assay buffer. Next, protein (10
μg/lane) was loaded into a 12% SDS–Page gel and transferred
onto polyvinylidene difluoride membranes (Immobilon-P; EMD
Millipore). Upon transfer, membranes were blocked in 10% milk
(in PBST or TBST) and incubated overnight at 4°C with the rabbit
MeCP2 antibody (1:3000; Cell Signaling Technology, Cat# 2507
RRID:AB_561221) and rabbit Sirt1 (1:1000; Millipore, Cat#
09-845 RRID:AB_1587512). All antibodies were diluted in 5%
NGS in PBST or 5%BSA in TBST. On the following day,membranes
were incubated in 10% milk (in PBST or TBST) with an anti-rabbit
IgG (goat) horseradish peroxidase-conjugated antibody (1:2000;
PerkinElmer). Of note, since comparisons were only made within
genotype (i.e., density of WT bands at CT4 versus CT15), each
membrane contained protein for one specific genotype (WT,
cKO, or Transgenic) for profiling of both timepoints (CT4 and
CT15). Additionally, all membranes were also probed for mouse

β-actin (1:200,000; PhosphoSolutions Cat# 125-ACT RRID:
AB_2492035). The following day, membranes were incubated in
10% milk (in PBST or TBST) with an anti-mouse IgG (goat) horse-
radish peroxidase-conjugated antibody (1:2000; PerkinElmer
Cat# NEL750001EA RRID:AB_2617185). A luminescent signal
was generated using the Western Lightning Plus-ECL, Enhanced
Chemiluminescence Substrate (PerkinElmer), and captured using
BioBlue Lite Western Blot film (Alkali Scientific). PBST or TBST
washes (three times, 5min each) were carried out between each an-
tibody incubation step. Photoshop CS6 (Adobe Photoshop, RRID:
SCR_014199) was used for densitometric band analysis. To this
end, the band intensity ofMeCP2 and/or Sirt1 bands were digitally
traced, background subtracted, and divided by the β-actin signal
from the same lane. Themean signal for each genotype/time point
was averaged from 3 to 4 animals, and the experiment was replicat-
ed at least one time per condition.

Behavioral assays: vision assessment
Animals used in each of the following behavioral assays were
screened for proper vision by reaching for the surface before their
vibrissae made contact with the table. Based on this assay, no vi-
sion issues were noted with any of the mouse lines.

Circadian activity analysis
Circadian activity rhythmanalysis was carried out as described pre-
viously by Snider et al. (2016). In brief, WT, cKO, and Transgenic
animals were singly housed in cages with running wheels, and lo-
comotor activity was collected via a magnet-actuated sensor.
Animals were entrained to a 12 h/12 h LD light cycle for 10
d. Mice were then transitioned to total dark conditions (DD) for
17 d to assess free-running rhythms. Finally, to profile photic reset-
ting abilities, mice were exposed to white light (40 lux, 15 min) at
CT15 and then were allowed to free-run for six more days.
VitalView software (VitalView Software, RRID:SCR_014497) was
used to collect wheel-running data. The overall activity, circadian
period, and phase delay were calculated based on readouts from
ActiView software (Respironics Corp. Bend OR).

Novel object location
The NOL task was adapted from Takahashi et al. (2013) and has
been recently described by our laboratory (Snider et al. 2016). In
short, animals on a 12 h/12 h LD cycle were dark-adapted. From
this point on, all habituation, exploration, and testing trials were
conducted under dim red light (∼5 lux). The following day, ani-
mals were habituated (two consecutive days) to an arena with
shapes serving as contextual cues. Object shapes are described as
in Snider et al. (2016) and were randomly distributed among co-
horts. Exploration of the two objects and testing of the NOL oc-
curred at CT4 or CT15 (24 h after the second day of habituation).
During exploration, mice were allowed to explore two objects in
the arena for a total of 5 min. Animals were then returned to their
cages for 30 min (70% ethanol was used to clean the chamber in
order to extinguish the odor from the previous mouse). During
the test trial (which began 30 min after the exploration trial),
mice explored the objects in the familiar and NOL. These objects
were the same objects as those used in the initial exploration trial;
however, one object (the familiar location) was in the same loca-
tion as the exploration trial, while the other object (the novel loca-
tion) was moved to a different location in the arena. Animals were
then returned to their original 12 h/12 h LD cycle for 8 d. Next, an-
imals were again dark-adapted and underwent 2 d of habituation.
The following day, exploration and testing occurred as described
above, except at the opposite time of day (i.e., an animal was tested
for the first time at CT4 and tested a second time at CT15). A differ-
ent set of arena contextual cues and objects was used to avoid any
confounding effects of themice having previously been exposed to
a particular object. For analysis, the amount of time exploring each
object was manually scored. “Exploration” was defined as the ani-
mals’ nose being within 2 cm of the object, and the movement of
the animal had to represent a distinct deflection from the original
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path. If an animal was touching or standing on the object, it must
also be actively sniffing or exploring the object to constitute “ex-
ploration.”Of note, animals that spent less than five total seconds
of exploration during the test phase of the experimentwere exclud-
ed from formal analysis (a total of two WT, one cKO, and two
Transgenic animals in the no-doxycycline experiment and a total
of four WT, one cKO, and three Transgenic animals in the doxycy-
cline experiment). Total distance moved and total seconds immo-
bile were scored using Noldus Ethovision XT version 11.5
(EthoVision XT, RRID:SCR_000441).

For the NOL assay, half of the animals were tested first during
the circadian day and half were tested first during the circadian
night, with a 10 d interval separating the two testing trials. Here
it is important to note that prior work from our laboratory and
from other laboratories has shown that NOL can be repeated
with the same subjects with no confounding effects of prior expo-
sure to the arena and objects during the second test (Besheer et al.
1999; Graciarena et al. 2010; Snider et al. 2016). Further, a regres-
sion analysis of our NOL data confirmed this. To this this end,
we used regression analysis of the DI, which validated that no sig-
nificant confounding effect (in any genotype) existed when ani-
mals were tested at both timepoints (R2 = 0.032, P = 0.450 for WT
animals, R2 = 0.102, P = 0.227 for cKO animals, and R2 = 0.109, P
= 0.182 for Transgenic animals; data not shown). Thus, NOL per-
formance was not dependent on the sequential nature or the tem-
poral order of testing.

Contextual fear conditioning
Contextual fear conditioning experiments were adapted from
Chaudhury and Colwell (2002) and Eckel-Mahan et al. (2008).
Animals were individually housed in ventilated cages 1 wk before
the start of the experiment. Four days prior to training, animals
were handled each day (1 min per day) during different, random-
ly chosen times of the 24 h period, as described in detail by
Chaudhury and Colwell (2002). Two days prior to training, ani-
mals were dark-adapted, and from this point on, animals were
only exposed to dim red light (∼5 lux) during the training and
twice daily recall paradigms. The Passive/Active Avoidance Box
Pacs-30 (Columbus Instruments) was used to administer the
mild footshock. Contextual patterns and shapes were placed on
three of the four walls of the chamber so that the animals could
associate the context with the shock. For these experiments, we
chose to train (shock) all of the animals at CT4. The decision to
train during the early subjective day is based on the work of
Eckel-Mahan et al. (2008) who showed that contextual fear mem-
ory is impaired when animals are trained at night. Thus, on the
day of training (at CT4) mice were placed in the chamber and
were given 3 min to acclimate to the surroundings. Two consec-
utive 0.1 mA footshocks (each lasting 1 sec in duration) were giv-
en to the animals, and freezing behavior was monitored for an
additional 2 min after the shock. Of note, we chose to administer
a 0.1 mA shock, as pilot data revealed that the diurnal rhythm of
contextual fear recall was abolished with higher-intensity shocks
(data not shown). This 0.1 mA intensity was similar to the inten-
sity reported in similar contextual fear conditioning paradigms
(Chaudhury and Colwell 2002; Alexander et al. 2009). After the
5-min trial was completed, mice were placed back into their cag-
es. Seventy percent ethanol was used to clean the chamber in or-
der to extinguish the odor from the previous mouse. The first
retrieval test was carried out 24 h after training, and all animals
were repeatedly tested every 12 h for five continuous days. For
the context-only control experiment, the same protocol, as de-
scribed above, was used, except the animals did not receive a foot-
shock. Freezing behavior and distance moved were scored by
Noldus Ethovision software (EthoVision XT, RRID:SCR_000441).
The same freezing parameters were used for both the contextual
fear experimental paradigm and for the context-only control par-
adigm. The percent freezing for each trial was determined by di-
viding the total cumulative freezing time (generated by Noldus
software) by the total amount of time the mouse was allowed
to explore the arena.

Regulation of transgenic miR-132 expression via

doxycycline treatment
To reduce transgenic miR132 expression, doxycycline (0.40 μg/
mL) was administered to the drinking water of a subset of the
mice assayed in the NOL paradigm (Fig. 3E–G) and to all mice pro-
filed using the contextual fear training paradigm (Fig. 4).
Doxycyline dosing and the effects on transgenic miR-132 expres-
sion are described in our prior study (Hansen et al. 2013).
Doxycycline water was changed every 3 d. Of note, doxycycline
supplemented water was only administered for behavioral assays;
animals sacrificed for immunolabeling/immunoblotting, and/or
RT-PCR experiments did not receive doxycycline.

Experimental design and statistical analysis
All statistics were done using IBM SPSS Statistics 22 (SPSS, RRID:
SCR_002865) and GraphPad Prism 3.0 (Graphpad Prism, RRID:
SCR_002798), and all data are represented as the mean ± the
SEM. For all data sets, statistical significance was set at *P < 0.05,
as denoted in the figures and figure legends. Comparisons between
two groups were performed using Student’s two-tailed t-tests (un-
less otherwise stated), while comparisons (not dependent on the
time-of-day) between the three noted genotypes were made using
a one-way ANOVA. Further, Two-way ANOVA analysis was used to
analyze differences between genotype and the time-of-day, as not-
ed in the text. Selective Bonferroni post hoc tests were conducted
in PRISM 3.0 in order to examine the time-of-day difference of
miR-132 in each noted brain region (see Fig. 1E). Repeated-mea-
sures ANOVA analysis was used for experiments in which the
same mouse was run through a behavioral assay for more than
one trial (i.e., the NOL and Contextual Fear Conditioning para-
digms). For these experiments, CT4 and CT15 were used as the re-
peated measures and genotype was noted as the between-subjects
factor. Bonferroni post hoc corrections were made for within-
genotype time-of-day comparisons. Grubb’s test was conducted
on data sets within each group, and animals that were found to
be statistically significant outliers (P < 0.05) were removed from
analysis.

miR-132 expression levels probed during the circadian day
and the circadian night in WT, cKO, and Transgenic animals
were not normally distributed (P < 0.02 for both timepoints;
Shapiro–Wilks test of normality). Thus, fold changes obtained
from qPCR data were log transformed before analysis (as in
Snider et al. 2016).

For the NOL paradigm, the DI was calculated as described pre-
viously by Snider et al. (2016). Time-of-day differences were ana-
lyzed by repeated-measures ANOVA with Bonferroni post hoc
analysis. Additionally, regression analysis was conducted in
PRISM to ensure that prior exposure did not confound the results
of the experiment (i.e., testing each mouse in the NOL paradigm
once at CT4 or CT15, and a second time—10 d later—at the oppo-
site timepoint). Further, to determine whether animals displayed
above-chance discrimination, a one sample t-test was conducted
for each genotype, at each separate time point (CT4 and CT15).

For all immunohistochemical labeling, differences between
time points in each region of the brain were statistically analyzed
using the Student’s t-tests. Of note, expression level comparisons
were only made within genotype (i.e., WT CT4 versus WT CT15)
and not across genotypes (i.e., WT CT4 versus Transgenic CT4).
Similarly, for Western blotting, relative band intensity was only
measured within genotype; thus, Student’s t-tests were used for
analysis.
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