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Abstract

The transition from short-term to long-term forms of synaptic plasticity requires protein synthe-
sis and new gene expression. Most efforts to understand experience-induced changes in neu-
ronal gene expression have focused on the transcription products of RNA polymerase Il—
primarily mRNAs and the proteins they encode. We recently showed that nucleolar integrity
and activity-dependent ribosomal RNA (rRNA) synthesis are essential for the maintenance of
hippocampal long-term potentiation (LTP). Consequently, the synaptic plasticity and memory
hypothesis predicts that nucleolar integrity and activity dependent rRNA synthesis would be
required for Long-term memory (LTM). We tested this prediction using the hippocampus-
dependent, Active Place Avoidance (APA) spatial memory task and found that training
induces de novo rRNA synthesis in mouse dorsal hippocampus. This learning-induced
increase in nucleolar activity and rRNA synthesis persists at least 24 h after training. In addi-
tion, intra-hippocampal injection of the Pol | specific inhibitor, CX-5461 prior to training,
revealed that de novo rRNA synthesis is required for 24 h memory, but not for learning. Using
gPCR to assess activity-dependent changes in gene expression, we found that of seven
known rRNA expression variants (v-rRNAs), only one, v-rRNA 1V, is significantly upregulated
right after training. These data indicate that learning induced v-rBNAs are crucial for LTM, and
constitute the first evidence that differential rRNA gene expression plays a role in memory.
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Introduction

In 1950, Katz and Halstead first proposed that memory formation required new protein syn-
thesis) [1] —a hypothesis that was not tested until decades later [2-4]. It is now well accepted
that memory consolidation requires new transcription and new activity-dependent protein
synthesis [5, 6]. Most efforts to understand experience-induced changes in neuronal gene
expression have focused on the transcription products of RNA polymerase II (Pol II)—primar-
ily mRNAs and the proteins they encode [6, 7]. While there has been significant progress in
identifying the Pol II dependent transcripts (primarily mRNAs) required for early phase long-
term synaptic plasticity, the gene products responsible for late-phase and maintenance remain
elusive. In contrast, the transcription products of RNA polymerase I (Pol I), responsible for
producing non-(protein) coding ribosomal RNA, have been left unexplored despite the fact
that Pol I transcription constitute more than 50% of nascent RNA synthesis in a cell (reviewed
by [8, 9]).

In eukaryotes, IDNA exists as multiple tandem repeats organized into one or more non-
membrane bound organelles— subnuclear compartments called nucleoli [10]. Each transcrip-
tion unit generates a 45S precursor rRNA that is then edited, modified and assembled into
ribosomal subunits. Nucleoli form through the act of producing ribosomes [11]. Each stage of
ribosome biogenesis corresponds to a structural feature of the nucleolus, such that ultra-struc-
tural features, (e.g., the size and shape of the nucleolus), directly relate to nucleolar function
and the production of ribosomes (reviewed by [12]).

Our prior work in Aplysia provided the first evidence that neuronal stimulation evokes poly
ADP ribose polymerase-1 (PARP-1) dependent de novo rRNA synthesis [13]. Recently, by
examining hippocampal long-term potentiation (LTP), widely considered a physiological sub-
strate of memory [14], we found that nucleolar integrity—and specifically, de novo rRNA syn-
thesis, is required for the maintenance of LTP [15]. This plasticity-dependent rRNA
expression is activated by the PKA-ERK pathway, which in turn activates nucleolar PARP-1 to
induce Pol I rRNA synthesis required for the formation of new ribosomes. Since new Pol I
transcription is necessary for late-phase LTP (L-LTP), we hypothesized that it would also be
important for LTM. We tested this prediction in mice using the hippocampal dependent
Active Place Avoidance (APA) task [16, 17] and found, as anticipated, that new rRNA synthe-
sis is required for 24 h memory. Furthermore, we show for the first time that rRNAs are differ-
entially regulated in learning and memory. We discuss the important implications of these
findings to the memory impairment characteristic of Alzheimer’s Disease.

Materials and methods
Animals: B57/BL6 Mice (male, 2-4 months)

All procedures comply with the Public Health Service Policy on Humane Care and Use of Lab-
oratory Animals and were approved by the State University of New York, Downstate Medical
Center Animal Care and Use Committee. All efforts were made to minimize the number of
animals used and their suffering. For qPCR studies, mice were euthanized by decapitation fol-
lowing deep anesthesia with 5% vaporized isoflurane in oxygen (100%). After decapitation, the
brain was rapidly removed and placed into ice cold dissection artificial cerebrospinal fluid
(dACSF, containing in mM: 125 NaCl, 2.5 KCl, 7 MgSO4, 0.5 CaCl2, 25 NaHCO3, 1.25
NaH2PO4 and 25 Glucose) oxygenated with a 95%02/5%CO2 mixture (ACSF pH 7.3). The
dorsal hippocampus was dissected out and processed for qPCR studies. For immunohis-
tochemistry studies, mice were perfused through the aorta for 3 min with ice cold 4% PFA in
PBS, pH 7.4, and the brains were fixed overnight in the same buffer at 4°C.
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Molecular biology

Detailed descriptions of molecular techniques such as RNA isolation and qPCR were previ-
ously published [15]. RNA isolation: Total RNA was isolated from dorsal hippocampi using
TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. Reverse transcrip-
tion: cDNA was generated from RNA samples using the Superscript III First-Strand Synthesis
protocol for random hexamers (Invitrogen).

Quantitative Real-Time PCR (qPCR)

Comparative Ct qPCR was performed using SYBR-Green RT-PCR Master Mix detection
reagent (Applied Biosystems) and Stratagene’s Mx3000P Real-Time PCR system. Each 20 pl
qPCR reaction contained 2.5 ng of cDNA. The final primer concentration was 0.5 uM. The
thermocycling conditions were as follows: 50°C for 5 min (1 cycle), 95°C for 10 min (1 cycle),
60°C for 1 min (1 cycle), and 95°C for 15 s followed by 60°C for 1 min (40 cycles). At the end
of the protocol, a dissociation curve (start temperature 55°C) was performed to assess the spec-
ificity of amplification. In order to quantify stimulation-dependent changes in target gene
expression, samples were normalized to the housekeeping gene GAPDH, previously found to
be constitutively abundant in the hippocampus [18]. The primers used for mouse GAPDH
were: m-gapdh F 5'-TTGTGATGGGTGTGAACCACGAGA -3’ and m-gapdh R 5'-GAGCCC
TTCCACAATGCCAAAGTT-3'. Newly synthesized precursor rRNA was quantified using
primers specific for a region of heterogeneous 45S pre-rRNA (ht rRNA) between the internal
transcribed spacer 2 (ITS2) and the 28S rRNA.

458 (ht rRNA) primers: ht rRNA-F 5'-GCCGGGTGCCGTCTCTTT-3 and ht rRNA-R 5'-
TA TGCTTAAATTCAGCGGGTCGCC-3'. The IEGs c-jun and c-fos were employed as Pol II-
dependent, plasticity-induced positive controls. Primers for mouse IEGs were: c-jun F 5'-G
AACTGCATAGCCAGAACACGCTT-3' and c-jun R 5'~ TGAAGTTGCTGAGGTTGGCGTAGA-
3’ c-fos-F 5’ ATCGGCAGAAGGGGCAAAGTAG-3’ and c-fosR5’ GCAACGCAGACTTCTIC
ATCTTCAAG-3'. Primers to detect v-rRNAs: LII F 5’ ~-TCCCGGTCTTTCTTCCAC-3";
v-rRNA LII-R 5" ~=CATGAA CACTTGGACACCA-3’;v-rRNAIIIF 5’ -CCGAGTACTTCTC
CTGTCTG-3"; v-rRNAIII-R 5" ~-CAAGACAGTTACGGATACGG-3";v-rRNAIV-F 5’ -AA
GTTTCTCGAGAGACTCATG-3";v-rRNAIV-R5’ -TTCTCTTCCAAGGGCATTC-3";v-
rRNA VI-F 5’ ~-CAGAATGCCCTTGGAAGG-3"; and v-rRNA VI-R 5’ ~-CACACAGGGAAAC-
CAGA AG-3'.Each new primer was tested for specificity and priming efficiency (Applied
Biosystems GeneAmp 5700 Sequence Detection System).

Immunohistochemistry

After 24 h of fixation in 4% PFA, 40 um coronal brain slices were made using a Leica VT
12005 vibratome (Leica Biosystems) and transferred to multi-well tissue culture plates filled
with phosphate buffered saline (PBS). To improve antibody penetration, the slices were treated
with 1% SDS detergent in PBS for 10 min and rinsed with PBS 4X (10 min). From there, slices
were transferred to quenching solution (0.2% glycine in PBS) for 10 min and rinsed with PBS
3X for 10 min. To expose the fibrillarin epitope, the slices were placed into trays filled with 30
mM sodium citrate which were then incubated for 30 min in a water bath preheated to 80°C.
They remained in the solution while being allowed to return to room temperature. The slices
were then rinsed with PBS 3X (5 min) and incubated overnight in blocking solution (2% Nor-
mal Goat Serum, NGS, in PBS). After blocking, slices were incubated overnight in rabbit anti-
fibrillarin polyclonal antibody (1:500; cat# ab5821, Abcam) diluted in blocking solution or
incubated overnight in blocking solution alone (no primary control, NP). Next, slices were
rinsed with PBS 4X (15 min each) and incubated overnight in secondary antibody (Goat Anti-
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Rabbit Alexafluor 488; 1:200) in blocking solution. Lastly, the slices were rinsed with PBS 4X
(10 min each) before being transferred to slides and mounted with antifade (DAPI Fluoro-
mount-G; Southern Biotech).

Active Place Avoidance (APA) training

See references [16] and [19] for detailed descriptions of the hippocampus-dependent APA
task. Briefly, mice on a slowly (1 rpm) rotating 40 cm diameter circular arena must avoid a
nonrotating 60° unmarked sector (the shock zone). The rotation brings the animal into the
shock zone unless it learns to avoid the zone using distal spatial cues set outside the arena. A
constant current foot-shock (60 Hz, 500 ms) was delivered whenever the mouse entered the
shock for at least 500 ms. The shock was repeated each 1500 ms until the mouse left the shock
zone. The shock amplitude was 0.2 mA, the minimum required to elicit an escape response.
We used a one-day training protocol in which the animals received a 30 min pre-training ses-
sion followed by three 30 min training trials. Each 30 min session (pre-training and training
trials) was separated by 2 h. The position data were analyzed offline (TrackAnalysis, Bio-Signal
Group) and used to extract measures that assess learning and memory. The number of
entrances into the shock zone decreases with training and estimates learning, the time to first
enter the shock zone estimates memory. One-day long-term memory was assessed with the
shock off, by measuring how well the animal avoided the former location of shock during a 10
min retention test administered 24 h after the third training trial. In the first series of experi-
ments (Fig 1), three training groups were compared: 1) “Trained” animals received APA train-
ing that challenged them to learn the location of shock using distal cues. 2) “Yoked” animals
had the identical physical experience but could not learn the location of shock because they
received shocks in the same time sequence as a counterpart animal in the Trained group so
that the shock was delivered randomly with respect to the mouse’s location. 3) “Untrained”
animals had the identical training experience with the exception of shock, which was never
experienced. It is important to appreciate that the Trained animals do not express fear
responses or stress, and while the Yoked animals also do not express fear behavior, their corti-
costerone levels transiently elevate during the initial training but are at baseline during the
retention test. The physical experience of the environment of the three different groups of
mice is identical during the retention test and their circulating levels of corticosterone are
indistinguishable at the time of post-retention euthanasia [20]. Mice were euthanized either 1
h after the third training trial (see timeline, Fig 1A) or 1 h after the 24 h retention test. In a sec-
ond series of experiments, mice that received intrahippocampal injection of the Pol I inhibitor,
CX-5461 were compared to control mice that received a vehicle injection (see details below).

Stereotaxic intrahippocampal cannulation surgery and drug injection

A detailed procedure for implanting guide cannulas and performing intrahippocampal injec-
tions has been published [17]. In preparation for stereotaxic surgery, anesthesia was induced
by a mixture of ketamine (75mg/kg) and dexmedetomidine (1 mg/kg) delivered by intraperito-
neal (IP) injection (total volume: 200 pl / 20 mg mouse). The anesthetized mice were mounted
in a stereotaxic frame to implant a pair of guide cannula with the tip above the injection target:
the CA1 region of the dorsal hippocampus (Bregma coordinates: AP -1.94mm, ML + 1.00mm,
DV -0.90mm). The implanted injection hardware was manufactured by Plastics One, Roa-
noke, VA (Part Numbers: C235GS-5-2.0, C235DCS-5, 303DC/1, C235IS-5; guide cannula,
cannula dummy, cannula cap, injection needle, respectively). Antisedan (0.65 mg/kg IP) was
administered to reverse the anesthesia at the end of surgery. The mice were provided with
orally available post-surgical analgesia (Ketaprofen) daily for 5 days and allowed a total of 4-6
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Fig 1. Ribosomal RNA (rRNA) synthesis is induced by spatial memory training. A) Timeline of training protocol. B, C) APA
behavioral data from each 30 min trial (pre-training, and training trials 1, 2, and 3). Three groups of mice were analyzed: 1) Untrained, 2)
Yoked, and 3) Trained. B) Representative paths (grey tracings) of individual animals during pre-training and each 30 min training trial.
Red circles indicate the animal’s location when a shock was received. Grey circles indicate the location of the animal when it would have
received a shock had the shock zone been active. C) Left, The number of entrances into the shock zone during pre-training and each
training trial. Only the APA trained mice (black circles) learned to actively avoid the zone. Right, Time to first entry into the shock zone
was significantly higher for the Trained group beginning with the 2™ training trial, compared to Yoked and Untrained controls. D)
Relative levels of gene expression in mouse dorsal hippocampi one hour after third training trial, as determined by Real-time qPCR. Left,
Precursor rRNA (ht-rRNA) expression is upregulated only in the Trained group, not in Untrained or Yoked controls. Middle, The IEG, c-
fos, known to be activated by both learning and task related stress is elevated in both Yoked and APA trained mice compared to Untrained
controls. Right, The IEG, c-jun, activated by learning but not associated stress, similarly to rRNA, is up-regulated in the Trained group but
not the Untrained or Yoked controls. ** * = p<0.05, ™ ****p<0.01.

https://doi.org/10.1371/journal.pone.0203374.9001

weeks to fully recover prior to behavioral training. Intracranial injection: 30 min prior to pre-
training, mice were bilaterally injected with 1 pl (0.5 pl each side) of vehicle (0.1% DMSO in
sterile PBS) or the Pol I inhibitor, CX-5461 (1uM in vehicle) by inserting the injection needles
into the guide cannula.

Statistics

Student’s t tests (when comparing two groups) or ANOVA (when comparing 3 or more
groups) were performed to compare expression levels by qPCR. For behavioral data, multi-fac-
tor comparisons were performed using ANOVA with repeated measures, as appropriate. Post-
hoc multiple comparisons were performed by Tukey tests after ANOVA. Statistical signifi-
cance was accepted at p < 0.05.

Results
New rRNA synthesis is induced by APA training

Previously, we demonstrated in vitro that nucleolar integrity and the synthesis of new PARP-1
dependent rRNAs are required for the maintenance of long-term synaptic plasticity [13, 15].
Here we asked, “Does this occur in vivo?” Specifically, “Does behavioral training induce new
rRNA synthesis in mice?” We chose the hippocampus- dependent APA spatial learning task to
address these questions. One of the advantages of the APA task is that it can be used to differ-
entiate between multiple aspects of spatial learning and memory [17]. For instance, the average
number of entrances (NE) into the shock zone during each training trial measures learning
within a single session. The time to first entry (TFE) into the shock zone measures between-
session (2 h) memory because it is the memory of the prior session(s) that will cause the animal
to delay entry into the shock zone during the current session. We compared three behavioral
groups: 1) “Untrained” animals (exploration/novelty without shocks); 2) “Trained” animals
(shocked when entering the shock zone); and 3) “Yoked” animals that received shocks in ran-
dom locations. As shown in Fig 1, only the Trained animals learned to avoid the shock zone;
(compare the trajectories of representative Trained, Yoked, and Untrained animals in Fig 1B).
The steep reduction in NE by the Trained group also reflects rapid place avoidance, as con-
firmed by two-way (group x trial) repeated measures ANOVA. There were significant effects of
group (F, ;5 = 18.22; p < 0.001; post-hoc Tukey’s test confirmed Trained < Untrained = Yoked),
trial (F5 54 = 122.00; p < 0.001) and the group x trial interaction (F, ;5 = 9.28; P < 0.001; post-
hoc Tukey’s test confirmed Trained < Untrained = Yoked) (Fig 1C, left). Overall, the trials show
no difference between Untrained and Yoked groups; however, a difference is observed between
Untrained and Yoked in the first training trial (Fig 1C, left). The difference disappears when the
NE is normalized to path length (data not shown) suggesting that it is a product of the behavioral
response of Yoked mice to being shocked. The between-session (2 h) memory is assessed by the
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TFE (Fig 1C, right). On the first training trial, none of the animals had any prior experience with
shock and accordingly, there were no differences in TFE between the three groups. This begins
to change in Trial 2 when the Trained animals can use the memory of Trial 1 shock locations to
avoid entering the shock zone, as indicated by the non-significant rise in TFE of Trained animals
compared to the Yoked and Untrained controls (Fig 1C, right). By the third training trial there
TFE is significantly elevated in the Trained group compared to the two control groups that
showed no change in TFE throughout the experiment (Fig 1C, right). There was no difference in
TFE between Untrained mice with nothing to learn and Yoked mice with no place to avoid (Fig
1C, right). These impressions were confirmed by two-way (group x trial) repeated measures
ANOVA, followed by post-hoc Tukey’s test. There were significant effects of group (F, ;5 = 4.35;
p = 0.03; Untrained = Yoked < Trained); however, there were no significant effects of the trial
(F354 = 1.76; p < 0.17). Likewise, there was no significant interaction between the two variables
(group X trial) (F, 54 = 2.09; p = 0.073). These results demonstrate that the Trained group formed
a 2 h place avoidance memory whereas there was no evidence of a place memory in the two con-
trol groups (Untrained and Yoked) (Fig 1C).

Does long-term APA memory formation induce new rRNA synthesis?

We next evaluated the effect of training on rRNA gene expression by collecting tissue from the
same three groups of mice 1 h after the third training trial for RNA analysis (Fig 1A). To distinguish
newly synthesized rRNA from pre-existing rRNA, we designed primers to detect the unedited 45S
rRNA precursor (ht-rRNA) [15]. Precursor ht-rRNA was upregulated in the Trained but not the
Untrained or Yoked groups (ANOVA: F,,; = 8.17; p < 0.01, Trained > Yoked = Untrained) (Fig
1D, left). We also examined whether training activates the Immediate Early Genes (IEGs) c-fos and
c-jun, which are markers of neuronal activation (Fig 1D). Whereas both the Trained and Yoked
groups expressed increased levels of c-fos compared to Untrained mice, (ANOVA: F,,; = 4.145;

p = 0.03, Trained = Yoked > Untrained) (Fig 1D, middle), only the Trained group expressed
increased levels of c-jun (ANOVA: F,,; = 9.43; P < 0.001, Trained > -Yoked = Untrained) (Fig
1D, right). These results are consistent with previous studies showing that while c-fos expression
gets activated with stress and learning, c-jun expression gets activated only with learning [20-22].

Variant IV activity-dependent rRNA gene expression is differentially
regulated after APA memory formation

Ribosomal rRNA genes (rDNA) have multiple copies within the genome. In mice, the copies
have been grouped into seven different variants (v-RNA I -VII), that were found to be epige-
netically regulated in various tissues. In brain, v-RNAs I, IT, III, IV and VI are expressed, while
v-rRNAs V and VII are silent [23]. Given the increase in rRNAs observed after training, we
asked: Are all of the known variants induced by learning, or only a subset?

Using qPCR, we compared the levels of expression of different rDNA variants in dorsal hip-
pocampi of Trained and Untrained animals one hour after learning. Only one of the known
hippocampal variants, v-rRNA IV, was significantly up-regulated after APA training com-
pared to Untrained controls (Fig 2, t;; = 3.42; *p<0.01), indicating that v-RNA IV expression
is correlated with memory formation.

Training-induced rRNA synthesis is required for memory formation

Nucleolar activation and rRNA synthesis are early and essential steps in the production of
new ribosomes [9]. Given the abundance and longevity of rRNAs and ribosomes in neurons
and other tissues [24-26], we wondered: Why does training induce de novo rRNA synthesis?
Is it memory formation, or persistence that requires new rRNA synthesis? To find out, we
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show that of the five known hippocampal rRNA variants only variant IV is significantly up-regulated in the Trained
group one hour after the third APA training trial: Ty; = 3.42; *p<0.01.

https://doi.org/10.1371/journal.pone.0203374.g002

administered either CX-5461 (n = 12) or vehicle (n = 11) by intrahippocampal injection 30
min prior to APA training (See Timeline Fig 3A). In order to evaluate gene expression, half the
cohort (n = 6 for both vehicle and CX-5461 treated mice) were euthanized one hour after the
last training trial while the other half (n = 6 for vehicle, n = 5 for CX-5461 treated mice) were
tested for memory retention 24 h later. Learning by CX-5461-treated and vehicle-treated con-
trol mice was indistinguishable as illustrated by the representative trajectories of the animals
during each training trial (Fig 3B) and the NE (Fig 3C, left; group: F; 5, = 0.79; p > 0.38; trial
F3 66 =211.70; p < 0.001; group x trial interaction F; 45 = 0.43; p = 0.70). Note that both groups
learn to stay approximately opposite the shock zone (4 to 8 O’clock; Fig 3A, bottom). There
were no group differences in between-trial memory as indicated by the TFE (Fig 3C, right;
group: Fy 5, =.06; p > 0.8; trial F;5 46 = 19.32; p < 0.01; group x trial interaction F; 46 = 0.07;

p = 0.79). These data suggest that Pol I activity is not required for spatial learning.

In order to test LTM, half of the original cohort (6 vehicle and 5 CX-5461 injected mice)
was returned to their cages after training and given a retention test 24 h later. The retention
test is performed by returning the animal to the rotating arena for 10 min with the shock zone
turned off. If the animal remembers the previous training, it will avoid the inactive shock zone.
The movement of the animal is tracked and recorded by an overhead camera and TrackAnaly-
sis (Bio-Signal Group) software (See Materials and methods). LTM is indicated by the trajec-
tory of the animal (Fig 3B bottom right, grey tracings) and quantified by the time to first entry
(TFE) into the deactivated shock zone (Fig 3C, right). One-day memory was impaired in the
Pol I inhibited group compared to the vehicle control. As shown in Fig 3A (bottom right), dur-
ing the 10 min retention test, the animals receiving vehicle largely avoid the location where
shocks were previously experienced, whereas the animals treated with the Pol I inhibitor do
not; instead, their behavior resembles that of animals during pre-training, before any shock
was experienced. This is not merely rapid extinction of the active place avoidance memory
because the TFE in the Pol I inhibited group was significantly lower than it was for the vehicle-
injected group (Fig 3C, far right; F; o = 3.57; p < 0.05), although the TFE estimate of between-
trial 2 h memory did not differ between the groups (Fig 3C, left). In fact, TFE in the Pol I
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Fig 3. RNA Pol I inhibitor, CX-5461, disrupts consolidation of long-term memory, but not learning. A) Timeline of the training
protocol. Note that half of the animals were euthanized 1 h after the third training trial for gPCR analysis (see 3D) while the remainder
were given a retention test 24 h later (see 3C). B) Representative paths (trajectories) of animals during pre-training, training and the 10 min
retention test given 24 h after the 3™ training trial (grey tracings). Red circles indicate the animal’s location when a shock was received.
Grey circles indicate the position of the animal where it would have received a shock had the shock zone been active. C) Comparison of
learning and memory between APA trained mice who received intracranial injection of vehicle (black circles) and CX-5461 (grey circles).
Left, Number of entrances during the 30 min trials. No significant difference in the number of entrances indicates equivalent learning of
CX-5461 treated animals and vehicle-treated controls. Right, Time to first entry the shock zone during each training trial and on the 24 h
retention test. There were no significant differences in between-trial memory or between the two groups during training. In contrast, the
vehicle injected animals continue to show place avoidance memory 24 h later; whereas CX-5461 injected animals do not. D) Real-Time
qPCR relative expression shows that CX-5461 has no effect on Pol IT dependent c-fos and c-jun transcription, but does inhibit Pol I
dependent rRNA transcription. *p<0.05, **p<0.01.

https://doi.org/10.1371/journal.pone.0203374.9003

inhibitor group was indistinguishable from pre-training-before any shock was experienced
(paired t test: t, = -1.06, p = 0.35), indicating that inhibition of rRNA synthesis results in a fail-
ure of 24 h memory expression.

CX-5461 is a direct inhibitor of the Pol I machinery and acts by preventing the formation of
the Pol I preinitiation complex while leaving Pol II transcription, DNA replication, and transla-
tion processes intact [27]. In a previous study, we tested CX-5461 in vitro and found that the
same treatment that effectively suppressed Pol I-directed rRNA synthesis had no effect on Pol II
dependent, plasticity-induced IEG expression [15]. To investigate the selectivity of the CX-5461
treatment used in this study, the training-induced expression of Pol I dependent ht-rRNA and
Pol II dependent c-fos and c-jun mRNAs in dorsal hippocampus was assessed by qPCR in the
subset of mice that were euthanized 1 h after the third training trial (Fig 3D). As expected, CX-
5461 had no effect on the activity-dependent expression of c-fos mRNA (t;o = 1.31; p = 0.22) or
c-jun mRNA (t;0 = 1.32; p = 0.22). In contrast, the training-induced increase in total precursor
rRNA observed in the vehicle-treated group was effectively suppressed by the pre-training CX-
5461 injection (Fig 3D; t;o = 2.76; p <0.05). In order to determine whether the failure of CX-
5461 treated mice to consolidate memory was due to irreversible toxic changes induced by the
drug, we subjected mice to intrahippocampal injection of vehicle or CX-5461 and then waited
48 h before APA training. Both groups learned the task efficiently and were able to consolidate
the memory as indicated by the retention test given 24 h later (See S1 Fig). These results demon-
strate that CX-5461 does not permanently impact the animal’s ability to learn or remember.
The fact that 24 h memory is impaired by blocking new, activity-dependent rRNA synthesis
during learning, suggests that pre-existing ribosomes cannot substitute for activity-dependent,
new ribosomes when it comes to memory consolidation and perhaps maintenance. It is inter-
esting to note that the window for the necessary Pol I directed gene expression appears to be
within hours of the training experience as opposed to days.

Inhibition of activity-dependent expression of v-rRNAs disrupts memory

Next, we examined the pattern of v-rRNA expression in the same cohort of vehicle and CX-
5461 injected mice that provided data for Fig 3D. Again, the gene expression level of the vehi-
cle-injected control group was set to one for comparison with the CX-5461 injected group (Fig
4). Like their non-surgery Trained counterparts (refer to Figs 1 and 2), the vehicle-injected
group showed a learning-induced upregulation of v-rRNA IV while the other tested variants
remained unchanged (Fig 4, black bars).

The persistence of learning induced nucleolar activation is long lasting

To distinguish between maintained gene expression and an effect of recall, we evaluated gene
expression in four groups of mice, Trained and Untrained mice, with and without having been
given a memory retention test 24 h after the third training trial (Fig 5A top). Fig 5B shows the
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relative expression of 45S rRNA precursor in each group. There was no significant difference
between mice that did or did not receive a retention test (n = 5, each group). Nevertheless,
rRNA precursor more than doubled in both Trained groups compared to the Untrained control
groups (n’s = 5, two-way group x treatment ANOVA: group: F; 15 = 26.21; p < 0.001; treatment:
F1.16 = 0.70; p = 0.41; interaction: F; ;15 = 0.07; p = 0.79). These results indicate that the learning-
induced upregulation of rRNA synthesis observed 24 h after training does not seem to be an
effect of memory recall or the experience of the retention test, but instead is a learning-induced
upregulation of nucleolar activity that is maintained at least 24 h after memory training. Inter-
estingly, the sustained increase in precursor rRNA cannot be explained by an upregulation of
any of the known rRNA variants (S2 Fig), suggesting that yet unidentified variants may play a
role in memory maintenance. Another way to assess nucleolar activity is by immunohistochem-
istry (IHC). Increases in nucleolar activity (rRNA synthesis and ribosomal biogenesis) is accom-
panied by observable changes in structure and composition that manifest as an increase in size
and the recruitment of nucleolar proteins. Fibrillarin is a nucleolus specific protein that plays a
key role in processing nascent precursor rRNAs making it a sensitive marker of nucleolar activ-
ity. Fig 5C shows IHC of dorsal CA1 from APA trained and untrained mice that were eutha-
nized 24 h after training, with or without having received a retention test. The data was
analyzed using a two-way ANOVA in which training and retention test were the two parame-
ters (see S1 File). We found that the average intensity of nucleolar fibrillarin is significantly
increased 24 h after APA exposure in trained animals compared to untrained controls (F, g =
28.484, p =.001). We also found a smaller, but significant effect of the retention test, indepen-
dent of training (F, g = 7.351, p = .027; Fig 5C and S3 Fig). We did not find a difference in the
interaction of training with retention test (F; g = 3.405, p = .102). Together with the gPCR
results, these data indicate that the upregulation of nucleolar activity and rRNA synthesis that is
observed an hour after training is long-lasting, persisting at least one day.

Discussion

The role of the nucleolus and Pol I transcription in synaptic plasticity and learning and mem-
ory, has scarcely been explored. Recently, it was shown that induction of long-term facilitation
in invertebrates [13] and long-term potentiation (LTP) in vertebrates [15], produces a PARP-
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1-dependent activation of rRNA synthesis in the neuronal nucleolus. This activation has been
shown to be necessary for late-phase LTP, an ex vivo model of memory [15]. These results led
to the prediction that nucleolar integrity and activity-dependent rRNA synthesis would also be
required for LTM, in vivo. We explored this possibility using the hippocampal dependent APA
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spatial memory task and intra-hippocampal injection of the specific Pol I inhibitor, CX-5461,
and found that—indeed, activity-dependent rRNA synthesis is required for 24 h memory, and
that training-induced rRNA synthesis is differentially regulated and long-lasting (24 h). In a
recent study of learning-induced gene expression in mouse cortical and subcortical networks,
Capitano and colleagues [28] used a massed version of the Morris Water Maze (MWM) task
and post-training intracranial injection of CX-5461 to look at the role of rDNA expression in
spatial memory formation. In spite of the differences in methodology, the study produced two
complimentary findings: 1) spatial memory training induces a transient increase in de novo
rRNA synthesis in the ventral hippocampus; and 2) inhibition of rRNA synthesis in the dorsal
hippocampus prevents memory consolidation [28]. Further analysis will be necessary to deter-
mine which forms of long-term synaptic plasticity and memory require nucleolar activity and
rRNA expression, and to what degree (e.g. transient or long-lasting) is de novo rRNA expres-
sion required for different forms of memory.

Quantitative versus qualitative

I. Are all ribosomes created equal?. Plasticity-dependent rRNA synthesis, ribosome bio-
genesis is required for LTP [15] and for LTM (Fig 3). Is this because the quantity of ribosomes
under basal conditions is limiting, or are stimulation-induced ribosomes qualitatively differ-
ent? Consider the case for quantity: neurons may simply need more ribosomes to meet the
translation demands of long-term plasticity and memory. Changes in the translational capacity
of cells in response to nutrient availability or growth phase transitions, have been tracked by
shifts in ribosome optical density profiles that detect inactive 40S and 60S ribosome subunits,
and active 80S monosomes and polysomes [29]. Under normal physiological conditions there
is typically a fraction of ribosomes that are not actively engaged in translation. This reserve of
inactive ribosomes (‘the 40S and 60S pool’) allows cells to rapidly accommodate increased
demand for protein synthesis. Both rRNAs and ribosomes are quite stable with an average
ribosomal half-life of 5-10 days [25, 26, 29, 30]; and there is indirect evidence that they can per-
sist for months [24, 31]. Previously, we found in mouse hippocampal slices that if Pol I activity
is blocked, LTP can be initiated but not maintained [15]. Here we find that if Pol I activity is
blocked during training, the animals still learn but will not exhibit memory 24 h later.

If all ribosomes are equal and interchangeable, then why can’t pre-existing ribosomes miti-
gate the effect of acute Pol I inhibition? Why can’t they at least partially compensate when syn-
thesis is inhibited? One possibility is that at the molecular level, long-term plasticity and
memory are all-or-nothing events and that the ribosomal reserve is insufficient to reach the
required threshold of translational capacity-hence the need for de novo rRNA synthesis and
ribosome biogenesis. Alternatively, new learning-induced ribosomes might be required
because they are qualitatively different. There are several potential sources of ribosomal het-
erogeneity ranging from ribosomal protein composition [32] to differentially expressed rDNA
sequence variants as has been described in humans [33-36]. It is possible that learning-
induced v-rRNA 1V is one such sequence variant. Over all, the potential for functional
sequence variation among differentially regulated rDNA transcription units remains unex-
plored. Nevertheless, the data presented here supports a model in which a subset of learning-
induced rRNAs, expressed within an hour after training, are required to form a memory that
can persist days. Further studies are needed to determine whether the functional differences
between learning-induced ribosomes (required for memory) and pre-existing ones (unable to
compensate), stem from a qualitative change in the rRNAs and/or protein composition, or
simply the temporal context of a quantitative change in ribosome number.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203374  October 3, 2018 13/19


https://doi.org/10.1371/journal.pone.0203374

®PLOS | one

Learning-induced rRNA is required for LTM

II. Functional rRNA expression variants. While there is biological precedence for rRNA
sequence variants (reviewed in [37]), it is also possible that the specific sequence of the rRNA
transcript that is produced is not as important as the temporal and physiological context of its
expression. For example, in the protozoan, Plasmodium berghei, rRNA gene expression
switches between different rDNA transcription units in a developmental-stage and species-
specific manner [38]. The rRNAs expressed are structurally distinct, suggesting that the ribo-
somal subunits they form may also be structurally and thus, functionally distinct. Differentially
expressed rRNA variants (v-rRNAs) have been documented in more complex organisms rang-
ing from Arabidopsis [39] to zebrafish [40], to mice [23, 41, 42] to humans [33, 35, 36, 43].
Functional sequence variants of 5S rRNA have been described for the sea urchin, P. lividus 1
[44]. More recently, the same laboratory characterized three clusters of 185-26S rRNA genes
with different Non-Transcribed Spacer (NTS) regions that are important for the epigenetic
regulation and coordination of large and small sub-unit rRNA synthesis required for making
new ribosomes [45]. In mice, seven epigenetically regulated v-rRNAs have been cloned and
shown to be either constitutively silent or differentially expressed in various tissues [23]. In
this study, we found that one of the v-rRNAs described by Tseng and colleagues [23], v-rRNA
IV, is specifically upregulated in the dorsal hippocampus by learning, suggesting that different
variants may be differentially regulated in response to different types of neuronal stimuli, and
may have different transcriptional or epigenetic elements regulating their expression. Previ-
ously we found that plasticity-induced rRNA synthesis requires the activity of the chromatin
remodeling enzyme, PARP-1 [13, 15]. These data are especially important in combination
with the observation that v-rRNA IV was the only known variant that was upregulated 1 h
after training, and therefore the only variant that can account for the coincident increase in ht-
rRNA. These findings render v-rRNA IV a key candidate for a plasticity-induced, PARP-1
dependent rRNA variant after learning. On the other hand, the discrepancy observed between
the ht-rRNA and the known v-rRNAs (compare Fig 5B and S2 Fig) expression suggests that an
unknown uncharacterize v-rRNA accounts for the 24 h increase expression of ht-rRNA. It is
important to notice that our v-rRNAs quantification it is based upon a partial characterization
of vDNAs in mouse [23]. Recently, Mathew Parks and colleagues used whole-genome
sequencing data and rRNA expression analysis to identify variants expressed in different tissue
types [33]. Further analysis and characterization of vDNAs and their expression is necessary to
assess plasticity dependent v-rRNAs. Another interesting observation is the effect of recall on
fibrillarin staining (S3 Fig). Although smaller than the effect of training, a significant effect was
found, suggesting that biogenesis of ribosomes may also occur in response to recall.

The nucleolus and cognition—Implications for Alzheimer’s disease

Over the last decade, there has been a growing recognition of the importance of the nucleolus
as an indicator of neuronal health and disease [46-48]. Studies of neurodegenerative disorders
such as Alzheimer’s, Huntington’s and Parkinson’s diseases reveal nucleolar dysfunction and
aberrant rDNA methylation as common features ([49, 50, 51] respectively). In the case of Alz-
heimer’s disease (AD), both occur in the earliest stages of pathology, making them “early
markers” of AD [46, 49]. Previously, we showed in vitro that plasticity-dependent rRNA syn-
thesis requires the epigenetic regulator, PARP-1 [13, 15]. Recently, in a histological study of
AD that focused on nucleolar activity, we found that nucleolar localization of PARP-1 is signif-
icantly decreased in hippocampal pyramidal cells in autopsy samples from AD patients com-
pared to age-matched controls [52]. We proposed then that PARP-1 displacement from the
nucleolus leads to hypermethylation of rDNA resulting in the downregulation of rRNA syn-
thesis and ribosome biogenesis. Without new ribosomes, the synthesis of new proteins
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becomes impaired and the formation of new memories disrupted. Central to this hypothesis is
the assertion that the nucleolus plays a key role in cognition. Rather than just being a marker
of disease, we propose that loss of nucleolar activity is an essential part of the cognitive deficits
observed in AD [37, 52]. In support of this view, a recent article by Li and collaborators identi-
fied a nucleolar-specific long non-coding RNA (LoNA) regulating rRNA synthesis during syn-
aptic plasticity and learning and memory [53]. Downregulation of LoONA enhances long-term
memory in WT mice, as well as restores impaired memory function in APP/PS1 transgenic
mice. Whether or not PARP-1 downregulates LoNA to regulate rRNAs expression during syn-
aptic plasticity and learning and memory has not been determined yet. Taken together, these
data strongly support an essential role for nucleolar integrity and experience-induced rRNA
synthesis in memory and cognition. This model predicts that, regardless of the source of nucle-
olar stress and dysfunction, therapeutic approaches aimed at restoring nucleolar activity will
be necessary to restore cognition.

Supporting information

S1 Fig. Intra-hippocampal treatment of CX-5461 48 h before training does not inhibit 24 h
memory consolidation. A) Timeline of the training protocol. Animals were injected with CX-
5461 or vehicle 48 h before commencement of training. B) Comparison of learning and mem-
ory between APA trained mice who received intracranial injection of vehicle (black circles)
and CX-5461 (grey circles). Left, Number of entrances during the 30 min training trials. Right,
Time to first entry into the shock zone during each training trial and the 24 h retention test.
Both CX-5461 and vehicle injected animals significantly reduced the number of entrances dur-
ing training, and increased their time to first entrance indicating that they learned the location
of the shock zone. A significant increase in the time to first entry during the retention test indi-
cates that both groups exhibited memory of the shock zone 24 h after training. No significant
differences in the memory retention test were observed between the two groups indicating
that the group treated with CX-5461 does not lose the ability to consolidate memory.

(TIF)

S2 Fig. Characterized rRNA variants are not differentially expressed 24 h after training.
Real-Time qPCR analysis demonstrates that none of the five known hippocampal rRNA vari-
ants are significantly upregulated 24 h after the third APA training trial, whether or not an ani-
mal received a retention test. [Significance analyzed by ANOVA. All p values > 0.14].

(TIF)

S3 Fig. Hippocampal neuronal nucleolar expression of fibrillarin is increased after training
and retention test. A) Table showing mean (and standard deviation) for each of 4 groups

(n = 3/group) (trained and untrained with and without RT), as well as total for each condition.
A two-way ANOVA found increased fibrillarin staining in response to training (F; g = 28.484,
p =.001) and RT (F, g = 7.351, p = .027), but not the interaction of the two Training*RT (F; g =
3.405, p = .102). B) Graphical representation of the same data showing an effect of RT (right
panel compared to left) and training (black dots compared to grey). Each dot represents the
average fibrillarin intensity of an animal.

(TIF)

S1 File. Supporting information methods. Description of the methods used to produce the
data presented in S1-S3 Figs.
(DOCX)
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S2 File. Primary data. The primary data points used to produce means and variance presented
in figures and results.
(XLSX)
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