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SUMMARY

A cell’s ability to respond and adapt to environmental stimuli relies in part on
transcriptional programs controlled by histone proteins. Histones affect transcription
through numerous mechanisms including through replacement with variant forms that
carry out specific functions. We recently identified the first widely expressed H2B
histone variant, H2BE and found that it promotes transcription and is critical for neuronal
function and long-term memory. However, how H2BE is regulated by extracellular
stimuli and whether it controls activity-dependent transcription and cellular plasticity
remain unknown. We used CUT&Tag and RNA-sequencing of primary neurons, single-
nucleus sequencing of cortical tissue, and multielectrode array recordings to interrogate
the expression of H2BE in response to stimuli and the role of H2BE in activity-
dependent gene expression and plasticity. We find that unlike Further, we show that
neurons lacking H2BE are unable to mount proper long-term activity-dependent
transcriptional responses both in cultured neurons and in animal models. Lastly, we
demonstrate that H2BE knockout neurons fail to undergo the electrophysiological
changes associated with homeostatic plasticity in neurons after long-term stimulation. In
summary, these data demonstrate that H2BE expression is inversely correlated to
activity and necessary for long-term activity-dependent responses, revealing the first

instance of a histone variant involved in the homeostatic plasticity response in neurons.

INTRODUCTION
Experience-dependent plasticity is core to brain function, underlying a multitude of

processes in the brain, including synapse development, learning and memory, and long-
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term adaptation to environmental inputs. Neurons have the remarkable capability to
change their structural and functional properties in response to diverse environmental
stimuli. At a molecular level, transcriptional programs that alter neuronal function and

circuitry are critical to multiple forms of plasticity.

Synaptic plasticity can be broadly categorized into two categories: Hebbian plasticity
and homeostatic plasticity’™. Hebbian plasticity occurs on the order of seconds to
minutes following synaptic activity and is a positive-feedback mechanism leading to
strengthening of a given synapse>®. Homeostatic plasticity, which occurs over hours or
days, is a negative-feedback process that allows neurons to constrain synaptic signaling
to a healthy dynamic range, avoiding runaway potentiation or depression following long-
term changes in excitation’®. Hebbian and homeostatic plasticity both require
transcription but have distinct activity-dependent transcriptional signatures®. Specifically,
Hebbian plasticity is marked by the induction of immediate-early genes (IEGs), which
are induced within minutes of neuronal activation® ™. In contrast, homeostatic plasticity
modulates expression of key synaptic proteins, such as postsynaptic receptors,
scaffolding proteins, and cell-adhesion molecules via induction of delayed response
genes involved in long-term synaptic remodeling™*?.

Recent work has revealed that histone variants play a key role in neuronal plasticity™***.
Expression of variants H2A.Z and H3.3 in the cortex and hippocampus is regulated in
vitro in response to pharmacological changes in neuronal activity as well as in vivo in

mice during learning. Importantly, incorporation and eviction of these variants promotes
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adaptive activity-dependent gene expression. Prior work demonstrated that the histone
variant H2BE is regulated by olfactory stimuli in olfactory sensory neurons. In this
unique population, neurons have high rates of turnover and can be replaced by newly
generated neurons. Here, H2BE expression is inversely correlated to olfactory receptor

I*>. Our recent work has shown that H2BE is

activation and controls neuronal surviva
also expressed throughout the brain where it controls chromatin accessibility, gene
expression, and long-term memory'®. However, whether H2BE is regulated by neuronal

activity outside of the olfactory system and how it controls activity-dependent

transcription and plasticity remain unknown.

Here, we demonstrate that neuronal activity regulates H2BE expression in the mouse
cortex and we define the function of H2BE in regulating activity-dependent gene
expression and homeostatic plasticity. First, we show that H2BE expression is inversely
regulated by activity in primary cortical neurons and in mouse cortical tissue. Further,
using Cleavage Under Targets and Tagmentation (CUT&Tag) with sequencing, we find
that neuronal activity results in decreased genomic enrichment of H2BE at neuronal
promoters. We then analyzed transcriptional changes in H2BE WT and KO cortical
neurons following modulation of neuronal activity and show that H2BE is required for
long-term activity-dependent gene expression. Next, we use multielectrode array
recordings to demonstrate that H2BE mediates neuronal firing properties both under
basal conditions and in response to long-term stimuli. Lastly, we use single-nucleus
RNA-sequencing paired with a robust seizure paradigm to demonstrate that H2BE

effects on activity-dependent gene expression in vivo. Together these data demonstrate
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that H2BE is a critical mediator of neuronal responses to stimuli and provide the first
evidence of a widely expressed mammalian H2B variant capable of linking

environmental inputs to activity-dependent transcriptional states.

RESULTS

H2BE expression is inversely correlated with neuronal activity

We previously found that H2BE is widely expressed in multiple mouse tissues and
particularly abundant in the brain. Further we found that H2BE is critical in controlling
chromatin accessibility, gene expression, synaptic strength, and long-term memory in
mice™®. Prior work demonstrated that H2BE is repressed by olfactory receptor activation
in the main olfactory epithelium®, suggesting it may be controlled by extracellular
stimuli. However, whether H2BE is regulated by neuronal activity beyond olfactory
receptor activation, and whether H2BE plays a role in regulating activity-dependent

gene expression and neuronal responses remains unknown.

Given the high levels of H2BE in the cortex and its established role in regulating
chromatin and gene expression under basal conditions, we examined H2BE regulation
in cortical neurons. To test whether H2BE is modulated by activity, we pharmacologically
manipulated neuronal activity in primary neuronal cultures derived from wildtype (WT)
E16.5 embryonic cortices and measured H2BE levels. To increase activity, we used
brain-derived neurotrophic factor (BDNF), which acts through binding of TrkB receptors
to trigger downstream signaling cascades and by altering neuronal excitability directly®’.

18-21

Unlike other histone variants which are typically induced by activity , we observed a
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93 significant reduction in H2BE transcript levels with increasing time after BDNF treatment
94  (Figure 1A). Strikingly, after 48h, expression of the gene encoding H2BE, H2bc21, had
95 reduced to nearly half of baseline levels. This finding extended to a reduction in total
96 H2BE protein levels at 48h (Figure 1B). To ensure that this effect was due to changes in
97 neuronal activity and not specific to BDNF, we performed the same experimental
98 paradigm using the GABAAa receptor antagonist bicuculline and observed comparable
99 reductions in H2bc21 levels, although with distinct kinetics (Supplemental Figure 1A).
100 Lastly, we examined the effect of decreasing neuronal activity to determine if this effect
101  was bidirectional. We treated neurons with a combination of tetrodotoxin (TTX), a Na*
102 channel blocker, and the NMDA receptor antagonist D-2-amino-5-phosphonovalerate
103 (D-AP5) to dampen neuronal activity. In response to TTX/D-AP5, we observed a
104  significant increase in H2bc21 expression (Figure 1A). Further, using a transcriptional
105 inhibitor, we determined that this effect requires new transcription (Supplemental Figure
106 1B). However, we did not detect an equivalent increase in H2BE protein levels at 48h,
107  suggesting additional mechanisms are involved in regulating translation or stability of
108 H2BE protein or that extended periods of time are required to detect changes in H2BE
109 protein levels (Figure 1B).
110
111 To assess whether neuronal activity reduces H2BE levels in vivo using a physiologically
112 relevant stimulus, we placed mice in an enriched environment (EE) cage for 24 hours.
113 EE is a well-established way to increase neuronal activity, by providing a richer, more
114  stimulating environment than standard housing (reviewed in ?%). We observed a

115 decrease in H2BE transcript and protein in the cortex of mice exposed to an enriched
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116  environment for 24 hours (Figure 1C-D). To further examine the effect of neuronal
117 activation on H2BE levels in vivo, we induced seizures using intraperitoneal injection of
118 pentylenetetrazol (PTZ), which causes a rapid and large-scale increase in excitatory
119 activity throughout the brain through inhibition of GABAA receptors. We found that mice
120 injected with PTZ had reduced levels of H2BE transcript and protein by just 2h post-
121 injection compared to control mice that received saline injections, and levels continued
122  to decrease over 8 hours (Figure 1E-F, Supplemental Figure 1C). Together, these data
123 illustrate that H2BE expression is inversely correlated to activity both in primary cultured
124  neurons and in vivo.

125

126  To further confirm these findings, we performed RNA-sequencing (RNA-seq) on H2BE
127  WT and KO primary cortical neurons following treatment with BDNF for 30m or 24h, as
128 well as TTX/D-AP5 for 24h. We again found that H2bc21 is significantly downregulated
129  with 24h BDNF treatment and upregulated with TTX/D-AP5 (Figure 1G-H), supporting
130 the finding that H2BE expression is inversely regulated by long-term changes in
131 neuronal activity.

132

133 We next sought to determine whether the activity-dependent regulation of H2BE
134 expression affects H2BE enrichment within chromatin or the localization of H2BE
135 throughout the genome. Previous work from our lab showed that H2BE is enriched at
136  promoters of highly expressed synaptic genes'. Given this specificity of H2BE
137 localization and the need for neurons to regulate synaptic genes in response to changes

138 in neuronal activity, we hypothesized that activity may affect H2BE enrichment at these
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139 sites. To test this, we performed CUT&Tag with sequencing on primary cortical neurons.
140 Because we did not observe a change in H2BE transcript with 30m BDNF or changes in
141 H2B protein levels with 48h TTX/DAPS treatment, we focused here on the changes in
142 H2BE enrichment at 24h after BDNF treatment. In agreement with our previous work,
143 we found that H2BE is enriched at neuronal promoters (Supplemental Figure 2A-C).
144  Further, we found that H2BE incorporation around transcription start sites is decreased
145 genome-wide with 24h BDNF treatment (Supplemental Figure 2A,C-E). We next
146  specifically examined whether H2BE peaks identified in control conditions change in
147  response to 24h BDNF. We observed a drastic reduction in signal following 24h BDNF
148  within control H2BE peak regions (Figure 2A-B). In fact, 79.6% (1,082) of H2BE peaks
149  were lost following 24h treatment with BDNF with only 311 H2BE peaks gained (Figure
150 2C). Gene ontology analysis reveals that peaks with decreased H2BE enrichment at
151 promoters following stimulation are related to mMRNA processing, autophagy, and key
152 neuronal functions such as intracellular transport and vesicle organization (Figure 2D).
153 Conversely, only two broad terms were significantly enriched within genes with
154 increased H2BE enrichment (Supplemental Figure 2F). We previously found that H2BE
155 enrichment is correlated with gene expression. We therefore examine the relationship
156 between gene expression and H2BE loss following long-term BDNF treatment. Notably,
157 BDNF decreases H2BE at genes regardless of expression level, indicative of a broad
158 response with effects detectable at both high and low expressed genes (Figure 2E-G).
159

160 Together, this work demonstrates that H2BE is both downregulated and lost from

161 chromatin following extended periods of increased neuronal activity. These findings
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162 indicate an unexpected and inverse relationship between H2BE expression and
163 neuronal stimuli and provides the first evidence of a histone variant that is decreased in
164 response to increased neuronal activity. Notably, the long time scale of this effect is
165 particularly relevant to mechanisms of homeostatic plasticity in which neurons modulate
166 transcriptional output for proper homeostasis following extended periods of prolonged
167  activity.

168

169 H2BE-KO neurons have a dampened transcriptional response to short-term
170 neuronal activation

171  Our prior work demonstrated that H2BE promotes transcription through an innate ability
172 to promote chromatin accessibility. Given that H2BE is downregulated by neuronal
173 activity, we therefore hypothesized that H2BE will affect the transcriptional response to
174 these same stimuli. To test this, we treated neurons with BDNF and used RNA-seq to
175 capture gene expression changes at two critical timepoints: 30 minutes for short-term
176 primary response activity-dependent gene expression and 24 hours for long-term
177  activity-dependent gene expression.

178

179 We previously found that KO neurons have decreased expression of synaptic genes
180 under basal conditions and correspondingly weakened synapses compared to WT
181 neurons®. Based on these findings, we hypothesized that KO neurons will show
182 dampened responses to short-term stimuli. Indeed, following 30 minutes of BDNF
183 treatment, 60 genes were upregulated in WT neurons, with a significant enrichment of

184 immediate-early genes, as expected (Figure 3A, Supplemental Figure 3A). In response
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185 to the same stimulus, only a subset of these genes (16) was upregulated in KO, and two
186 genes (Ecrg4, Ptgds) were modestly downregulated (Figure 3B-C). When directly
187 comparing across genotypes, we saw broad changes in gene expression in KO
188 neurons, with slightly more differentially expressed genes (DEGs) in BDNF-treated
189 neurons compared to basal conditions (1,517 down and 1,372 up following BDNF
190 treatment compared to 1,117 down and 1,047 up under basal conditions) (Supplemental
191 Figure 3B-D). Finally, we used a stringent interaction model to define how genotype and
192 treatment interact to influence gene expression. We identified 22 genes that met these
193 criteria, including multiple immediate-early genes (e.g. Fosb, Gadd45b, Egr2, Egr4,
194  Duspb, Nrdal, Junb, Fos, Jun, Duspl, Atf3). These genes had only slightly different
195 levels at baseline (Figure 3D). However, for all 22 genes, there was dramatically
196 reduced activation of these genes in KO compared to WT following 30m treatment with
197 BDNF (Figure 3D-F). These data suggest a blunted activity-dependent response to
198 short-term BDNF treatment. Given that we did not detect changes in H2BE expression
199 at this timepoint (Figure 1A) and give our prior findings of weakened synaptic strength in
200 H2BE KO neurons, this blunted response is most easily explained as a consequence of
201 decreased synaptic response in KO rather than a direct effect of H2BE in mediating
202  short-term activity-dependent gene induction.

203

204 Long-term activity-dependent transcription is dysregulated in H2BE-KO

205 We next sought to determine whether H2BE plays a role in long-term activity-dependent
206 gene expression. In WT neurons, 24h of treatment with BDNF resulted in 889

207 downregulated genes and 907 upregulated genes (Figure 3G). KO neurons had a
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208 weaker transcriptional response to 24h of BDNF, with 327 downregulated genes and
209 361 upregulated genes (Figure 3H). There was significant overlap between genes that
210 are differentially expressed in WT and KO neurons, suggesting that KO neurons mount
211 a similar but reduced response to long-term neuronal activation (Figure 3I). Direct
212 comparisons of genotypes under both control and 24h BDNF treatment revealed ~200
213 up and down DEGs that were specific to the BDNF condition, while the remainder are in
214  common with control (Supplemental Figure 3B,E-G). Again, using an interaction model,
215 we identified 109 genes that are affected by both treatment and genotype (Figure 3J).
216 Notably, in nearly all cases, expression of these genes at baseline in KO neurons is
217 most similar to WT neurons after 24h BDNF treatment (Figure 3K), including at the
218 scaffold protein Nptx2 (Figure 3L). These data, along with corresponding activity-
219 dependent decreases in H2BE (Figure 1), support a model in which neurons decrease
220 H2BE to modulate transcription. Thus, KO neurons which are already lacking H2BE
221 appear similar at the transcriptional level to WT neurons following 24h BDNF treatment
222  and fail to undergo further gene expression changes to the same extent as WT neurons.
223

224 H2BE is required for homeostatic plasticity responses following long-term
225 increases in activity

226  We next utilized a multielectrode array (MEA) recording system to measure activity of
227 WT and KO primary cortical neurons both at baseline and in response to neuronal
228 activation (Figure 4A). We treated neurons with BDNF and measured activity after 48h
229 based on prior literature demonstrating that homeostatic scaling is detectable by MEA

230 recordings at this timepoint?®%*. After BDNF treatment, WT neurons had significantly
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231 decreased firing rate, as well as fewer single-electrode bursts and spikes within bursts
232 (Figure 4B-E). These findings are consistent with prior MEA findings demonstrating
233 similar responses using long-term pharmacological manipulations to increase
234 activity”?*. KO neurons showed a similar decrease in spike number to WT (Figure 4D),
235 indicating some activity responses are intact in the absence of H2BE. However, KO
236 neurons also showed multiple divergent responses to long-term BDNF treatment
237 including in several metrics in which they failed to respond (Figure 4B-F). For bursting
238 patterns, control KO neurons appear more similar to stimulated WT neurons, with a
239 significant effect on spikes within bursts and a similar trend in number of bursts (Figure
240 4E-F). As with transcriptional responses to long-term stimuli, KO neurons appear ‘pre-
241 scaled’ in their bursting patterns and fail to show significant further changes following
242  long-term stimulation. KO neurons also had significantly fewer spikes per burst, and a
243  corresponding increase in inter-spike interval within bursts and overall burst duration
244  (Supplemental Figure 4A-C). Interestingly, while WT neurons downregulate spike
245 amplitude in response to BDNF, KO neurons fail to respond, suggesting that KO
246  neurons are unable to properly scale spike strength in response to prolonged activation
247  even in specific metrics where they are not already at a ‘floor’ (Figure 4F-G). Together,
248 these data show that neuronal activity is dysregulated in KO neurons, both under basal
249 conditions and during synaptic plasticity following long-term neuronal activation.
250 Specifically, we observe 1) metrics for which KO neurons are different under basal
251 conditions, 2) metrics with patterns matching our transcriptomic observations in which
252  control KO neurons appear most similar to WT neurons following a long-term stimulus,

253 and 3) metrics for which only WT neurons, and not KOs, respond to activity. These
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254  findings demonstrate that while scaling responses are divergent and likely occur
255  through multiple mechanisms, H2BE is required for specific homeostatic responses to
256 long-term increases in activity.

257

258 Loss of H2BE affects the transcriptomic response to seizures

259  We next sought to determine whether H2BE plays a similar role in the transcriptional
260 response to activity in vivo. We utilized PTZ-induced seizures, an extremely robust
261 method for activity induction, to ensure that even adult KO brains which have reduced
262  synaptic strength'® will experience increased neuronal activation. Using a high dose of
263 PTZ (5 mg/mL), we successfully induced seizures in both WT and KO mice.
264 Interestingly, while we did not detect a significant change in seizure severity scores
265 using a Racine scale, fewer KO mice reached higher seizure levels (Supplemental
266  Figure 5A).

267

268 To ensure that we analyzed cells that experienced the same degree of seizure, we
269 selected mice that reached a level 4 seizure and performed single-nucleus Drop-seq on
270 cortical tissue. Using Drop-seq, we identified 22 unique cell clusters comprising all
271 expected cell types, namely, 5 inhibitory neuronal clusters, 11 excitatory neuronal
272 clusters, and 6 non-neuronal clusters (oligodendrocytes, oligodendrocyte precursor
273 cells, astrocytes, microglia, radial glial cells, and endothelial cells) (Figure 5A). Fitting
274  with prior findings, there were no major changes in cluster identity across genotypes™®
275 although cluster Inh_Rgs9 was under-represented in seizure conditions regardless of

276 genotype (Figure 5A, Supplemental Figure 5B). Differential expression analysis of
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277 genotypes at baseline (WTC v KOC) yielded results similar to our previous work, with
278 minor deviations due to the alignment to a modified mm10 genome optimized for 3’
279 capture in single-cell technology (Supplemental Figure 5C-E). As expected, primary-
280 and secondary-response genes (eg. Bdnf and Nptx2, respectively) were among the top
281 upregulated genes in seizure conditions for both WT and KO (Figure 5B).

282

283 Direct comparison of genotypes in response to PTZ revealed both down- and
284 upregulated genes in excitatory neurons. When examining all excitatory neuronal
285 clusters, we identified 19 down- and 41 upregulated genes, while individual neuron
286 clusters had more modest changes (Figure 5C, Supplemental Figure 5F). Amongst
287 these changes, we identified three notable patterns of expression regulated by
288 genotype and seizure status: Type A) Common seizure responsive genes with prior
289 elevation in KO; Type B) H2BE-dependent seizure responsive genes (both for up- and
290 downregulated genes; and Type C) genes disrupted by H2BE loss with further aberrant
291 regulation following seizure (Figure 5D). We observed similar but less drastic
292 transcriptional changes when comparing the WT and KO response to PTZ in all
293 inhibitory neurons, with 6 down- and 14 up-regulated genes (Figure 5E, Supplemental
294  Figure 5G). Notably, inhibitory neuron clusters had many of the same DEGs that fell into
295 the three patterns of expression described above, revealing a common set of genes
296 requiring H2BE and/or essential for seizure response across all neuronal subtypes
297  (Figure 5F). Notably, despite the differing stimuli used in vivo and in cultured neurons,

298 we similarly detect gene expression responses showing dampened responses in KOs
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299 including cases in which control KO neurons most closely resemble WT neurons
300 following a stimulation.

301

302 To more precisely parse the role of neuronal activation on transcription in vivo, we

303 assigned a Modular Activity Score®°

to all nuclei based on expression of 25 immediate
304 early genes (Figure 5G). We then subset nuclei to specifically compare highly activated
305 neurons (those with a positive activity score) (Figure 5G, Supplemental Figure 5H). We
306 confirmed that this activity score accurately subset nuclei by performing differential
307 expression on nuclei with scores > 0 to those with scores < 0 within genotype for
308 excitatory and inhibitory neurons. All DEGs were upregulated (with one gene
309 significantly downregulated in KOS excitatory neurons), and these genes were almost
310 exclusively immediate early genes, as anticipated (Supplemental Figure 51-J). We then
311 used this activated population for differential expression analysis to compare activity
312 responses between genotypes following seizure. While these groups contain smaller
313 cell numbers and thus comparisons are less well-powered, we identified 7 down- and 14
314 upregulated genes in KO excitatory neurons and 2 down- and 8 upregulated genes in
315 KO inhibitory neurons compared to WT (Figure 5H). Notably, this follows similar patterns
316 observed before parsing nuclei based on activity score and thus provides a high-
317 confidence list of genes for which H2BE is necessary to modulate expression following
318 large-scale neuronal activation. Further, this comparison confirms that differential gene
319 expression changes are not due to differences in number of activated neurons by

320 genotype as we detect changes even when specifically examining the population of

321 active neurons. One notable example is Bcl, a synaptic non-coding RNA associated
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322 with synaptic transmission and dendritic transport’’?®, which is significantly
323 downregulated in KO neurons following PTZ induction. Amongst upregulated genes, we
324 note Tiam2, which has been shown to regulate glutamatergic synaptic transmission and
325 synaptic plasticity’>*®. Together, these data show that H2BE is necessary for proper
326 regulation of synaptic transmission and plasticity following robust neuronal activation.
327

328 DISCUSSION

329 Here, we demonstrate the activity-dependent regulation of histone variant H2BE
330 expression and its role in the neuronal response to long-term increases in activity.
331 Unexpectedly, we find that high levels of neuronal activity led to decreased H2BE
332 expression after long-term stimulation, setting H2BE apart from other histone variants in
333 the brain. We show that in neurons lacking H2BE, induction of primary response genes
334 is blunted in response to short-term stimuli. Further, we show that neurons lacking
335 H2BE have dysregulated long-term activity-dependent transcriptional responses both in
336 stimulated primary neuronal cultures and in adult mice with seizures. Lastly, using
337 multielectrode array recordings, we show that KO neurons have aberrant
338 electrophysiological responses to activity that are critical to long-term homeostatic
339 plasticity. Taken together, these data demonstrate that H2BE itself is regulated by
340 neuronal stimuli, and H2BE is required to mount the appropriate transcriptional
341 response to long-term increases in activity.

342

343 RNA-seq and MEA data suggest that H2BE plays a role in synaptic scaling in neurons.

344 H2BE levels are decreased with increasing time of stimulation, and knocking out H2BE
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345 dampens the transcriptional and electrical changes that are observed in WT neurons
346 following neuronal activation. In fact, both transcriptional and electrophysiological
347 analysis of H2BE-KO suggests that KO neurons are “pre-scaled”, in that at baseline
348 they appear similar to WT levels post-stimulation. The homeostatic scaling response is
349 multi-faceted and requires synaptic remodeling which is ultimately supported by
350 changes in transcriptional state. Recent work demonstrates the importance of chromatin
351 in regulating transcriptional changes involved in synaptic scaling®>?. We found that
352 transcriptional plasticity is diminished upon H2BE loss, providing evidence of the first
353 histone variant involved in homeostatic plasticity mechanisms.

354

355  While other histone variants, including H2A.Z and H3.3, are also modulated by synaptic
356 activity™>'%3* H2BE remains the only variant whose expression is negatively correlated
357 with activity. H2A.Z is actively exchanged in response to neuronal activity; it is evicted
358 from promoters and TSS-flanking CpG islands to allow for the expression of genes and
359 is later reincorporated into chromatin to inactivate those same genes when
360 necessary*®?*3 In response to neuronal activation, the variant H3.3 is incorporated at
361 gene bodies and promoters to allow for high expression of active genes™. In the case of
362 both H2A.Z and H3.3, these variants accumulate with learning and age. This makes
363 H2BE unique in that its expression increases with age®® but decreases with increased
364 activity. Notably, this also suggests that cells such as neurons are capable of using
365 different histone variants to mount proper transcriptional responses to different forms of
366  stimulation.

367
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368 Notably our findings in cortical neurons are in line with previously identified H2BE
369 regulatory mechanisms in the olfactory system, but result in divergent functional
370 outcomes fitting with the divergent properties of olfactory and cortical neurons, H2BE
371 levels are decreased following activation of olfactory receptors™. Olfactory neurons with
372 low activity and high H2BE expression consequently undergo cell death as a means to
373 select for populations of neurons with receptor expression relevant to environmental
374 signals. However, continual cell death and replacement via neurogenesis is a unique
375 feature of the olfactory system that does not occur in the adult cortex. In cortical
376 neurons, we similarly found that H2BE levels are decreased following stimulation
377 (Figure 1). However, we speculated that the functional implications of this activity-
378 dependent regulation are different in the cortex given that there is no neuronal turnover.
379 Instead, we found that H2BE is necessary for the expression of long-term activity-
380 dependent genes and that in the absence of H2BE, neurons fail to undergo appropriate
381 homeostatic scaling responses in response to continued increases in activity. This
382 indicates that multiple tissue types use H2BE to respond to environmental signaling
383 changes but that these responses correspond to different outcomes depending on the
384 functional properties of the cell and tissue.

385

386 In summary, this work uncovers the activity-dependent regulation of H2BE in the cortex
387 and the role of H2BE in long-term activity-dependent gene expression (Figure 6). This
388 work provides a novel mechanism by which histone variants in the brain respond to
389 changes in activity to promote homeostatic scaling.

390
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408 FIGURE LEGENDS

409 Figure 1. H2BE expression is inversely correlated with neuronal activity.

410 (A) gRT-PCR quantification of H2BE transcript expression following treatment with
411 BDNF or TTX/D-AP5 (n=3-9 biological replicates per timepoint; Kruskal-Wallis test with
412  multiple comparisons). (B) Immunoblot for H2BE and H2B in histone extracts from
413 primary cultured neurons treated with BDNF (bottom) or TTX/D-AP5 (top). H2B serves
414  as loading control. (C) gRT-PCR quantification of H2BE transcript expression in mice
415 exposed to an enriched environment (EE) or home cage (HC; n=5 mice per condition;
416 unpaired t-test). (D) Immunoblot for H2BE and H2B in histone extracts from cortical
417  tissue after 24h in EE or HC. H2B serves as loading control. (E) gqRT-PCR quantification
418 of H2BE transcript expression in mice following PTZ-induced seizures (n = 4-7 mice per
419 condition; one-way ANOVA with Dunnett's multiple comparison tests). (F) Immunoblot
420 for H2BE and H2B in histone extracts from cortical tissue after seizure. H2B serves as
421 loading control. (G) RNA-seq gene tracks at H2bc21. Scale bar represents 500 base
422  pairs (bp). (H) Normalized read counts within H2bc21 (n=3-4 biological replicates per
423  condition; one-way ANOVA with Dunnett’s multiple comparison tests). *p<.05, **p<.01,
424  ***p<.001, ***p<.0001, n.s. = not significant.

425

426  Figure 2. H2BE is downregulated at neuronal promoters following long-term
427  stimulation. (A) Metaplot comparison of CUT&Tag average signal from control and
428 BDNF-treated cortical neurons at all peaks around transcription start sites (TSS) in
429  control. Plot shows read counts per million mapped reads (RPM) at all peaks +/- 1kb

430 (n=3 biological replicates per group). (B) Normalized read counts at all peaks around
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431 TSS in control (n = 3 biological replicates per group; unpaired t-test). (C) Overlap of
432 H2BE TSS peak sites in control and BDNF-treated neurons (hypergeometric test; p-
433  adj=2.85x10"%"®). (D) Gene ontology enrichment analysis of H2BE TSS peaks that were
434  downregulated following stimulation (BDNF/control < 0.5). (E) Metaplot comparison
435  (top), heat map (bottom), and (F) normalized H2BE read counts of CUT&Tag signal by
436 gene expression. “Not expressed” was defined as genes with mean normalized read
437  counts <3 by RNA-sequencing. Remaining genes were binned into two equally sized
438 groups by mean normalized read counts. (G) CUT&Tag gene tracks at Chchd7 and
439  Tled. *#**p<.0001.

440

441 Figure 3. H2BE-KO neurons have a dysregulated transcriptional response to
442 neuronal activation. (A) Volcano plot showing differentially expressed genes (DEGs;
443 FDR<.05, absolute fold change>1.5) between WT and (B) KO cortical neurons +/- 30m
444 BDNF treatment (n=4 biological replicates per group [2 male, 2 female]).
445  Blue=downregulated; red=upregulated. (C) Overlap of DEGs in WT and KO neurons in
446  response to 30m BDNF treatment (hypergeometric test; p-adj=1.69x10°). (D) Heatmap
447 and (E) normalized read counts of genes differentially expressed by an interaction
448 between genotype and treatment (one-way ANOVA and pairwise t-tests with Bonferroni
449  correction). (F) RNA-seq gene tracks for Jun. (G) Volcano plot showing DEGs between
450 WT and (H) KO cortical neurons +/- 24h BDNF treatment (n=4 biological replicates per
451 group [2 male, 2 female]). Blue=downregulated; red=upregulated. (I) Overlap of DEGs
452  in WT and KO neurons in response to 24h BDNF treatment (hypergeometric test; down:

453  p-adj=3.18x10"%*°; up: p-adj=3.79x10%. (J) Heatmap and (K) normalized read counts
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454  of genes differentially expressed by an interaction between genotype and treatment
455 (one-way ANOVA and pairwise t-tests with Bonferroni correction). (L) RNA-seq gene
456  tracks for Nptx2. **p<.01, **p<.001, ****p<.0001, n.s. = not significant.

457

458 Figure 4. H2BE is required for homeostatic plasticity responses following long-
459 term increases in activity. (A) Schematic of multielectrode array experimental set up.
460 Example raster plots showing spikes and bursts. (B) Firing rate, (C) single-electrode
461 burst count, (D) percent spikes that fell within single-electrode bursts, and (E) mean
462  spike amplitude for WT and KO neurons at 18 days in vitro (DIV) (n=3 biological
463 replicates per group, 2 technical replicates per biological replicate). (F) Representative
464 raster plot showing individual spikes and bursting on individual electrodes. (G) Spike
465 count, (H) single-electrode burst count, () percent spikes that fell within single-electrode
466  bursts, and (J) mean spike amplitude for WT and KO neurons +/- 48h BDNF at 20 days
467 invitro (DIV) (n=3 biological replicates per group). (K) Representative population activity
468 histograms at 20 DIV. Pink lines represent burst duration. *p<.05, **p<.01, ***p<.001,
469 ***p<.0001, n.s. = not significant.

470

471  Figure 5. Loss of H2BE affects the transcriptomic response to seizures. (A) UMAP
472  (Uniform Manifold Approximation and Projection for Dimension Reduction) of single-
473  nucleus transcriptomic profiles from adult male (2—4 months) mouse cortices, separated
474 Dby genotype and seizure status (n=3 biological replicates for WT and KO non-seizure
475  groups, n=2 for WT and KO seizure groups. Each group was randomly subsampled to

476 7239 nuclei total (nuclei count of smallest group). (B) Feature plots for Bdnf and Nptx2
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477  showing normalized expression between the four experimental groups. (C) Volcano
478 plots of pseudobulk differential gene expression analysis of WTS and KOS in all
479 glutamatergic neuron clusters. (D) Dot plots showing average expression and percent
480 expression of select transcripts in all glutamatergic neurons. (E) Volcano plots of
481 pseudobulk differential gene expression analysis of WTS and KOS in all GABAergic
482 neuron clusters. (F) Dot plots showing average expression and percent expression of
483 select transcripts in all GABAergic neurons. (G) IEG modular activity scores for all
484  glutamatergic or GABAergic neurons by group. (t-tests corrected for multiple testing).
485 Each set was separated into subsets to capture IEG+ and IEG- signatures. (H) Volcano
486 plots for the pseudobulk analysis of KOS versus WTS groups in the IEG+ score subset
487 in excitatory (left) or inhibitory (right) neurons. ***p<.001, n.s. = not significant.

488

489 Supplemental Figure 1. H2BE transcript expression in neurons following
490 treatment with bicuculline. (A) gRT-PCR quantification of H2BE transcript expression
491 following treatment with bicuculline (n=2 biological replicates per timepoint; Kruskal-
492 Wallis test). (B) qRT-PCR quantification of H2BE transcript expression following
493 treatment with TTX/D-AP5, flavopiridol (FP), or both (n=3 biological replicates per
494  timepoint; one-way ANOVA with Tukey’s multiple comparisons test). (C) qRT-PCR
495 quantification of H2BE transcript expression in mice exposed to an enriched
496 environment (EE) or home cage (HC) for 1 hour per day for 30 consecutive days (n=4
497 HC, 5 EE mice; unpaired t-test). (E) Immunoblot for H2BE and H2B in histone extracts
498 from cortical tissue after seizure. H2B serves as loading control. **p<.01, ***p<.001, n.s.

499 = not significant.
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500

501 Supplemental Figure 2. CUT&Tag analysis of H2BE in response to neuronal
502 activation. (A) Metaplot comparison of CUT&Tag average signal from control and
503 BDNF-treated cortical neurons. Plot shows read counts per million mapped reads
504 (RPM) between the transcription start site (TSS) and transcription end site (TES) +/- 2kb
505 (n=3 biological replicates per condition). (B) Genomic distribution of control H2BE
506 enrichment sites relative to the mouse genome (Chi-square test). (C) Distribution of
507 H2BE enrichment sites relative to the nearest TSS. (D) Metaplot comparison of
508 CUT&Tag average signal and (E) normalized H2BE read counts at all transcription start
509 sites. Plot shows read counts per million mapped reads (RPM) around the transcription
510 start site (TSS) +/- 2kb (n = 3 biological replicates per condition). (F) Gene ontology
511 enrichment analysis of TSS peaks gained in the BDNF condition. ***p<.001,
512 ****p<,0001; n.s. = not significant.

513

514 Supplemental Figure 3. Analysis of H2BE effect on the transcriptional response to
515 neuronal activation. (A) GSEA analysis of genes upregulated in WT following 30m of
516 BDNF treatment. The 60 upregulated genes in WT neurons following 30m of BDNF
517 treatment compared with immediate-early genes, as defined in Tullai et al. 2007. (B)
518 Volcano plot of WT and KO cortical neurons at baseline and (C) after 30m BDNF
519 treatment. (D) Overlap of DEGs in WT and KO neurons at baseline and after 30m BDNF
520 (hypergeometric test; down: p-adj=0; up: p-adj=0). (E) Volcano plot of WT and KO

521  cortical neurons after 24h BDNF treatment. (F) Overlap of DEGs in WT and KO neurons
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522 at baseline and after 24h BDNF (hypergeometric test; down: p-adj=0; up: p-adj=0). (G)
523 Gene ontology enrichment analysis of DEGs in KO after 24h BDNF.

524

525 Supplemental Figure 4. MEA analysis of H2BE effect on the neuronal response to
526 BDNF. (A) Burst duration of WT and KO neurons at 18 days in vitro (DIV) (n=3
527 biological replicates per group, 2 technical replicates per biological replicate). (B) Mean
528 number of spikes per burst for WT and KO neurons +/- 48h BDNF at 20 days in vitro
529 (DIV) (n=3 biological replicates per group). (C) Mean inter-spike interval (ISI) for WT
530 and KO neurons +/- 48h BDNF at 20 DIV (n=3 biological replicates per group). (D) Burst
531 duration of WT and KO neurons +/- 48h BDNF at 20 DIV (n=3 biological replicates per
532 group. *p<.05, **p<.001, n.s. = not significant.

533

534 Supplemental Figure 5. Validation of H2BE KO differential gene expression. (A)
535 Percentage of WT and KO mice who reached Racine levels 1-4 following PTZ-injection.
536 (B) Analysis of the proportion of control and BDNF nuclei in each cluster. Data
537 represents the fold change in WT vs KO nuclei in each cluster and a confidence interval
538 for the magnitude difference. Clusters with fold difference >1 and FDR<.05 highlighted
539 in pink. (C) Number of differentially expressed genes within each cluster for all
540 excitatory and inhibitory neuronal clusters using the 3’ capture optimized mm210
541 genome. (D) Volcano plot and gene ontology enrichment analysis of downregulated
542 genes in cluster Ex _L2/3. (E) Volcano plot and gene ontology enrichment analysis of
543 downregulated genes in cluster Inh_Phactrl. (F) Volcano plots of pseudobulk differential

544  gene expression analysis of WTS and KOS in clusters corresponding to cortical layer
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2/3, Kcng5+ neurons, or cortical layer 6. (G) Volcano plots of pseudobulk differential
gene expression analysis of WTS and KOS in Sst+ neurons, or Phactrl+ neurons. (H)
IEG modular activity scores for all glutamatergic or GABAergic neurons by group. (t-
tests corrected for multiple testing). Each set was separated into subsets to capture
IEG+ and IEG- signatures. (I-J) Volcano plots for the pseudobulk analysis of either WTS
or KOS, comparing nuclei with high modular activity score versus low scores in

excitatory (I) or inhibitory (J) neurons.
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552 METHODS

553 Mice

554  An H2BE-KO mouse was generated as described previously™. In brief, the endogenous
555 H2BE CDS was replaced with a membrane-targeted mCherry reporter sequence in
556 C57BI/6 mice. All mice were housed in a 12-hour light-dark cycle and fed a standard
557 diet. All experiments were conducted in accordance with and approval of the IACUC.
558 For all experiments, samples were collected from mice between 3-5-months-old and
559 both male and female mice were included, except for single-nucleus Drop-seq. Drop-
560 seqg was performed on cortical tissue from male mice only. This mouse is available from
561 The Jackson Laboratory (strain #023819).

562

563  Seizure induction

564 Pentylenetetrazol (PTZ; Sigma P6500) was injected intraperitoneally at 50mg/kg (in
565 PBS). Control mice received PBS injections at equivalent volume. Mice were observed
566  for one hour after injection to score seizures and confirm recovery. The modified Racine

567 scale used to measure seizure induction was as follows:

568 e Stage 1: Hypoactivity culminating in behavioral arrest with contact between
569 abdomen and the cage.

570 e Stage 2: Partial clonus (PC) involving the face head or forelimbs.

571 e Stage 3: generalized clonus (GC) including all four limbs and tail, rearing or
572 falling.

573 e Stage 4: Generalized Tonic-Clonic seizure (GTC)
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574  Seizure susceptibility score was calculated as: (0.2)(1/PC latency) + (0.3)(1/GC latency)
575 + (0.5)(1/GTC latency). Mice were sacrificed 2 hours after injection.

576

577 Primary neuronal culture

578 Cortices were dissected from E16.5 C57BL/6J embryos and cultured in supplemented
579 neurobasal medium (Neurobasal [Gibco 21103-049], B27 [Gibco 17504044], GlutaMAX
580 [Gibco 35050- 061], Pen-Strep [Gibco 15140-122]) in TC-treated 12- or 6-well plates
581 coated with 0.05 mg/mL Poly-D-lysine (Sigma-Aldrich A-003-E). At 3-4 DIV, neurons
582 were treated with 0.5 uM AraC. For all experiments using cultured cortical neurons,
583 neurons were collected at 12 DIV.

584

585 Pharmacological treatments

586 The following drugs were diluted into neuronal culture media at the indicated
587 concentrations: brain-derived neurotrophic factor (BDNF; 50 ng/mL, PeproTech 450-02),
588 tetrodotoxin (TTX; 1 uM, Tocris 1069), D-2-amino-5-phosphonovalerate (D-AP5; 100
589 uM, Tocris 0106), bicuculline (20 uM, Tocris 0130), flavopiridol (FP; 300nM in DMSO,
590 Sigma Aldrich F3055.

591

592 qRT-PCR

593 cDNA was prepared with a high-capacity cDNA reverse transcription kit (Applied
594  Biosystems 4368813), and quantitative PCR was performed with Power SYBR Green
595 PCR master mix (Applied Biosystems 4367659). Data was analyzed using the common

596 base method®,


https://doi.org/10.1101/2024.11.01.620920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.01.620920; this version posted November 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

597

598 Histone extraction

599 Primary neurons were washed 1X with cold sterile 1X DPBS and collected in 1mL cold
600 0.4N H,SO, Samples were incubated overnight on ice at 4°C. Following the overnight
601 incubation, samples were pelleted for 10 minutes at 18,0009 at 4°C and the supernatant
602 was transferred to a new tube. Trichloroacetic acid was added to 25% by volume, and
603 the cells were left on ice at 4°C overnight. Cells were again pelleted 10 minutes at
604 18,0009 at 4°C, and the supernatant was discarded. The pellet was washed 3X with ice-
605 cold acetone. After the third wash, samples were air-dried. The pellet was resuspended
606 in molecular biology-grade H,O, incubated at 50°C for 30min, and then sonicated in a
607  Biorupter for 10 min (settings: High, on/off=0.5min/0.5min, 4°C). The 50°C incubation
608 and Biorupter sonication were repeated 1-2X until samples were fully solubilized.
609 Protein concentration was measured using the Bradford assay.

610

611 Western blotting

612 Histone samples were mixed with 5X Loading Buffer (5% SDS, 0.3M Tris pH 6.8, 1.1mM
613 Bromophenol blue, 37.5% glycerol) and boiled for 10 minutes. Protein was resolved by
614 16% Tris-glycine SDS-PAGE, followed by transfer to a 0.45-um PVDF membrane
615 (Sigma-Aldrich IPVH00010) for immunoblotting. Membranes were blocked for 1 hour at
616 RT in 5% milk in 0.1% TBST and probed with primary antibody overnight at 4C. The
617 following primary antibodies were used for western blot analysis: rabbit anti-H2BE

618 (Millipore ABE1384, 1:2000) rabbit anti-H2B (abcam ab1790, 1:10,000). Membranes
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619 were incubated with secondary antibody for 1 hour at RT. The following secondary
620 antibody was used for western blotting: goat anti-rabbit HRP (abcam ab6721, 1:5000).
621

622 Environmental enrichment

623 Wildtype cage-mates were moved into an enriched environment or remained in their
624 standard home cage. Enriched environments consisted of a large rat cage with Alpha-
625 Dri bedding enriched with a tunnel, hut, water dish, Nestlet and other toys to interact
626 with, as well as a vanilla scent. Mice remained in the enriched environment for 24h
627  before tissue was collected.

628

629 CUT&Tag-sequencing

630 Library preparation & sequencing

631 Input samples were ~400K primary cortical neurons per biological replicate. CUT&Tag
632 was performed according to published protocols®®. Concanavalin A-coated beads
633 (Bangs Laboratories BP531) were washed twice with 1mL cold filter-sterilized Binding
634 Buffer (20mM HEPES pH 7.9, 10mM KCI, 1mM CaCl,, ImM MnCl,) and resuspended in
635 1lul/reaction Binding Buffer. Cells were collected in 500uL room temperature Wash
636 Buffer (20mM HEPES pH 7.5, 150mM NaCl, 0.5mM spermidine, supplemented by
637 EDTA-free protease inhibitor [Roche 4693159001]), pelleted at 600 g for 3 min at room
638 temp., washed once with 500uL Wash Buffer (room temp.), pelleted again, and
639 resuspended in 100ulL/reaction Wash Buffer (room temp.). To bind cells to ConA beads,
640 10uL activated beads were added to 100uL cells per reaction, vortexed briefly, and

641 incubated for 10 min at room temperature. Beads were collected on a magnet,
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642 supernatant discarded, and beads were resuspended in 50uL ice-cold Antibody Buffer
643 (0.05% digitonin, 2mM EDTA, 0.1% BSA in Wash Buffer). To each reaction, 1ug primary
644  antibody against the target protein was added (anti-H2BE [Millipore ABE1384] or rabbit
645 IgG [Sino Biological CR1], vortexed briefly, and incubated overnight at 4°C on a rocking
646 shaker. Beads were collected on a magnet, supernatant discarded, and beads were
647 resuspended in 50uL secondary antibody (guinea pig anti-rabbit IgG (antibodies-online
648 ABIN101961, diluted 1:100 in Dig-Wash Buffer [0.05% digitonin in Wash Buffer]).
649 Samples were then incubated for 1hr at room temperature on a nutator. On a magnet,
650 beads were washed 2X with 200uL Dig-Wash Buffer. Beads were collected on a
651 magnet, supernatant discarded, and beads were resuspended in 50uL loaded pA-Tn5
652 adapter complex (Diagenode C01070001-T30, diluted 1:250 in Dig-300 Buffer [20mM
653 HEPES pH 7.5, 300mM NacCl, 0.5mM spermidine, 0.01% digitonin]). Samples were then
654 incubated for 1hr at room temperature on a nutator. On a magnet, beads were washed
655 2X with 200uL Dig-300 Buffer. Beads were collected on a magnet, supernatant
656 discarded, and beads were resuspended in 300uL Tagmentation Buffer (10mM MgCl; in
657 Dig-300 buffer). Samples were then incubated for 1hr in a 37°C heat block. To stop
658 tagmentation, 10uL 0.5M EDTA, 3uL 10% SDS, and 2.5uL 20mg/mL Proteinase K were
659 added to each reaction and mixed by vortexing. Protein was digested for 1hr in a 55°C
660 heat block. DNA was isolated using Zymo DNA Clean & Concentrator Kit (D4013) and
661 eluted in 22uL molecular biology grade H2O. A universal i5 primer and uniquely
662 barcoded i7 primer were ligated and libraries were amplified by PCR with NEBNext
663 High-Fidelity 2x PCR Master Mix (NEB M0541). Library clean-up was performed with

664 AMPure XP beads (Beckman A63880) and eluted off beads in 25uL Tris-HCI pH 8. Prior
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665 to sequencing, library size distribution was confirmed by capillary electrophoresis using
666 an Agilent 4200 TapeStation with high sensitivity D1000 reagents (5067-5585), and
667 libraries were quantified by gPCR using a KAPA Library Quantification Kit (Roche
668 07960140001). Libraries were sequenced on an lllumina NextSeq550 instrument (42-bp
669 read length, paired end).

670

671 Data processing and analysis

672 Reads were mapped to Mus musculus genome build mm10 with Bowtie 23 (v2.4.5). Six
673 million reads from each biological replicate were subset and each condition was then
674 merged across biological replicates (SAMtools® v1.15). Metaplots were generated
675 using ngs.plot® (v2.63). Heatmaps were generated using deepTools* (v3.5.1). Peaks
676 were called using MACS3* (v3.0.0b1) and annotated using Homer** (v4.10). For
677 downstream analysis, we used a Peak Score cutoff of 25 and removed peaks that were
678 assigned to ‘ChrUn’ (unknown chromosome) by Homer. The R package
679  GenomicDistributions*® (v1.6.0) was used to analyze the genomic distribution of peaks.
680 IGV tools** (2.12.3) was used to generate genome browser views.

681

682 To compare CUT&Tag signal to gene expression, normalized read counts from RNA-
683 sequencing of WT primary neuronal cultures (see RNA-sequencing methods section)
684 were used to generate gene lists by expression level. Genes with base mean < 3 were
685 defined as ‘not expressed’. The remaining genes were divided into 2 bins (by base
686 mean) to define ‘low expression’ and ‘high expression’.

687
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688 Gene ontology

689 For gene ontology analysis, gene names were assigned to peak coordinates using
690 Homer. PANTHER®*% (v18.0) was used to perform an overrepresentation test against
691 the biological process complete ontology using default parameters. The Mus
692 musculus genome was used as a background gene list. For conciseness and
693 visualization, parent terms were excluded and only the most specific GO terms were
694  plotted.

695

696 RNA-sequencing

697 Library preparation & sequencing

698 RNA was isolated from primary cortical neurons using Zymo Quick-RNA Miniprep Plus
699 Kit (R1057). Prior to library preparation, RNA integrity was confirmed using an Agilent
700 4200 TapeStation with high sensitivity RNA reagents (5067-5579). Sequencing libraries
701 were prepared using the TruSeq Stranded mRNA kit (lllumina 20020595). Prior to
702  sequencing, library size distribution was confirmed by capillary electrophoresis using an
703 Agilent 4200 TapeStation with high sensitivity D1000 reagents (5067-5585), and
704 libraries were quantified by gPCR using a KAPA Library Quantification Kit (Roche
705 07960140001). Libraries were sequenced on an lllumina NextSeq1000 instrument (66-
706 bp read length, paired end).

707

708 Data processing and analysis

709 Reads were mapped to Mus musculus genome build mm10 with Star*® (v2.7.9a). The R

710 packages DESeq2* (v1.38.3) and limma (v3.54.2) via edgeR*’ (v3.40.2) were used to
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711 perform differential gene expression analysis. We defined genes as differentially
712 expressed where FDR<0.05 and absolute fold change >= 1.5. Volcano plots were
713 generated using VolcaNoseR™. IGV tools* (2.12.3) was used to generate genome
714  browser views. Overlap significance of gene lists was determined by hypergeometric
715 testing. Differential gene expression analysis for interactions were performed using
716 DESeqg2. The input design matrix for model fitting factored genotype and treatment
717 (design=~genotype + treatment + genotype:treatment). The DESeq function estimates
718 size factors using the standard mean ratio and parametric dispersion fitting. Differential
719 expression was calculated using a generalized linear model with negative binomial GLM
720 fitting accounting for individual effects and the interaction term. Genes exhibiting a
721  significant interaction from the Wald test were extracted from the results table using a
722  contrast specifying the interaction term (0,0,0,-1).

723

724  Gene Set Enrichment Analysis (GSEA)

725 The R package FGSEA® was used to perform pre-ranked gene set enrichment analysis
726  (GSEA)***! based on log2 fold changes obtained from DESeq?2 differential expression
727  analysis. The immediate-early gene set was defined in Tullai et al. 2007°2.

728

729  Multi-electrode array (MEA)

730 Neurons were plated on CytoView MEA 48-well plates (Axion BioSystems M768-tMEA-
731  48W). Prior to plating, plates were coated with 50 ug/mL poly-D-lysine (Sigma-Aldrich A-
732 003-E) in borate buffer pH 8.4, incubated overnight at 37°C, washed 4X with H,O, and

733  air dried overnight. After air drying, wells were coated with 20 ug/mL laminin (Roche
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734  11243217001) in ice-cold Opti-MEM (Gibco 51985091) and incubated 4h at 37°C.
735 Immediately prior to seeding, laminin was removed from wells and 80K neurons were
736 seeded on the CytoView plate. Recordings were performed using an Axion Maestro
737  Pro™ multiwell microelectrode array with 5% CO, at 37°C. Baseline recordings were
738 taken after 18 days in vitro. Following baseline recordings, BDNF was added to the
739 wells, and the MEA plate was returned to the incubator for an additional 48h. AxIS
740 software (Axion Biosystems) was used for the extraction of spikes and bursts. Burst
741  activity was defined as a minimum of 5 spikes with a maximum inter-spike interval of
742 100 ms*,

743

744  Single-nucleus Drop-sequencing (snDrop-seq)

745  Nuclei isolation

746  Snap-frozen brain tissues were homogenized in 1mL Buffer A (0.25M sucrose, 50mM
747  Tris-HCI pH7.4, 25mM KCI, 5mM MgCI, supplemented by EDTA-free protease inhibitor
748 [Roche 4693159001]) using a pre-chilled dounce and pestle. Homogenate was then
749 transferred to a pre-chilled 15mL conical tube and mixed with 6mL Buffer B (2.3M
750 sucrose, 50mM Tris-HCI pH7.4, 25mM KCI, 5mM MgCl,). An additional 2mL Buffer A
751 was used to rinse leftover homogenate from the dounce and combined with the sample.
752 The homogenate was gently transferred to a pre-chilled 15mL ultracentrifuge tube
753  containing 2mL Buffer C (1.8M sucrose, 50mM Tris-HCI pH7.4, 25mM KCI, 5mM MgCl,).
754  Nuclei were pelleted at 100,000 x g for 1.5hr at 4C using a SWI41 rotor. The
755  supernatant was discarded and 1.5mL Buffer D (0.01% BSA in 1X PBS with 0.5U/uL

756 RNase inhibitor [Lucigen 30281-2]) was gently added to the nuclei pellet and incubated
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757 on ice 20min. The nuclei pellet were resuspended and the suspension was transferred
758 to a 1.5mL lo-bind tube.

759

760 Library preparation and sequencing

761 The single-nucleus suspensions were individually diluted to a concentration of 100
762  nuclei/mL in DPBS containing 0.01% BSA. Approximately 1.5 mL of this single-nucleus
763 suspension was loaded for each sNucDrop-seq run. The single-nucleus suspension
764  was then co-encapsulated with barcoded beads (ChemGenes) using an Aquapel-coated
765 PDMS microfluidic device (mFluidix) connected to syringe pumps (KD Scientific) via
766 polyethylene tubing with an inner diameter of 0.38mm (Scientific Commodities)®.
767 Barcoded beads were resuspended in lysis buffer (200 mM Tris-HCI pH8.0, 20 mM
768 EDTA, 6% Ficoll PM-400 (GE Healthcare/Fisher Scientific), 0.2% Sarkosyl (Sigma-
769  Aldrich), and 50 mM DTT (Fermentas; freshly made on the day of run) at a
770  concentration of 120 beads/mL. The flow rates for nuclei and beads were set to
771 4,000 mL/hr, while QX200 droplet generation oil (Bio-rad) was run at 15,000 mL/hr. A
772 typical run lasts 20 min. Droplet breakage with Perfluoro-1-octanol (Sigma-Aldrich),
773 reverse transcription and exonuclease | treatment were performed, as previously
774  described,” with minor modifications. For up to 120,000 beads, 200 pyL of reverse
775  transcription (RT) mix (1x Maxima RT buffer (ThermoFisher), 4% Ficoll PM-400, 1 mM
776 dNTPs (Clontech), 1 U/mL RNase inhibitor, 2.5 mM Template Switch Oligo (TSO:
777 AAGCAGTGGTATCAACGCAGAGTGAATIGrGrG), and 10U/ mL Maxima H Minus
778 Reverse Transcriptase (ThermoFisher)) were added. The RT reaction was incubated at

779 room temperature for 30min, followed by incubation at 42C for 120 min. To determine
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780 an optimal number of PCR cycles for amplification of cDNA, an aliquot of 6,000 beads
781 was amplified by PCR in a volume of 50 pyL (25 pL of 2x KAPA HiFi hotstart readymix
782 (KAPA biosystems), 0.4 pyL of 100 mM TSO-PCR primer
783 (AAGCAGTGGTATCAACGCAGAGT, 24.6 UL of nuclease-free water) with the following
784  thermal cycling parameter (95C for 3 min; 4 cycles of 98C for 20 sec, 65C for 45 sec,
785 72C for 3 min; 9 cycles of 98C for 20 sec, 67C for 45 sec, 72C for 3 min; 72C for 5 min,
786 hold at 4C). After two rounds of purification with 0.6x SPRISelect beads (Beckman
787  Coulter), amplified cDNA was eluted with 10 puL of water. 10% of amplified cDNA was
788 used to perform real-time PCR analysis (1 pL of purified cDNA, 0.2 yL of 25 mM TSO-
789 PCR primer, 5 uL of 2x KAPA FAST gPCR readymix, and 3.8 uL of water) to determine
790 the additional number of PCR cycles needed for optimal cDNA amplification (Applied
791 Biosystems QuantStudio 7 Flex). We then prepared PCR reactions per total number of
792 barcoded beads collected for each sNucDrop-seq run, using 6,000 beads per 50- yL
793 PCR reaction, and ran the aforementioned program to amplify the cDNA for 4 + 10 to 12
794  cycles. We then tagmented cDNA using the Nextera XT DNA sample preparation kit
795  (lllumina, FC-131-1096), starting with 550 pg of cDNA pooled in equal amounts, from all
796 PCR reactions for a given run. Following cDNA tagmentation, we further amplified the
797 tagmented cDNA libraries with 12 enrichment PCR cycles using the lllumina Nextera XT
798 7 primers along with the P5-TSO hybrid primer
799 (AATGATACGGCGACCACCGAGATCTACACGCCTGTCCGCGGAAGCAGTGGTATCA

800 ACGCAGAGT-A-C).®® After quality control analysis by Qubit 3.0 (Invitrogen) and a
801 Bioanalyzer (Agilent), libraries were sequenced on an lllumina NextSeq 500 instrument

802 using the 75-cycle High Output v2 Kit (Illumina). We loaded the library at 2.0 pM and
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803 provided Custom Readl Primer
804 (GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC) at 0.3 mM in position 7 of
805 the reagent cartridge. The sequencing configuration was 20 bp (Readl), 8 bp (Index1),
806 and 60 bp (Read2).

807

808 Data preprocessing

809 Paired end sequencing reads were processed using 10X Genomics Cellranger v5.0.1.

810 Reads were aligned to the mm10 genome optimized for single cell sequencing through

811 a hybrid intronic read recovery approach (https://doi.org/10.1038/s41592-023-02003-w).
812 In short, reads with valid barcodes were trimmed by TSO sequence, and aligned using
813 STAR v2.7.1 with MAPQ adjustment. Intronic reads were removed and high-confidence
814 mapped reads were filtered for multimapping and UMI correction. Empty GEMs were
815 also removed as part of the pipeline. Initial dimensionality reduction and clustering was
816 performed prior to processing to enable batch correction and removal of cell free mRNA

817 using SoupX (https://doi.org/10.1093/gigascience/giaal5l). Raw expression matrices

818 with counted, individual nuclei UMI and genes were used for subsequent steps and
819 filtering by QC metrics.

820

821 Clustering and merging by condition and comparison

822 Raw matrices for each individual replicate per condition were converted to Seurat
823 objects using Seurat 5.0.1 and filtered to remove UMIs with thresholds of > 200
824 minimum features, > 250 genes detected per nuclei, < 20% mitochondrial reads, and <

825 2% ribosomal reads. Replicates were merged to generate objects per condition for the
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826 subsequent steps. Each dataset was normalized using the default scale factor of 10000,
827 variable selection was performed using 2000 features, then scaled and centered using
828 all features without regressing any variables. Dimensionality reduction with PCA used
829 the first 30 principal components and the nearest-neighbor graph construction used the
830 first 10 dimensions. Clustering was next performed using a resolution of 0.4 before
831 layers corresponding to each replicate were integrated using CCAlntegration with a k
832 weight of 60 and then rejoined. The dataset per condition was then dimensionally
833 reduced using the integrated CCA at with 30 dimensions and the same resolution of 0.4.
834  ScType (https://doi.org/10.1038/s41467-022-28803-w) was used for automated, de
835 novo cell type identification of the clusters followed by manual curation for clusters with
836 low confidence scores. Each automatically assigned cluster was manually validated
837 using previously generated cluster identity labels'®. Differential clustering analysis was
838 performed using the scProportionTest R package. For all comparisons, the objects per
839 condition were merged and processed using the same integration methodology above
840 to scale and normalize between all incorporated samples. Pseudobulk differentially
841 expressed genes were identified using DElegate

842  (https://github.com/cancerbits/DElegate?tab=readme-ov-file), a wrapper for EdgeR on

843 single nuclei data, with a fold change threshold of 1.5 and Benjamini-Hochberg adjusted
844 p value = .05. Counts were aggregated by individual mice per condition under the
845 orig.ident identity, then pairwise comparisons were computed using quasi-likelihood
846  dispersion with gimQLFit through the findDE function.

847


https://doi.org/10.1101/2024.11.01.620920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.01.620920; this version posted November 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

848 Modular activity scoring and subsetting

849 Modular activity scores were calculated for excitatory and inhibitory neurons using
850 AddModuleScore with the list of the 25 putative immediate early genes (Arc, Bdnf,
851 Cdknla, Dnajb5, Egrl, Egr2, Egr4, Fos, Fosb, Fosl2, Homerl, Junb, Nefm, Npas4,
852 Nrdal, Nrd4a2, Nr4a3, Nrnl, Ntrk2, Rheb, Sgsml, Syt4, Vgf) against a control feature
853 score of 5. Nuclei with an activity score over zero were isolated as IEG+. Those under
854 the 25™ percentile threshold were marked as IEG-. Each IEG score group was
855 remerged and RNA layers were jointed before FindMarkers was used to perform all
856 IEGH/IEG- pairwise comparisons with findDE.

857

858 Gene ontology

859 Gene ontology analysis was performed using gProfiler g:GOSt>*. Each gene list was
860 analyzed using an over-representation test against the gene ontology biological process
861 database with a Benjamini-Hochberg FDR correction for multiple testing correction.

862  Only terms with a size between 0 to 2000 genes were selected for specificity.
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