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Abstract

Ribosome biogenesis, including the RNA-Polymerase-1 (Poll)-mediated transcription of rRNA, is
regulated by the pro-epileptogenic mTOR pathway. Therefore, hippocampal Poll activity was
examined in mouse models of epilepsy including kainic acid- and pilocarpine-induced status
epilepticus (SE) as well as a single seizure in response to pentylenetetrazole (PTZ). Elevated 47S
pre-rRNA levels were present acutely after induction of SE suggesting activation of Pol1.
Conversely, after a single seizure 47S pre-rRNA was transiently downregulated with increased
levels of unprocessed 18S rRNA precursors in the cornu Ammonis (CA) region. At least in the
dentate gyrus (DG), the pilocarpine-SE-mediated transient activation of Pol1 did not translate into
long term changes of pre-rRNA levels or total ribosome content. Unaltered hippocampal ribosome
content was also found after a 20 day PTZ kindling paradigm with increasing pro-convulsive
effects of low dose PTZ that was injected every other day. However, after selectively deleting the
essential Poll co-activator, Transcription Initiation Factor-1A ( 7ifla/Rm3) from excitatory
neurons, PTZ kindling was impaired while DG total ribosome content was moderately reduced
and no major neurodegeneration was observed throughout the hippocampus. Therefore, Poll
activity of excitatory neurons is required for PTZ kindling. As seizures affect ribosome biogenesis
without long term effects on the total ribosome content, such a requirement may be associated
with a need to produce specialized ribosomes that promote pro-epileptic plasticity.
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Introduction

Epilepsy is a brain disorder that involves aberrant synaptic plasticity as well as excessive
neural cell growth. In the hippocampus, aberrant axonal growth (7.e. mossy fiber sprouting,
MFS), and/or excessive neurogenesis and/or somato-dendritic hypertrophy are observed in
temporal lobe epilepsy (TLE) [1-4]. In addition, mutations that hyperactivate the mTOR
pathway, such as those in tuberous sclerosis complex (TSC) or Cowden syndrome (CS), are
often associated with neuronal/astrocytic hypertrophy and epilepsy [5,6]. Development of
acquired forms of epilepsy — including TLE — may be facilitated by the excessive mTOR
activity [6].

It is well established that in rodents, pharmacologically-induced seizures stimulate the
mTOR pathway. Thus, the cholinergic agonist pilocarpine or the glutamatergic agonist
kainic acid (KA) produce status epilepticus (SE) that is accompanied by prolonged
activation of the mTOR signaling pathway in the hippocampus [7-9]. Conversely, the
gabaergic antagonist pentylenetetrazole (PTZ) induces brief seizures that are accompanied
by a transient activation of the hippocampal mTOR pathway [10]. Likewise, seizures
induced by pilocarpine, KA or the gabaergic antagonist bicuculline have been reported to
activate hippocampal ERK1/2 signaling that, in addition to mTOR, may also contribute to
regulation of cell size including neurite outgrowth [11-14]. It is unclear, however, what are
the epileptogenic effector mechanisms for mTOR or ERK1/2.

The ribosome is a critical component of the protein synthesis machinery. The nucleolus is a
cellular center of ribosomal biogenesis [15]. That process is regulated by the activity of the
RNA polymerase-1 (Poll) which transcribes nucleolar rRNA genes (rDNA) [15]. Its
product, the 47S pre-rRNA is rapidly processed to mature 18S-, 5.8S- and 28S rRNAs that
are later assembled into pre-ribosomal subunits. Poll accounts for at least half of the total
transcriptional output of a cell during active proliferative growth [15]. High rates of
ribosomal biogenesis are also expected in cells that do not divide but, instead, rapidly
increase their volume such as neurite-extending neurons. Importantly, Poll activity is highly
responsive to extracellular cues that affect growth. For instance, growth factors or nutrients
activate Poll by the ERK1/2- and/or mTOR-mediated phosphorylations of the Poll-specific
co-activators TIF1A and/or UBF [16-19]. Such regulation also occurs in growing neurons,
where the BDNF-ERK1/2-TIF1A pathway is both necessary and sufficient for dendritic
growth [20].

Many types of mature neurons display robust nucleoli suggesting that they retain the
capacity to quickly up-regulate ribosomal biogenesis [21]. In the hippocampus, induction of
long term potentiation (LTP) or spatial learning is associated with increased Poll activity
[22,23]. In addition, LTP is disrupted by genetic or pharmacological inhibition of
hippocampal Poll, while the latter manipulation also negatively effects spatial memory
consolidation [24,23,22]. Importantly, these defects are unlikely to be due to neuronal death,
as mature forebrain neurons survive for months without active Poll [25,24]. Interestingly,
nucleolar hypertrophy and increased ribosomal density are observed in brain neurons of
epileptic mice or human patients with hyperactive mTOR [26-28]. Therefore, by supporting
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neuronal growth and/or synaptic plasticity, ribosomal biogenesis may contribute to
epileptogenesis.

The current study was initiated to determine (7) how pharmacologically-induced seizures
affect ribosomal biogenesis in the rodent forebrain, and (77) whether Pol1 activity is required
for PTZ kindling.

Materials and Methods

Animals

Reagents

Mice (6-8 weeks old males, C57BI6 strain) were obtained from Harlan. 7771&V1 Camk2a -
Cre-ER mice on C57BI6 background were described before [25]. These animals were bred
onsite; genotyping was performed following an established methodology [25]; genotype of
each experimental subject was confirmed by PCR. Both males and females at 2—4 months of
age were used for studies involving transgenic animals. To induce 77fla knockout by the
Cre-LoxP system, a 5 day course of tamoxifen treatment was applied; tamoxifen dosing was
2x1mg 7.p. per day, dissolved in 10:1 sunflower seed oil: ethanol as previously described
[29]. For all transgenic animal studies, control animals were bred onsite. All animal
experiments strictly followed protocols that were approved by the Institutional Animal Care
and Use Committee.

Reagents were obtained from VWR, Sigma-Aldrich, or Fisher Scientific unless stated
otherwise. Oligonucleotides were purchased from Integrated DNA Technologies.

Pro-convulsant treatments

Mice (C57BI6 males) were initially gently handled by daily administration of saline /7 p. for
5-7 days. Then, pentylenetetrazole (PTZ, 35 or 60 mg/kg) or kainic acid (KA, 45 mg/kg,
Abcam /former Ascent Scientific/) was administered 7p.. For the pilocarpine experiment,
mice received 1 mg/kg scopolamine s.c., followed 15 min. later by s.c pilocarpine (300 or
400 mg/kg, as indicated). All animals were observed to determine onset, intensity and
duration of seizures. Seizure scoring was done using the modified Racine scale (stage 1:
mouth and facial movements characterized by arrest, eye blinking, and chewing; stage 2:
head nodding; stage 3: forelimb clonus; stage 4: seizures characterized by rearing; and stage
5: seizures characterized by rearing and falling) [30]. In the acute PTZ experiment, only
animals that displayed at least stage 4 seizures were included. In the KA- and the pilocarpine
studies, only animals that developed status epilepticus (SE), defined by recurrent seizures
(stage 3 or higher) lasting for at least 30 min, were included. Two and a half hours after the
onset of pilocarpine-induced SE animals received 2x10 mg/kg diazepam at 15 min intervals.
In chronic pilocarpine studies (survival for at least 1 week post-SE), 0.5 ml warm (30-33°C)
Ringer’s solution was administered during the first two days of post SE recovery (3-5 times
s.¢.). While in initial experiments, 400 mg/kg pilocarpine was used, such a dose resulted in
80% mortality rate at 24 h. Therefore, to obtain chronic survivors a lower dose of 300 mg/kg
was used, as suggested by a recent report on optimizing the pilocarpine model in mice [31].
Indeed, at least 50% SE response rate was observed with at least 50% long-term survival
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among SE responders (/.e. at least 6 weeks post SE). In all pilocarpine studies, control mice
received identical treatments except pilocarpine.

Kindling study in Tifla conditional knockout mice

Tamoxifen treatment was applied to 8 male and 4 female 7if1d"!, Camk2a -Cre-ER™? mice
(Tif1aKO). A control (WT) group included 5 male and 2 female 77f7aV/f mice that were
treated with tamoxifen as well as 4 male and 2 female 7if1aVf, Camk2a -Cre-ER™? mice
that were treated with vehicle. One month after tamoxifen or vehicle treatment, PTZ was
administered 7.p.. Seizures were scored using modified Racine scale. In an initial
experiment, 7/fZa KO and WT animals were treated once with a high dose of PTZ to ensure
that seizure response was unaffected by the KO (60 mg/kg, n=4/group). Then, a low, sub-
seizure dose of PTZ (35 mg/kg) was given every other day for 20 days (total number of PTZ
injections was 10). After completion of the kindling procedure mice were killed and their
brains were assessed for ribosome content and immunohistochemistry analysis.

RNA isolation and qRT-PCR

After euthanasia, brains were removed and hippocampi were isolated; DG and CA
dissection was performed following a previously published procedure [32]. RNA was
isolated and cDNA was synthesized using random hexamers as described before [33,34,20].
The RNA levels were analyzed using the AACt method; each sample was run in triplicates;
normalization was performed against 18S rRNA or Gapadh as indicated. The primer
sequences were as follows: 47S pre-rRNA, forward-5’ccaagtgttcatgccacgtg3’,
reverse-5’cgagcgactgccacaaaaa3’ (the amplicon corresponds to positions 492-547 of the
mouse 47S pre-rRNA, NCBI reference sequence NR_046233.2); 5’ETS-18S rRNA,
forward-5’ctcctctctcgegcetetetgte3’, reverse-5’geatggcttaatctttgagacaagca3’ (positions 3941—
4060 of the mouse 47S pre-rRNA); ITS1, forward-5’ccggcttgcccgattt3’,
reverse-5’cggccagcaggaacgaaacg3’ (positions 6620-6754 of the mouse 47S pre-rRNA);
Tifla (Rr3) forward-5’attccegtttgtgaggaagtccga3’, reverse-5’tatcctgecgegatacactcacat3’;
18S rRNA, forward-5’gttggttttcggaactgaggc3’, reverse-5’gtcggcategtttatggtcg3’; Gapadh,
forward: 5’ tgtagaccatgtagttgaggtca 3’, reverse: 5’'tgtagaccatgtagttgaggtca3’. All primers
were validated by gRT-PCR melt-curve analysis, standard curve analysis of qRT-PCR
efficiency and agarose gel electrophoresis analysis of a regular RT-PCR product (each
primer pair produced a single product of expected size).

Determining ribosome content

A previously published methodology was followed [35]. Briefly, brains were removed after
euthanasia, immersion fixed in 4% paraformaldehyde for 24 h, and then processed for
cryostat sectioning. Sections (25 um) were cut through the dorsal hippocampus and stained
with a combination of the DNA dye Hoechst 33258 (2.5 pg/ml) and the ribosome dye
NeuroTrace® 500/525 Green Fluorescent Nissl Stain as recommended by the manufacturer
(Invitrogen/Molecular Probes, N21480, 1:500, 20-minute staining). At least 5 sections from
each animal were imaged using a Nikon Eclipse epifluorescence microscope with a 4x
objective lens. Digitized micrographs were captured using Elements software (Nikon
Instruments) followed by conversion to grayscale TIFF files. Identical exposure times were
used for all pictures that were taken for comparative analyses. Quantification of the
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fluorescence intensity (FI) was performed by using the “Integrated Density” parameter in the
ImageJ software (NIH freeware). Regions of interest were marked (granule cell layer of the
DG for DG measurments or stratum pyramidale of CA1 for CA1 analysis) and FI of
ribosome and DNA signal was measured in each marked area. A change of DNA signal-
normalized ribosomal FI was expressed as a fold control that was defined by a ratio of an
individual DNA-normalized FI value to the average DNA-normalized FI value of the control
group as indicated for each set of experiments. Such calculations were performed for each
set of sections that were stained together before pooling data for statistical analysis; each
staining set included several control sections to determine the baseline. To determine
ribosome content in hilar interneurons of WT and 77fZa KO mice, individual cell body
profiles were marked and FI was calculated for each cell (“Integrated Density”, ImageJ; all
sections were stained together with NeuroTrace® 500/525 Green Fluorescent Nissl Stain ).
At least 60 cells from 3 sections/animal were analyzed to calculate average ribosome
content/cell.

Immunofluorescence

Animals were euthanized, and brains were fixed in 4% paraformaldehyde for 24 h followed
by cryo-protection in 30% sucrose for at least 3 days at 4 °C. The brains were mounted in a
Cryomount medium, and sectioned coronally on a cryostat to produce 25-um-thick sections
through the dorsal hippocampus. For immunostaining, brain sections were blocked in TBS
containing 5% BSA and 0.1% Triton-X-100 for 1 h at room temperature with gentle
agitation. The following primary antibodies were used: mouse monoclonal anti-NeuN
(1:100, 16 h, 4 °C; Chemicon, Temecula, CA), rabbit polyclonal anti-glial fibrillary acidic
protein (GFAP; 1:250, 16 h, 4 °C; Chemicon), rabbit polyclonal anti-zinc transporter type 3
(ZnT3; 1:100, 16 h, 4 °C; Synaptic Systems Inc, Goettingen, Germany). Sections were then
incubated with appropriate secondary antibodies including or Alexa Fluor 594 goat anti-
rabbit 1gG (Invitrogen, A11037, 1:300) or Alexa Fluor 488 anti-rabbit IgG (Invitrogen,
A11034, 1:300) and/or Alexa Fluor 594 anti-mouse 1gG (Invitrogen, A11005, 1:300) for 1 h
at room temperature. Ribosome and DNA counterstainings were performed using Hoechst
33258 or NeuroTrace® 500/525 Green Fluorescent Nissl Stain, respectively. Confocal
images of cell type/axon marker stainings were obtained using a Nikon Eclipse Ti inverted
microscope; epifluorescence images of Nissl or FluroJade stainings were obtained using a
Zeiss AxioObserver system. To verify staining specificity, controls with species-matched,
non-immune IgGs, or sera instead of primary antibodies were also performed.

FluoroJade-B staining. The staining was peformed as recommended by the manufacturer
using sections cut through the dorsal hippocampus (Millipore, #AG310). Positive control
included sections from male C57BI6 mice mice that were killed 3 days after unilateral
stereotaxic injection of KA into amygdala (1 nmol of KA in 300 nL of PBS; coordinates of
the injection: bregma, 1.6 mm; medial-lateral, 3.3 mm; and dorsovenral, 4.5 mm). Such
treatment produces massive damage to the ipsilateral CA3 region of the hippocampus that
can be detected using FluoroJadeB [36]. In sections from PTZ-kindled Tifla KO or WT
animals FluoroJadeB positive cells were counted in the hippocampal regions CA1, CA3 and
DG. The observer was unaware of the genotype/treatment. Average number of positive cells/
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hippocampal region/hippocampus/section was determined based on analyzing at least 6
sections from each animal.

Functional annotation analysis

To identify genes encoding ribosomal proteins (RPs) affected by pilocarpine-induced SE, we
analyzed data from high throughput sequencing profiling of pilocarpine-induced changes of
hippocampal RNA expression, deposited in Gene Expression Omnibus (GSE72402) [37].
Briefly, for differentially expressed genes that were identified in that study (as defined by
fold change > 1.5, and q < 0.01), we selected a subset of genes belonging to gene ontology
(GO) categories: cytosolic large ribosomal subunit (G0O:0022625) and cytosolic small
ribosomal subunit (GO:0022627). To retrieve such genes a custom script in R programming
language was used.

Statistical analysis

Results

The non-parametric tests including Kruskal-Wallis ANOVA and Mann-Whitney ¢-test or
repeated measure two-way ANOVA were used as indicated.

To investigate acute effects of SE on ribosomal biogenesis in the hippocampus, mice were
treated with kainic acid (KA). Such a treatment led to development of recurrent seizures in
15-45 min. after /7p. injection of KA (45 mg/kg). To determine activity of ribosomal
biogenesis in these animals, three pre-rRNA amplicons were probed by gRT-PCR (Fig. 1A).
The 5’ETS amplicon corresponds to the 47S pre-rRNA 5’ETS leader region that undergoes
rapid processing providing best insight into nascent pre-rRNA levels [38,39]. The amplicons
corresponding to the 5’ETS/18S junction or the ITS1 regions may also detect more stable
intermediates of rRNA processing [38,39]. To normalize pre-rRNA changes, total levels of
mature 18S rRNA were used. In comparison to pre-rRNA, brain 18S levels are much higher
and change much slower as (#) brain neurons contain large quantities of mature ribosomes,
(#7) brain ribosome half-life is long (1-2 weeks), and, (///) ribosomal synthesis rate is low in
adult brain ([35]and references therein). Therefore, 18S is a good pre-rRNA normalizer in
brain samples from relatively short term studies in which effects of seizures are examined at
few hours to few days.

At 2 h after KA administration none of these probes revealed significant changes of
hippocampal pre-rRNA levels (p>0.05, t-test, Fig. 1B). However, at 6 h, elevated pre-rRNA
levels were observed with the 5’ETS- and the ITS1 amplicons (p<0.05, t~test, Fig. 1B).
Thus, KA-SE induces time dependent changes in ribosomal biogenesis including a likely
increase of pre-rRNA transcription in the hippocampus.

Next, we investigated whether ribosomal biogenesis is altered after SE in response to
another pro-convulsive drug, pilocarpine. In these follow up studies, we analyzed pre-rRNA
levels after dissecting the dentate gyrus- (DG) and the cornu Ammonis (CA) regions of the
hippocampus as they are differentially sensitive to SE-induced neurodegeneration with most
DG granule neurons surviving such a challenge [40-45]. Unfortunately, we were unable to
collect sufficient number of samples at 6 h as lethal outcomes were observed in at least 80%
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mice at 2-4 h after administration of 400 mg/kg pilocarpine that was used in this
experiment. Therefore we decided to limit the study to a single time point of 3.5 h. That time
was chosen based on results from the KA-SE experiment as it suggested the SE-induced
changes in pre-rRNA occur between 2- and 6 h after pro-convulsive treatment. Indeed, the
pilocarpine-SE experiment revealed increased pre-rRNA levels in the DG and the CA region
when the 5’ETS probe was used (Fig. 1C, p<0.05, ¢test). The ITS1 probe uncovered
significant increases of pre-rRNA in the CA- but not the DG (Fig. 1C). Such observation
may suggest that in the DG, increased rRNA transcription is accompanied by accelerated
rRNA processing.

To examine the effects of a transient seizure attack on ribosomal synthesis, PTZ was given
1.p. at a dose of 60 mg/kg. At 5-20 min after this treatment mice experienced a brief episode
of tonic-clonic seizures. We determined levels of pre-rRNA in the DG and the CA region at
0.75-, 2-, and 6 h after a seizure-inducing PTZ injection. In the CA, the 5’ETS amplicon
revealed transient decrease of nascent pre-rRNA at 2 h after PTZ treatment suggesting
inhibition of Poll (Fig. 2A-B, Kruskal-Wallis ANOVA, factor time, Hs/00= 10.59,
p=0.0142) . As the ITS1 probe did not detect significant changes in pre-rRNA, one could
expect that declines in the 5’ETS leader-containing nascent 47S were accompanied by
increased levels of unprocessed intermediates (Fig. 2B). Indeed, the 5’ETS-18S probe
revealed transient increase of 18S precursor intermediates at 2 h after PTZ treatment
suggesting disruption of rRNA processing towards 18S rRNA (Fig. 2C, Kruskal-Wallis
ANOVA, factor time, Hspp= 10.065, p=0.018). PTZ-induced seizures had no significant
effects on pre-rRNA levels in the DG (Fig. 2A-C). These findings indicate a brain region-
and time specific inhibition of rRNA transcription and rRNA processing in response to a
brief episode of seizures.

Pilocarpine-induced SE triggers neurodegeneration mainly in the CA- and the DG hilar
regions. Then, spontaneous seizures and DG MFS develop weeks after the initial SE [40-
45]; such changes are preceded by chronic activation of the mTOR pathway that lasts for at
least 1 week after SE [7]. Therefore six weeks after pilocarpine-induced SE, pre-rRNA
levels were probed in the DG using the 5’ETS- and the ITS1 probes. For this experiment,
pilocarpine dose was reduced to 300 mg/kg to improve long-term survival after pilocarpine-
induced SE (see Materials and Methods). As in such a prolonged experiment one could
expect pilocarpine-induced changes in mature ribosome content, Gapdh mRNA was used as
an additional normalizing transcript besides 18S rRNA. However, regardless of the
normalizer used, no significant changes of pre-rRNA levels were observed (Fig. 3).
Similarly to the DG, no significant effects were observed in the CA region (Table 1). Neither
the DG nor the CA showed altered pre-rRNA levels at 1 week post-SE (Table 1).

Lack of long-lasting effects of pilocarpine SE on DG ribosome synthesis is consistent with
unaltered ribosome content in that region as revealed by ribosome staining with the
fluorescent Nissl dye NeuroTrace Green at 6 weeks post SE (Fig. 4A, D). Importantly,
unaltered DG ribosome content was not due to lack SE-induced neurodegeneration/
hippocampal reorganization. As compared to controls, all Pilo-SE mice appeared to have
reduced Nissl-staining in the DG hilus as well as the CA region (Fig. 4A and Supplementary
Fig. 1A). Moreover, immunostainings for GFAP and ZNT3 confirmed reactive astrogliosis
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and MFS, respectively (Fig. 4B—C). Thus, reactive gliosis throughout the hippocampus was
observed in all SE animals (4/4). MFS with increased ZNT3 signal in the DG granule cell
layer or both the DG granule cell layer and the molecular layer was observed in 4/4 or 2/4
SE animals, respectively.

Repeated administration of PTZ at sub-convulsive doses, which initially does not produce
seizures, will lead to the occurrence of seizures following PTZ dosing over a course of days
[46]. Such PTZ kindling is believed to represent the early stages of epileptogenesis and has
been used in the past to examine candidate molecular players in that process [30,47].
Therefore, hippocampal ribosome content was determined in PTZ-kindled mice that
received a sub-seizure threshold dose of PTZ (35 mg/kg) over 20 days and demonstrated
consistent seizure after the last 5 injections. However, neither in the DG nor in the CAl
region PTZ kindling produced significant changes of the total ribosome content (Fig. 4E-F
and Supplementary Fig. S1). These findings indicate that in the hippocampus that is
challenged with two distinct paradigms of epileptogenesis, there are no long-lasting changes
in total ribosome content despite acute modulation of ribosomal biogenesis by seizures.

Next, conditional KO of the Poll-specific co-factor 77iflawas used to determine effects of
inhibiting Pol1 on PTZ kindling (Fig 5A). In Tif1a"f Camk2a-CreER™ mice, tamoxifen-
mediated activation of the excitatory neuron-expressed CreER’Zinduces loss of the 7ifla,
disrupting Pol1l activity in most DG granule neurons and CA pyramidal neurons [25,24].
First, successful cell type-restricted induction of 7/fla KO was confirmed by a 20%
reduction in hippocampal 7ifZamRNA of Tif1dVfl, Camk2a-Cre-ER"? mice at 4 weeks
after completion of a 5 day tamoxifen treatment protocol (Fig 5B). Second, WT and KO
mice received a pro-convulsive PTZ dose of 60 mg/kg. All treated animals, regardless of
their genotype, reached stage 5 seizures within 20 min following PTZ injection (Table 2).
Thus, Tifladeficiency was not associated with resistance to the acutely pro-convulsive dose
of PTZ, illustrating functional integrity of the seizure circuitry that is engaged by PTZ.
Then, the kindling response was analyzed in KO and WT mice (Fig. 5C). In WT mice,
average seizure score stayed above 4 for PTZ injections #5-8 and reached maximal value of
4.72 + 0.37 after injection #7 (Fig. 5C). By injection #10, 7 out of 9 WT animals were fully
kindled as defined by at least stage 4 seizures in response to 4 consecutive PTZ injections. In
KO mice, the average seizure score never exceeded 3 (maximum of 2.85 + 0.44 after
injection #3) while only one mouse was fully kindled by the end of the experiment (Fig. 5C).
Therefore, 77f1a KO mice are resistant to PTZ kindling.

Such an effect was not associated with a major structural disruption of the hippocampus
including loss of neurons. Analysis of kindling-resistant KO- and fully kindled WT mice
revealed similar staining patterns of NeuN (the neuronal perikarial marker), ZNT3 (the
mossy fiber marker), and GFAP (the reactive astroglia marker) in the dorsal hippocampus
(Fig. 5D). A noticeable reduction in NeuN staining intensity in the KO DG appears to be
related to reduced NeuN immunoreactivity per cell rather than outright cell loss of NeuN-
positive cells (Fig. 5D). In support of that notion, FluoroJade-B staining revealed only a
small increase in number of degenerating neurons in the DG but not the CA region of 7ifla
KO animals (1.13 £ 0.26 or 0.33 + 0.13 degenerating cells/hippocampus/section in KO or
WT mice, respectively, p<0.05, t-test, Table 3 and Supplementary Fig. S2). Thus, no major
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neurodegenerative changes were observed in the hippocampi of 77fZa KO animals. These
observations are consistent with a previous report that adult excitatory forebrain neurons,
including DG granule cells and CA pyramidal neurons, can tolerate disruption of 77flafor at
least several months [24]. Finally, ribosomal staining of brain sections from PTZ-kindled
WT and KO animals confirmed a reduction in ribosomal biogenesis in the DG granule cell
layer of 77f1a KO animals as their total ribosome content was 30% lower than in WT (Fig.
5E). In contrast, ribosome content in hilar inhibitory neurons was unaffected confirming
excitatory neuron-specificity of 7ifZa KO (average Nissl fluorescence intensity/cell was
8299 + 293 or 8328 + 450 arbitrary units for WT or KO mice, respectively, p>0.05, ¢~
test).Hence, the anti-kindling effects of 77fZa KO are likely due to ribosomal deficits but not
neurodegeneration.

Discussion

The presented evidence suggests that in the mouse hippocampus, ribosomal biogenesis is
transiently inhibited by isolated seizures, and stimulated by SE. However, at least in the DG,
no chronic effects on total ribosome content are observed after repeated pro-convulsive
stimulation with PTZ or pilocarpine-induced SE. Hence, seizure-associated regulation of
Poll is not sufficient to significantly change the total ribosome pool. Instead, seizures may
regulate production of a specific ribosome subtype(s) with a potential role in pro-
epileptogenic gene expression. In support of the latter notion, induced genetic inhibition of
Poll in excitatory forebrain neurons impaired PTZ kindling suggesting requirement of
ribosome biogenesis for this form of epileptogenic plasticity.

Transient inhibition of transcription and processing of rRNA as observed in the CA region of
PTZ-treated mice is in agreement with several reports of time-dependent declines in overall
RNA synthesis and accumulation of long unprocessed RNA species in rodent models of
seizures [48-50]. As rRNA synthesis accounts for a large portion of the total cellular
transcriptional output, it is conceivable that reduced synthesis and processing of pre-rRNA
contributed to such changes. Indeed, reduced levels of de-novo synthesized 18S and 28S
rRNA were observed in cytoplasmic rat cerebrocortical RNA that was isolated for up to 90
min after flurothyl-induced seizures [48]. Of note, similarly to PTZ, pro-convulsant effects
of flurothyl are due to inhibition of the GABA-A receptors and are limited to a single, short-
lasting seizure episode [51]. Similarly to our current findings in the mouse PTZ model,
nascent rRNA levels normalized to control values at 6 h after flurothyl-induced seizures in
rats [48]. Hence, transient inhibition of ribosomal biogenesis seems to be a common
response to a brief episode of generalized seizures.

In contrast to inhibitory effects of short-term generalized tonic-clonic seizures that were
induced by PTZ (<1 min, stage 4-5), SE was associated with increased levels of pre-rRNA
that suggested stimulation of pre-rRNA transcription and upregulation of ribosomal
biogenesis. While it is unclear what accounts for such opposite outcomes, one could
speculate that differences in the extent of seizure activity may be involved. Namely, in the
SE models that were used here (pilocarpine and KA), most seizures were stage 3 with
occasional short-lasting episodes of stage 4/5 seizures. However, SE lasted at least 30 min.
Therefore, prolonged seizure activity may be necessary to stimulate ribosome biogenesis.
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Such a stimulation could help replace damaged ribosomes and/or generate new ribosome
subtypes witch different ribosomal protein (RP) stochiometry or distinct RP/rRNA
modifications to enable preferential translation of specific mRNAs. Similar ribosome pool
renewal and/or diversification could also occur when ribosomal biogenesis recovers from
postictal inhibition after a brief generalized seizure.

Although total ribosome content is unaffected during epileptogenesis, the demonstrated
modulation of rRNA transcription may result in synthesis of specialized subtypes of
ribosomes. If that is the case, one could consider an interesting possibility that such
specialized ribosomes are required for pro-epileptogenic translation. Indeed, RPL24- or
RPL38-containing ribosomes are critical for Myc-dependent lymphomagenesis or somite
formation during mammalian development, respectively [52,53].

Intriguingly, meta-analysis of a publicly available hippocampal transcriptomic data set from
the mouse model of pilocarpine-induced epileptogenesis revealed upregulation of specific
RPs but not all ribosomal components (Supplementary Table S1) [37]. For instance, RPL8
appeared to be upregulated at several time points after SE including 12 h, 10 days and 6
weeks (3.1-, 4.9-, and 2.2 fold control, respectively). As RPL8 is a site of ribosome
hydroxylation and is a likely contributor to interactions between the ribosome and
aminoacyl-tRNAs, it may be well positioned to participate in translation regulation [54]. At
10 days post SE, when epileptogenic remodeling occurs, there were six RPs whose
upregulation exceeded 10 fold controls (Rpl26, Rpl18, Rpl6, Rpl29, Rplp2, Rpl39). In
addition, significant enrichment of upregulated mRNAs from the gene ontology (GO)
category “ribosome biogenesis” was identified at that time point; however no enrichment for
GO “ribosome component” was noted [37]. These transcriptomic data support a possibility
that seizures and/or epileptogenesis alter a RP-specific sub-pool of ribosomes.Future studies
are needed to directly interrogate the effects of epilepsy on ribosome heterogeneity and its
consequences on regulated translation in the epileptic brain.

What is the ribosome-synthesis-sensitive component of the circuitry that mediates PTZ
kindling? The hippocampus is essential for PTZ kindling [55]. The conditional 7ifZa KO
mouse line that was used for the current work enables selective deletion of 77ifZa from
excitatory forebrain neurons including the DG granule neurons and the CA pyramidal
neurons in the hippocampus [24]. Hence, either one or both of these neuron subtypes may
require ribosome synthesis to express the kindling response. Noteworthy, a single PTZ
seizure episode transiently reduced pre-rRNA levels in the CA but not the DG suggesting
modulation of ribosome synthesis in pyramidal- but not granule neurons. Hence, CA
neurons are a likely candidate cell type in which ribosome synthesis supports PTZ kindling.

What is a mechanism(s) of PTZ kindling inhibition in Pol1-deficient mice? As opposed to
SE-based models of epileptogenesis where the hippocampus undergoes extensive
morphological reorganization, structural changes that are associated with PTZ kindling are
relatively small suggesting greater contribution of synaptic potentiation-based mechanisms.
Indeed, PTZ kindling has been proposed to share a mechanism(s) with hippocampal LTP.
Interestingly, hippocampal LTP at the CA3-CAL Schaffer collateral synapses is severely
reduced after selective induction of 77fZa KO in excitatory forebrain neurons [56,57,24].
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Conversely, this type of LTP is enhanced by PTZ kindling [58,56]. Therefore, it is tempting
to speculate that anti-kindling effects of 77fZa KO are due to critical dependence of long-
term synaptic plasticity in the hippocampus on synthesis of new ribosomes especially in
pyramidal neurons of the CA1/CA3 regions.

Importantly, despite defective LTP, the hippocampal circuitry of tamoxifen-induced 777127,
CamkZa-Cre-ER2 mice remains functional for months after KO induction [24]. Thus,
spatial learning and memory are mostly unchanged in these animals, while
electrophysiological data from hippocampal slices indicates unaffected field potential input/
output parameters at CA3/CA1 Schaffer collateral synapses [24]. Our current findings that
Tif1a KO mice were able to seize in response to PTZ further support such conclusions and
indicate that Poll activity is dispensable for integrity of the seizure execution circuitry.

Induced gene expression is documented during PTZ kindling [59-61]. Therefore, ribosome
synthesis may be needed to support translation of proteins that are required for kindling.
While PTZ kindling did not affect total ribosome content in WT hippocampus, total
ribosome content was decreased after 77fZa KO. Therefore, one can speculate that reduced
ribosomal biogenesis prevented kindling by perturbing protein synthesis either by a
hypothetical subset of specialized ribosomes that are produced during re-bound of ribosome
synthesis after each PTZ stimulation or by the KO-associated reduction of general ribosome
availability. Even in the latter case, anti-translational activity may be relatively selective, as
regulated translation of MRNAs with highly complex 5’UTRs is more sensitive to
disruptions of ribosome supply than constitutive translation of housekeeping mRNAs [62].
Of note, 5’UTR-dependent regulation of translation contributes to hippocampal LTP which
may share a common mechanism with PTZ kindling as discussed above [63,56,57].

While the presented results indicate requirement of the excitatory neuron Poll for PTZ
kindling, a question remains as to pro- or anti-epileptogenic role of ribosomal biogenesis in
other types of brain cells that are involved in pathogenesis of epilepsy. For instance,
epileptogenesis has been documented following selective hyperactivation of mTOR in
astrocytes or neuroprogenitors [64,65]. Ablation of the latter cell type reduced
epileptogenesis in SE-based models of TLE [66]. In addition, newly generated DG granule
neurons appear to have unique contributions to structural reorganization of the hippocampus
in response to an epileptogenic SE injury including greater MFS, somato-dendritic
hypertrophy and formation of aberrant dendrites [67,40]. In all these cases, one can expect
that ribosomal biogenesis will be pro-epileptogenic. Therefore, future studies could address
that issue in such clinically-relevant models of epileptogenesis as post-SE TLE or tuberous
sclerosis-like epilepsy in 7scZ KO mice [44,64]. Adequate experimental approaches may
include neuroprogenitor cell- and/or astrocyte-selective KO of 7ifla and/or pharmacological
treatment with CNS-permeable anti-cancer Poll inhibitors such as the non-toxic BMH-21
[68].

In summary, this study provides the first insight into regulation and significance of Poll in
pharmacological models of epilepsy. Transient effects on pre-rRNA levels, no change in
total ribosome content and anti-kindling effects of the excitatory neuron-selective inhibition
of Poll are consistent with a concept that a subset of de-rovo synthesized ribosomes is
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needed to mediate epileptic neuroplasticity. Future studies are needed to verify existence of

such pro-epileptogenic ribosomes and test significance of ribosomal synthesis in other

epilepsy-relevant cell types and models.
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Figure 1. Status epilepticus increases pre-rRNA levels suggesting stimulation of ribosomal
biogenesis

A, Pre-rRNA amplicons that were used for gRT-PCR determination of immature rRNA
levels. Major processing sites of mouse pre-rRNA are marked [69]. The 5’ETS amplicon
corresponds to the 47S pre-rRNA 5’ETS leader region that undergoes rapid processing
providing best insight into nascent pre-rRNA levels. The amplicons corresponding to the
5’ETS/18S junction or the ITS1 regions may also detect more stable intermediates of rRNA
processing. The indicated probes were used with 18S rRNA as a normalizer. Due to large
quantities of mature ribosomes in the brain and post-mitotic/quiescent nature of most neural
cells, total 18S rRNA levels are expected to change far slower than precursor rRNA
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providing optimal normalization for short-term pre-rRNA studies (/.e. hours-few days). B,
Status epilepticus (SE) was induced in mice by kainic acid (KA). Levels of pre-rRNA were
determined in the whole hippocampus as indicated. Note upregulation of 47S pre-rRNA as
revealed by both 5’ETS and ITS1 probes and no changes in 5’ETS-18S processing
intermediates at 6- but not 2 h after KA injection. C, Mice were injected with pilocarpine to
induce SE. After 2.5 h, SE was interrupted by /p. injections of diazepam and mice were
killed one hour later. Control mice received the same treatment except pilocarpine. The
5’ETS leader probe revealed increased 47S pre-rRNA levels in the dentate gyrus (DG) and
cornu Ammonis (CA) regions of pilocarpine-treated mice; in the CA, the upregulation was
also detected with the ITS1 probe. Data represent averages + SEM, ¢-test comparisons are to
respective control groups; ns, p>0.05; *, p<0.05.
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Figure 2. Transient inhibition of ribosomal biogenesis after PTZ-induced seizures
A transient seizure episode was induced in male mice (C57BI6) by a single injection of PTZ;

mice were killed at various times after the pro-convulsive treatment. Levels of pre-rRNA
were determined in the dentate gyrus- (DG) and the cornu Ammonis (CA) regions. In the
CA, there was a transient decrease of nascent pre-rRNA at 2 h after PTZ treatment
suggesting inhibition of Poll (A). As the ITS1 probe did not detect significant changes in
pre-rRNA, one could expect that declines in nascent 47S were accompanied by increased
levels of processing intermediates containing ITS1 (B). Indeed, the 5’ETS-18S probe
revealed increased levels of 18S precursor intermediates suggesting disruption of rRNA
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processing (C). Averages + SEM are depicted; ¢+test comparisons are to respective control
groups (DG or CA at time 0 h) unless indicated otherwise; ns, p>0.05; *, p<0.05; **,
p<0.01.
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Figure 3. No long-term changes of pre-rRNA levels after pilocarpine-induced SE
Mice (C57BI6 males) were treated with vehicle (control, ctrl) or pilocarpine (300 mg/kg) to

induce SE. Six weeks after pilocarpine-induced SE (Pilo-SE), no significant effects were
observed on pre-rRNA levels in the DG. Note, that use of two different qRT-PCR
normalizing genes produced similar results. Pre-rRNA was unchanged in the CA, either; no
significant changes were found at 1 week post SE (Table 1).
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A-D, Mice were treated as in Fig. 3. A-C, Representative images of ribosome (NeuroTrace®
500/525 Green Fluorescent Nissl)- or DNA (Hoechst 33258) or the mossy fiber marker
ZNT3 or the reactive astrocyte marker GFAP staining in the dorsal hippocampus of control
or Pilo-SE mice (6 weeks post SE). A, Note apparent loss of Nissl stained cells in the DG
hilus of Pilo-SE animals. Reduced Nissl staining in the CA region was also observed
(Supplementary Fig. S1A). B-C, In the DG of control animals, ZNT3 staining is limited to
the DG hilus/CA3 region (hil). In Pilo-SE mice, ZNT3 signal appears in the DG granule cell
layer (gcl, arrowheads) and molecular layer (mcl, arrows) indicating mossy fiber sprouting
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(MFS). Presence of hypertrophic astrocytes with increased GFAP staining indicates reactive
astrogliosis. These changes confirm post-SE neurodegeneration and hippocampal
remodeling. D, In the granule cell layer of the DG, where perikarya of granule neurons are
located, DNA-normalized ribosome content (/.¢e. fluorescence intensity ratio of NeuroTrace
Green to Hoechst) was unaffected in Pilo-SE animals. E-F, Mice (C57BI6 males) were
treated with 10 sub-seizures doses of PTZ (35 mg/kg) or vehicle (control, ctrl) every other
day; fully kindled animals that displayed tonic-clonic seizures (at least stage 4) after each of
the last 5 injections of PTZ were used for evaluation of ribosome content. No significant
changes in DNA-normalized content of ribosomes were observed in the granule cell layer of
the DG or stratum pyramidale of the CAL region of PTZ kindled mice; representative
images of ribosomal staining in the dorsal hippocampus of PTZ-kindled mice are shown in
Fig. S1. Data represent averages + SEM, «~test comparisons are to respective control groups;
ns, p>0.05; *, p<0.05.
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Figure 5. PTZ kindling is disrupted after deletion of the Poll co-activator Tifla from excitatory
forebrain neurons

A, The experimental design. 7if1a"" Camk2a-Cre-ER™ mice were treated for 5 days with
tamoxifen to induce 77fla KO selectively in excitatory forebrain neurons. After a month,
some animals were killed and hippocampal 77fZa mRNA expression was determined. Other
animals were used for a pilot experiment with an acutely pro-convulsive dose of PTZ (60
mg/kg) to verify unaffected PTZ responsiveness of KO mice (Table 2). The rest of animals
was subjected to a kindling paradigm that consisted of 10 /p. injections of PTZ at a low
dose of 35 mg/kg every other day; PTZ-induced seizures were scored using modified Racine
scale. Then, animals were killed and structure of the dorsal hippocampus was analyzed by
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immunofluorescence (IF) or FluoroJade-B staining as well as ribosome (NeuroTrace Green,
Nissl) and DNA (Hoechst-33258) co-stainings. B, One month after tamoxifen treatment,
TiflamRNA levels were reduced in hippocampi of KO animals as revealed by gRT-PCR;
Gapdhwas used as a normalizer; the control group (WT) consisted of vehicle-treated
Tif1a"" Camk2a-Cre-ER"? mice. C, Seizure scores of PTZ kindled mice. Note increasing
seizure responses (/.e. kindling) in WT but not KO mice. The 2-way repeated measure
ANOVA revealed significant effects of genotype (F1/15= 14.79, p=0.00159), number of
injections (Fg/135=3.85, p=0.000232), and the interaction between genotype and the number
of injections (Fg;135=2.987, p=0.002823). The KO group included 6 males and 2 females;
the WT group included tamoxifen-treated 777Za V™ mice (3 males) as well as vehicle-treated
Tif1a"", Camk2a-Cre-ER™? mice (4 males and 2 females). D, Representative images of
immunostainings for the neuronal marker NeuN, the mossy fiber marker Znt3, the reactive
astrocyte marker GFAP, and co-stainings of ribosomes and DNA. No major structural
changes or reactive gliosis in the DG of the PTZ-kindled KO mice were revealed; similarly,
no changes were observed in other forebrain regions (not shown). Only a small increase in
FluoroJade-B-positive cells was noted in the DG but not the CA region indicating no major
neurodegenerative pathology in the hippocampus of the 77fZa KO mice (Table 3,
Supplementary Fig. S2). The moderate, KO-associated decrease in NeuN staining intensity
in granule cell layer (gcl) appears to be caused by lower cellular levels of NeuN signal rather
than reduced number of NeuN-positive cells; MFs, mossy fibers; hil, DG hilus; gcl, DG
granule cell layer; ml, DG molecular layer. E, DNA-normalized content of ribosomes was
determined in the gcl by dividing fluorescence intensity of ribosome signal by that of DNA
in double stained sections. A moderate decrease of the DG ribosome content was present in
Tif1a KO mice. Data represent averages = SEM; *, p<0.05 (¢+test).
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Non-significant long-term effects of pilocarpine-induced SE (Pilo-SE) on hippocampal pre-rRNA

Table 1

Experimental

Amplicon/Normalizing gene (mean fold control + SEM)

CA:1.08+0.11°¢

CA:1.04+0.06 ¢

CA:0.94+0.12°¢

Group (n)
5ETS/18S SETS/Gapdh | 1TS1/18S | 17suGapdn

Control (9) DG 1 +0.067 DG: 1+0.094 DG: 1 +0.097 DG:1+0.134
CAL: 140095 CA: 1+0.065 CA:1+0.083 CA:1£013

1 week post Pilo-SE (6) | pG:1.11+0.13¢ | DG:ND ¢ DG:0.99+0.13 ¢ | DG:ND
CA:099+012¢ | CAIND CA:098+0.12 ¢ | CA:ND

6 weeks post Pilo-SE (8) | pG:1.29+0.193¢ | DG:1.05+01¢ | DG:1.15+0.13¢ | DG: 1.01+0.13 €

CA: 0.9+0.067 ¢

a
dentate gyrus;

b i
cornu Ammonis,

c
p>0.05, w-test as compared to the control group;

ad .
not determined.
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Table 2

Effects of 77f1A KO on seizure response to an acutely pro-convulsant dose of PTZZ

Genotype | Number of animals reaching stage 5
seizures/total n of a group

Tiflako? 414

TiflawT3 414

1 . . .
60 mg/kg PTZ /.p. was given one month after tamoxifen treatment.

ZTiflaﬂ/ f/ Camk2a-Cre-ERTZ mice (8 weeks old, 2 males and 2 females) were treated for 5 days with tamoxifen.

3Tifla W mice (8 weeks old, 2 males and 2 females) that were treated with tamoxifen.
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Table 3
Number of degenerating neurons in the hippocampi of PTZ-kindled 77fZaWT or PTZ-kindling-resistant 77fla

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

KO animals as revealed by FluoroJade-B staining.

Average number of degenerating
Genotype: neurons/hippocampus/section + SEM2
DG CAl CA3
Tifla WT (n=5) 0.33+0.13 0.22 +0.08 0.15+0.07
TiflaKO (n=5) [ 113+0.26 | 0.20£0.10 | 0.25+0.12 /%

a . . .
for each animal, at least 6 coronal sections cut through the dorsal hippocampus were analyzed

*
p<0.05 (u-test)

n5p>0.05 (u-test)
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