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Abstract

The formation of long-term episodic memories requires the activation of molecular mechanisms in
several regions of the medial temporal lobe, including the hippocampus and anterior cingulate cortex
(ACC). The extent to which these regions engage distinct mechanisms and cell types to support memory
formation is not well understood. Recent studies reported that oligodendrogenesis is essential for learning
and long-term memory; however, whether these mechanisms are required only in selected brain regions is
still unclear. Also still unknown are the temporal Kkinetics of engagement of learning-induced
oligodendrogenesis and whether this oligodendrogenesis occurs in response to neuronal activity. Here we
show that in rats and mice, episodic learning rapidly increases the oligodendrogenesis and myelin
biogenesis transcripts olig2, myrf, mbp, and plpl, as well as oligodendrogenesis, in the ACC but not in the
dorsal hippocampus (dHC). Region-specific knockdown and knockout of Myrf, a master regulator of
oligodendrocyte maturation, revealed that oligodendrogenesis is required for memory formation in the
ACC but not the dHC. Chemogenetic neuronal silencing in the ACC showed that neuronal activity is
critical for learning-induced oligodendrogenesis. Hence, an activity-dependent increase in
oligodendrogenesis in selected brain regions, specifically in the ACC but not dHC, is critical for the

formation of episodic memories.
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Introduction

Long-term memories are initially fragile but become resilient to disruption through consolidation,
a temporally graded process that engages cascades of molecular mechanisms in select brain regions.
Episodic memories become consolidated by rapidly recruiting molecular changes in several brain regions,
including the hippocampus, medial prefrontal cortex (mPFC), and anterior cingulate cortex (ACC)
(Frankland & Bontempi, 2005; Kandel et al., 2014; Squire et al., 2015). Whereas the molecular changes
recruited by the hippocampus are needed to continue for days, those recruited in the cortices are
persistently required for weeks (Heyward & Sweatt, 2015; Chen et al., 2020), suggesting that there is
differential engagement, and therefore distinct biological regulations in different regions underlying
memory consolidation and storage. This agrees with the observation that regions of the brain differ in
biological composition as a result of their unique cellular populations and regulate distinct molecular
pathways in response to learning (Saunders et al., 2018; Chen et al., 2020; Katzman et al., 2021).

Although research in the field of learning and memory has thus far mostly focused on neuronal
mechanisms and circuitry, in the last decade it has become clear that long-term memory formation
requires the contribution of multiple cell types, including astrocytes (Gerlai et al., 1995; Suzuki et al.,
2011; Adamsky & Goshen, 2018), microglia (Yirmiya & Goshen, 2011; Morris et al., 2013), and
oligodendrocytes (McKenzie et al., 2014; Xin & Chan, 2020). Recent reports showed that
oligodendrogenesis and de novo myelination play critical roles in the formation of several types of
memory, including motor, spatial, and episodic (McKenzie et al., 2014; Pan et al., 2020; Steadman et al.,
2020; Wang et al., 2020) as well as in sensory enrichment (Hughes et al., 2018). These studies examined
the role of oligodendrocytes by assessing brain-wide oligodendrogenesis, however, several questions
remain to be addressed. First, are distinct brain regions differentially engaging oligodendrocytes
mechanisms in learning and memory? Second, what is the fine temporal engagement of learning-induced
oligodendrogenesis? And, finally, does this oligodendrogenesis require neuronal activation?

Steadman et al. (2020) reported that the acquisition of spatial memory in mice is accompanied by

an increase in oligodendrocyte precursor cells (OPCs) proliferation and/or differentiation mechanisms in
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the ACC, mPFC, and corpus callosum/cingulum (CC/Cg), but not in the hippocampus, suggesting that
these regions may differentially engage oligodendrogenesis in memory formation. Yet, whether this is the
case remains to be tested. In addition, using brain-wide conditional genetic knockout of myelin regulatory
factor (Myrf, a transcription factor required for oligodendrogenesis), the same authors provided evidence
that oligodendrogenesis and de novo myelination are required for long-term memory formation and for
learning-induced ripple-spindle coupling between the hippocampus and ACC, a cross-region
synchronization believed to contribute to memory consolidation. Their temporal assessment for the
critical role of oligodendrogenesis revealed that global Myrf knockout during learning or the initial phase
of memory consolidation disrupts both recent (tested 1 day later) and remote spatial memories (tested 28
days later) (Steadman et al., 2020), whereas Myrf knockout 25 days after training had no effect on
memory, leading to the conclusion that spatial learning and/or consolidation, but not remote memory
storage, requires oligodendrogenesis. Pan et al. (2020) obtained a different result using another
hippocampus-dependent task in mice, contextual fear conditioning. They found that global knockout of
Myrf prior to learning impairs remote memory (tested 30 days after training) but not recent memory
(tested 1 day after training). Hence, while the effect of oligodendrogenesis on recent hippocampus-
dependent memories is still under debate, both studies concluded that experience-dependent changes in
myelination are required for long-term memory formation. Notably, the contribution of oligodendrocyte
mechanisms during acquisition remains to be defined. Finally, while previous work showed that neuronal
activity generally promotes oligodendrogenesis and adaptive myelination (Gibson et al., 2014; Baraban et
al., 2016) whether the learning-induced oligodendrogenesis requires neuronal activity remains to be
established.

To address these questions, we employed inhibitory avoidance (IA), an episodic memory
paradigm, in rats and mice. We found that oligodendrogenesis in the ACC, but not dorsal hippocampus
(dHC), is rapidly induced and required for memory consolidation, whereas it is dispensable for
acquisition and storage of the memory. We also observed that learning-induced oligodendrogenesis in the

ACC is dependent upon neuronal activity.
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86

87  Results

88  Episodic learning rapidly increases oligodendrocyte-specific mMRNAs in the ACC but not dHC in
89 rats

90 To assess whether episodic learning induces oligodendrocyte-specific changes in the dHC and
91  ACC of rats, we employed IA, a learning paradigm that results in long-term memory formation after a
92  single-context-footshock association (Gold, 1986). We performed a time-course analysis of transcripts
93  typically expressed during oligodendrocyte differentiation and myelin biogenesis using reverse
94  transcription—quantitative polymerase chain reaction (RT—qPCR) on samples collected one hour, one day,
95 and seven days following training (Fig. 1A). We analyzed expression of myrf, oligodendrocyte
96 transcription factor 2 (olig2), ectonucleotide pyrophosphatase 6 (enpp6), myelin basic protein (mbp),
97  proteolipid protein 1 (plpl), and myelin associated glycoprotein (mag). Olig2 is required for terminal
98 differentiation of OPCs and indirectly induces the transcription of myrf, a master regulator of myelin
99  biogenesis (Bujalka et al., 2013; Emery, 2013). MYRF protein binds to the promoter regions of myelin-
100  associated genes and regulates the transcription of mbp, plpl, and mag (Bujalka et al., 2013). Together,
101  the proteins MAG, PLP1, and MBP ensure proper myelin biogenesis, wrapping, compaction, and function
102  (Sherman & Brophy, 2005; Simons & Nave, 2015). ENPP6 is a choline phosphodiesterase involved in
103  lipid metabolism and myelin biogenesis (Morita et al., 2016).

104 We first confirmed that trained rats exhibited brain activation by assessing the expression of the
105  immediate-early gene arc (Bramham et al., 2010; Shepherd & Bear, 2011; Okuno et al., 2012), and
106  observed that expression was increased at one hour after training and had returned to baseline levels at
107  one and seven days after training (Fig. 1B). We found that training led to a rapid and significant increase
108  inthe levels of olig2, myrf, mbp, and plpl mRNAs in the ACC (Fig. 1C) at 1 hour after training relative to
109  untrained (UT) rats, which remained in the homecage and unpaired control (UP) rats that underwent
110  context and shock exposure in an unassociated fashion. All mMRNA transcripts returned to baseline levels

111  at one day and seven days after training. Furthermore, no significant changes in oligodendrocyte-specific
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112 transcripts were detected in the UP group relative to the UT control group, indicating that the mRNA
113  changes observed in trained rats were due to associative learning and not to novel context or shock
114  presentation.

115 Expression of olig2, myrf, plpl, mag, and mbp in the dHC over the same time course did not
116  change (Fig. 1D), although a significant increase in enpp6 was detected at 1 hour and persisted at 1 day
117  and 7 days after training. Collectively these data led us to infer that a rapid increase of oligodendrocyte
118  differentiation transcripts following IA learning takes place in the ACC but not dHC, suggesting that
119  there is an ACC-specific activation of oligodendrogenesis and de novo myelination following learning.
120 To determine whether the changes in mMRNA expression were reproduced at the protein level, we
121  used western blots to analyze levels of OLIG2, MBP and MAG and also added the axonal membrane
122 protein CASPR (Einheber et al., 1997). Learning led to a significant increase in OLIG2 and CASPR one
123 day after learning, but no changes in MAG and MBP (Fig.1 E-H). We observed no differences in the UP
124  mice compared to the untrained mice, suggesting that the significant increase in OLIG2 was linked to
125  associative learning. We then visualized and quantified the increase in OLIG2 protein in the ACC by
126  performing immunohistochemical staining (Fig. 11). Quantification of the fluorescence intensity of all
127  OLIG2-positive nuclei in the ACC of trained and untrained mice showed that training significantly
128 increased the amount of OLIG2 in nuclei, but not the number of OLIG2-positive cells normalized to the
129  quantified area. Together, these data indicate that learning leads to rapid increase of oligodendrogenesis
130  and de novo myelin synthesis in the ACC but not in the dHC.

131

132 Training increases OPC proliferation and oligodendrogenesis in the ACC but not dHC of mice

133 The induction of myrf and OLIG2 in the ACC but not the dHC of rats following training (Fig. 1)
134  suggests that there is a differential increase in oligodendrogenesis in the ACC. To test this hypothesis, we
135  quantified the rate of dividing oligodendrocytes in the ACC and dHC of mice. We injected the thymidine
136  analog 5-ethynyl-2'-deoxyuridine (EdU) into mice one hour before 1A training to label dividing cells and

137  euthanized the animals one day later, when our previous experiments had shown a significant training-
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138  induced increase in OLIG2 protein levels (Fig. 1E, G). We measured the number of proliferating OPCs by
139  counting cells co-stained with fluorescently labeled EdU and antibodies to platelet-derived growth factor
140  receptor alpha (PDGFRa), a marker of OPCs (Rivers et al., 2008). We quantified newly differentiated
141  oligodendrocytes by visualizing cells labelled with EJU and positive for immunostaining with antibodies
142  to OLIG2, a marker of oligodendrocytes at all stages of maturation as well as adenomatous polyposis coli
143  clone CC-1 (CC1), a marker of mature oligodendrocytes (McKenzie et al., 2014).

144 OPC proliferation and oligodendrocyte differentiation significantly increased in the ACC after IA
145  training (Fig. 2A); however, training did not appear to affect oligodendrocyte differentiation or
146  proliferation in the dHC (Fig. 2B) nor in the hippocampal subregions DG, CAl, CA2, and CA3
147  (supplementary data Fig. 1). We concluded that oligodendrogenesis is differentially upregulated in the
148  ACC but not the dHC one day after episodic learning.

149

150  Myrf knockout disrupts memory formation

151 Next, we asked whether oligodendrogenesis is required for IA memory formation in mice. We
152  employed a conditional knockout mouse model in which myrf is globally deleted in OPCs. Because
153  MYREF is a transcription factor required for oligodendrocyte differentiation, its deletion in OPCs impairs
154  oligodendrogenesis, and therefore new myelin formation, while leaving existing myelin
155  unaffected(McKenzie et al., 2014). We tested the effect of myrf knockout in OPCs on long-term memory
156  using a double transgenic mouse line carrying a tamoxifen (TAM)-inducible CreER™ expressed under the
157  OPC-specific promoter Pdgfra and a floxed myrf gene (Pdgfra-CreER™ x Myrfoedoxed: hereafter, P-
158 Myrfloedfoxedy njections of TAM in the P-Myrf1e1oxd mice Jead to the deletion of Myrf from OPCs,
159  thereby preventing their differentiation and thus impairing oligodendrogenesis and the production of new
160  myelin globally (McKenzie et al., 2014). We used Pdgfra-CreER™-Myrf”" (P-Myrf™) wild-type

161 littermates as controls.
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162 To confirm the effect of myrf deletion in OPCs on oligodendrocyte differentiation in the brain,
163  TAM-treated P-Myrf"®¥Moxd ang p-Myrf"* mice received an injection of EdU one hour before 1A
164  training to label proliferating cells and were perfused one day later. Oligodendrogenesis was significantly
165 inhibited in the ACC in P-Myrf1®@fd mice as demonstrated by the significant reduction in the number
166  of cells that were positive for EdU, OLIG2, and CC1 in P-Myrf"®®¥ ! mice compared to P-Myrf"*
167 littermate controls (Fig. 3A).

168 To test the effect of Myrf knockout on memory formation, TAM was administered to
169  Myrfl@edoed and p-Myrf™ mice seven days before IA training, and the mice were tested at 1, 7, and 28

fﬂoxed/ﬂoxed

170  days after training. P-Myr mice exhibited significant memory reduction at all time points

+/+

171 compared to P-Myrf"" controls (Fig. 3B). To exclude the potential effects of multiple testing, a second
172 experiment was conducted in which P-Myrfoefoxed ang p_Myrf** littermates were tested only at 28 days
173 after training, and we again observed significant impairment in memory retention (Fig. 3C). We
174  concluded that brain-wide oligodendrogenesis is required for long-term memory formation and that
175  inhibiting oligodendrogenesis before training impairs memory retention at both recent and remote time
176  points post-training.

177 To determine whether oligodendrogenesis contributes to the persistence or storage of memory,
178  we administered TAM to P-Myrf"oxd and p_Myrf”* mice 14 days after training, when the
179  consolidation process has significantly advanced (Bambah-Mukku et al., 2014; Squire et al., 2015).
180  Memory retention was tested 14 days after knockout, corresponding to 28 days after training, as well as at
181 36 days and 56 days after training. No difference was detected between groups (Fig. 3D), indicating that
182  oligodendrogenesis is not required for the persistence, retrieval, or storage of long-term memory.

183  Finally, to determine whether mechanisms involving oligodendrogenesis play a role in the formation of
184  non-aversive episodic memories, P-Myrf1oe¥oxed ang p_Myrf** littermates were injected with TAM

185  seven days before being trained in novel object location (nOL), a hippocampus-dependent learning

186  paradigm (Mumby et al., 2002; Weible et al., 2009; Pezze et al., 2016) P-Myrf"®¥ o mjce showed a
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+/+

187  significant nOL memory impairment compared to P-Myrf™ littermates (Fig. 3E) when tested four hours
188  after training.

189  Thus, Myrf-dependent oligodendrogenesis is also required for the formation of non-aversive
190  hippocampus-dependent memories.

191 To exclude that the memory impairments we observed were due to other behavioral responses
192  such as heightened anxiety-like responses or locomotor impairments, we tested P-Myrf"o@foxed ang p.
193  Myrf™ littermates in open field behavior. Time spent in the center of an open field arena and the distance
194  and velocity traveled in the arena are putative measures of anxiety and locomotion abilities, respectively.
195  No significant differences in anxiety-like and locomotor responses were detected; the time spent in the
196  center and the distance and mean velocity traveled were similar between P-Myrf"@1o*d ang p_Myrf*'*
197  littermates (Fig. 3F). Collectively, these results indicate that oligodendrogenesis is required for the
198  formation of long-term hippocampus-dependent memories.

199

200  Myrf knockdown in the ACC but not the dHC of rats impairs memory consolidation but not
201  learning

202 In order to investigate whether oligodendrogenesis is differentially implicated in distinct brain
203  regions and memory processes, we employed a Myrf knockdown strategy. Because the P-Myrffoxed/floxed
204  global knockout approach used previously affects other tissues and organs where Myrf is expressed in
205  addition to the central nervous system, such as the gastrointestinal tract and kidney, employing a region-
206  targeted approach also addresses possible off-target effects of Pdgfra-driven global Myrf deletion. We
207  achieved region-specific and temporally restricted Myrf knockdown by using stereotactic injections to
208  deliver an antisense oligodeoxynucleotide (ASO-ODN) specific against Myrf (Myrf-ASO), and, as a
209  control, a related scrambled sequence (Myrf-SCR). We injected the ODNs bilaterally into the brain region
210  of interest at various times before and after training.

211 The temporally limited effect of the ODN knockdown approach offers the opportunity to dissect

212 the temporal dynamics of the requirement of specific mMRNA translations, in addition to allowing the
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213 definition of anatomical requirements (Taubenfeld et al., 2001; Garcia-Osta et al., 2006; Chen et al.,
214  2011) Hence, we used the Myrf-ASO approach to examine whether learning-induced expression of Myrf
215  isrequired in the ACC for memory acquisition or consolidation.

216 To verify knockdown of myrf, Myrf-ASO and Myrf-SCR were injected bilaterally 15 minutes
217  Dbefore training, and myrf mRNA levels were measured in the ACC one hour after training, when there is a
218  significant learning-dependent increase in myrf expression (Fig. 1C). Rats treated with Myrf-ASO had
219  significantly lower myrf mRNA levels compared to those treated with Myrf-SCR (Fig. 4A). Rats injected
220  with Myrf-ASO exhibited no significant differences in MBP protein expression in the ACC one day after
221  training, suggesting that Myrf-ASO treatment does not lead to demyelination (Fig. 4B).

222 In order to test whether MYRF is required for learning, we bilaterally injected Myrf-ASO or
223 Myrf-SCR into the ACC 15 minutes before training and tested the effect 1 hour after training. We
224  detected no differences in memory between the two groups (Fig. 4C), indicating that MYRF is
225  dispensable in the ACC for learning and short-term IA memory. To test whether MYREF is required for
226 memory consolidation, bilateral injections of Myrf-ASO or Myrf-SCR were administered in the ACC 15
227  minutes before and six hours after training, then memory was tested one day after training. Rats injected
228  with Myrf-ASO exhibited significant memory impairment one day after training compared to rats that had
229  received Myrf-SCR injections (Fig. 4D), and the impairment persisted at 28 days after training (Fig. 4D).
230 A reminder shock given one day after the remote memory test was unable to reinstate memory, indicating
231  that the memory impairment was not due to a suppressed memory response but likely resulted from
232 disrupted memory consolidation. Furthermore, retraining one day later of rats who had been injected with
233 Myrf-ASO resulted in a long-lasting memory, thereby excluding the possibility that they had experienced
234  memory loss due to damage to the ACC caused by surgery or injections.

235 By contrast, when Myrf-ASO was injected bilaterally into the dHC 15 minutes before and six
236 hours after IA training, we observed no effect on memory retention; memories of the two treatment
237  groups were similar at one day and 28 days after training (Fig. 4E). The lower level of retention in the

238  dHC relative to the ACC with stereotactic injections is typically observed. Thus, we concluded that Myrf-

10
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239  dependent oligodendrogenesis in the ACC is critical for the consolidation but not the acquisition of 1A
240  and is not required in the dHC.

241

242  Oligodendrogenesis in the mouse ACC is required for memory formation

243 Studies published thus far on the role of oligodendrogenesis in memory formation have reported
244  that brain-wide disruption of oligodendrogenesis impairs motor learning, spatial memory, and remote
245  contextual fear memory in mice (McKenzie et al., 2014; Pan et al., 2020; Steadman et al., 2020). Our data
246 in rats indicated that MYRF-induced oligodendrogenesis is essential for memory consolidation in the
247  ACC but not the dHC. To investigate region-specific roles of oligodendrogenesis in memory formation in
248  the mouse brain, we bilaterally injected an adeno-associated viral vector expressing CreER' driven by
249  the Mbp promoter (AAV-Mbp-CreER™) in Myrf"™ and Myrf™™1° mice to knock out Myrf selectively in
250  either ACC or dHC under the regulation of TAM. After two weeks to allow for viral expression,
251  intraperitoneal injections of TAM were administered four times, once every other day, then mice
252 underwent IA training (Fig. 5A). Diffusion of Chicago blue dye indicated that material injected into the
253  ACC remained mostly confined there (Fig. 5B). Compared to Myrf™ littermates, Myrf"™™\1™ mice
254 injected with AAV-Mbp-CreER™ showed a significant decrease in oligodendrogenesis in the ACC (Fig.
255  5C) one day after training, confirming that the viral injection led to Myrf knockout.

256 To determine the role of oligodendrogenesis in the ACC on behavioral responses, Myrf"™* and

257  Myrf ™ |ittermates were treated with the same viral and TAM injection protocol as above but tested

+\+

258  for memory retention at one day and seven days after training. Compared to Myrf™ littermates,
259  Myrf"™°* mice showed a significant memory impairment at both time points after training.
260 To test whether ACC-specific oligodendrogenesis is required for learning and short-term

+\+

261  memory, another cohort of Myrf™ mice and Myrf"™° |ittermates were treated with the same viral
262  injection and TAM protocol but tested at one hour after 1A training. No differences between groups were

263  observed (Fig. 5D, E), leading us to conclude that oligodendrogenesis in the ACC is necessary for

11
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264  memory consolidation but dispensable for memory acquisition and short-term memory in mice, just as in
265 rats.

266 To test whether oligodendrogenesis is required for memory formation in the hippocampus, AAV-
267  Mbp-CreER™ was bilaterally injected into the dHC of Myrf™ and Myrf"®* |ittermates using the
268  protocol described above. No differences in memory retention were observed at one day or seven days
269  post-training compared to control groups (Fig. 5F), leading us to conclude that oligodendrogenesis is
270  required in the ACC for memory consolidation but not for learning or short-term memory. By contrast,
271 oligodendrogenesis is dispensable in the dHC for the formation of hippocampus-dependent memories.

272

273  DREADD-mediated neuronal inhibition impairs learning-induced oligodendrogenesis

274 Neuronal activity can drive oligodendrogenesis and adaptive myelination (Gibson et al., 2014)
275  however, it was not known whether neuronal activity is required to induce learning-dependent
276  oligodendrogenesis. To address this question, we employed the adeno-associated virus 8 (AAVS8)
277  expressing the Gi-coupled Designer Receptor Exclusively Activated by Designer Drugs (DREADD)
278  hM4Di under the control of the human synapsin promoter to target expression to neurons (AAV-hSn-
279  hMA4D(Gi)-mCherry). We injected AAV-hSyn-hM4D(Gi)-mCherry bilaterally in the ACC and after two
280  weeks to allow for viral expression, we administered its DREADD ligand compound 21 (C21)
281  intraperitoneally (IP) one hour before IA training to transiently silence neuronal activity in the ACC
282 (Jendryka et al., 2019; Tran et al., 2020; Luo et al., 2021). In addition to hM4Di, the AAV-hSyn-
283  hMA4D(Gi)-mCherry viral construct expresses the fluorescent protein mCherry in neurons. Fluorescence
284  was assessed by confocal microscopy two weeks after viral infection and found to be mostly confined to
285 the ACC (Fig. 6A). The mice were tested one day after training. Treatment with C21 significantly
286  impaired memory retention compared to vehicle injection (Fig. 6B), suggesting that neuronal activity in
287  the ACC is required for memory formation.

288 To determine whether blocking neuronal activity in the ACC affected learning-dependent

289  oligodendrogenesis, AAV-hSyn-hM4D(Gi)-mCherry was bilaterally injected into the ACC and fourteen

12


https://doi.org/10.1101/2021.12.10.472135
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.10.472135; this version posted December 10, 2021. 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 4.0 International license.

290  days later the mice were injected with either C21 or vehicle in combination with EdU two hours before
291  receiving IA training. The mice were perfused one day after training and oligodendrogenesis was assessed
292 by performing immunohistochemistry with an antibody to OLIG2 then quantifying cells that were
293  positive for both EAU and OLIG2. Trained mice injected with C21 had significantly fewer cells with both
294 EdU and OLIG2 staining compared to mice injected with vehicle control, implying that
295  oligodendrogenesis was greatly impaired (Fig. 6C). Thus, we concluded that neuronal activity in the ACC
296 isrequired for learning-induced oligodendrogenesis.

297

298  Discussion

299 This study showed that episodic learning, modeled by an 1A paradigm in rats and mice, induces a
300 rapid expression of the oligodendrocyte-specific mMRNAs olig2, myrf, mbp, and plpl in the ACC but not
301 inthe dHC, though we did detect an increase in enpp6 in the dHC. The reason for this increase in enpp6 is
302  unclear; ENPP6 is a choline phosphodiesterase involved in lipid metabolism and myelin biogenesis
303  (Morita et al., 2016), and one possible explanation for its upregulation in the absence of changes in
304  oligodendrogenesis markers is that ENPP6 in the hippocampus might be recruited by learning to regulate
305  mechanisms of myelination and not oligodendrogenesis. In fact, whether existing myelin is remodeled
306 after a learning experience is an open question.

307 Our western blot analyses confirmed that levels of OLIG2 significantly increased in the ACC
308 following learning, supporting the idea that oligodendrogenesis is rapidly upregulated in this brain region
309  in response to experience. Interestingly, MBP protein levels did not change, despite a significant increase
310 in mbp mRNA levels. This dichotomy might be due to the fact that there is a large pool of MBP in the
311  brain, so relatively small changes of MBP induced by a learning event may be difficult to be detected.
312  Another oligodendrocyte-specific protein, CASPR, which is an axonal membrane protein involved in
313  myelin sheet growth, significantly increased after learning in the ACC, confirming the idea that learning
314  rapidly activates oligodendrocyte-specific mechanisms and myelination in that region. The upregulation

315  of both mRNASs and proteins accompanied associative learning but were not found in unpaired behavioral
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316  paradigms, which served as a control for the separate experiences of context and footshock, indicating
317 that oligodendrocyte-mediated mechanisms are involved in associative memory processes.

318 Our results also extended previous findings on motor, spatial, and contextual fear memories by
319 showing that global disruption of oligodendrogenesis impairs novel object location memories,
320  strengthening the conclusion that oligodendrogenesis is a fundamental mechanism required for long-term
321 memory formation.

322 Furthermore, by using multiple genetic and molecular approaches in rats and mice targeting
323 specific brain regions of interest we provided evidence that Myrf-dependent oligodendrogenesis is
324  required in the ACC but not the dHC, confirming the data across species. Thus, only certain brain regions
325 in agiven memory system recruit oligodendrogenesis for memory consolidation. To our knowledge, this
326 s the first demonstration of a differential requirement for oligodendrogenesis in selected brain regions for
327  memory formation, and specifically for hippocampus-dependent memories. Steadman et al. (2019) and
328  Pan et al. (2020) recently reported that global myrf knockout prevents the formation of spatial and
329  contextual memories. These studies showed that water maze and contextual fear conditioning learning in
330 mice rapidly induce oligodendrocyte precursor cell (OPC) proliferation and differentiation into
331  myelinating oligodendrocytes (OLS) in cortical regions such as the ACC and medial prefrontal cortex
332  (mPFC), but not the hippocampus. They suggested that myelin remodeling following training might be
333  restricted to brain regions associated with long-term consolidation of hippocampus-dependent memories.
334  However, because these studies utilized a global knockout approach, they could not determine whether
335  oligodendrogenesis in specific brain regions is required for memory formation. Identification of region-
336  and circuitry-specific requirements for oligodendrogenesis and/or myelination in different types of
337 learning and behavioral stimuli is important because it will offer critical knowledge for better
338  understanding the role of myelin in healthy brain functions as well as in diseases. Such a knowledge will
339 also expand our understanding of the circuitry that supports responses to learning.

340 Why oligodendrogenesis is required in the ACC but not the hippocampus is an open guestion, and

341  one possible explanation is that oligodendrogenesis may subserve long-term changes required for memory
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342  storage. It is known that in cortical regions including the ACC, but not in the hippocampus, episodic and
343  spatial memories are stored for the very long term via a process that requires time and is known as system
344  consolidation (Dudai et al., 2015). During system consolidation the memories that initially recruit
345  hippocampus and cortical regions redistribute their representation: over time the hippocampus become
346  dispensable, leaving cortical regions as the site of long-term memory storage (Frankland & Bontempi,
347  2005; Dudai et al., 2015; Squire et al., 2015) . Notably, other types of memory such as motor memories
348  are stored long-term through a consolidation process in cortical areas and precisely in motor cortices
349  (Attwell et al., 2002; Krakauer & Shadmehr, 2006). Further studies are needed to identify the region- and
350 circuitry-specific oligodendrogenesis and myelination underlying the processes of consolidation of the
351  various memory systems. For hippocampus-dependent memories, it is likely that other cortical regions in
352  addition to the ACC recruit oligodendrogenesis. For example, similarly to the ACC, the mPFC is
353 involved in hippocampus-dependent long-term memory consolidation (Frankland & Bontempi, 2005) and
354  the induction of oligodendrogenesis has been found in the mPFC after spatial and contextual fear learning
355 (Pan et al., 2020; Steadman et al., 2020). Whether there are differences in the regulation of
356  oligodendrogenesis between the ACC and the mPFC remains to be investigated. Thus, in the context of
357  this literature, our results lead us to speculate that myelination, which is a process that takes time and
358  presumably leads to the stabilization of circuitry (Forbes & Gallo, 2017; Mount & Monje, 2017; Xin &
359  Chan, 2020) may be a mechanism supporting the long-lasting memory storage, which in cortical regions
360  persists for weeks, months, or even years. Whether the hippocampus is instructive for the cortical
361  oligodendrogenesis changes induced by learning is possible and is in agreement with the findings that
362  global oligodendrogenesis knockout impairs activity coupling between hippocampus and ACC. Indeed,
363  Steadman (2019) and Pan (2020) both speculated that experience-dependent myelination might promote
364  the coupling of ensembles across regions to support the generation of a coordinated memory network
365  because when they blocked myelin formation throughout the brain, the activity and coordination in neural

366  ensembles across the hippocampus and PFC networks was altered.
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367 In the present study, we also dissected the requirement for oligodendrogenesis in various phases
368  of memory. We found that oligodendrogenesis in the ACC is necessary for the consolidation process but
369 not for the initial acquisition of memory (learning) or remote storage. In fact, inhibiting
370  oligodendrogenesis before training did not affect short-term memory or acquisition, nor was there an
371  effect on memory when oligodendrogenesis was inhibited at a remote time point. However, disruption of
372 oligodendrogenesis after training impaired long-term memory tested one day later, and the impairment
373  persisted when the memory was tested at remote time points, such as four weeks after training. The lack
374  of an effect on memory when oligodendrogenesis is disrupted weeks after training agree with the results
375  of Steadman et al. (2019), who showed that global knockout of Myrf at 25 days after water maze training
376  did not impair memory retention. From these results, we can conclude that MYRF-dependent
377  oligodendrogenesis in cortical regions is necessary for the rapid phase of consolidation, but not for
378  learning, retrieval, or memory storage.

379 Our results also shed light on the kinetics of oligodendrogenesis requirement in recent memory
380 recall. Steadman et al. (2019) found that myrf global knockout disrupts one-day-old spatial memory, and
381  the disruption was still observed at a remote time point 28 days after training. By contrast, Pan et al.
382  (2020) reported that myrf knockout mice trained in contextual fear conditioning (CFC) had intact recent
383  memory recall at 1 day after training but impaired remote memories at 28 days after training. We found
384  that global and ACC-targeted knockout of myrf in mice as well as ACC-specific ODN-mediated
385  knockdown of MYRF in rats impaired recent memories, tested at one day after IA training. The
386  impairments persisted in both rats and mice tested up to 28 days after training, leading us to conclude that
387 MYRF-dependent oligodendrogenesis is rapidly upregulated and engaged following learning to
388  selectively support a rapid phase of memory consolidation. It is possible that task-related differences in
389 the kinetics of MYRF requirements exist, and that CFC has a slower cortical recruitment of
390 oligodendrogenesis relative to water maze and 1A tasks. Knowing the role of oligodendrogenesis in
391  specific memory processes and temporal phases of memory provides valuable information for future

392  development of temporally targeted treatments for cognitive symptoms of demyelinating diseases.
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393 Finally, using a chemogenetic approach, we showed that the inhibition of neuronal activity in the
394  ACC prevents learning-induced oligodendrogenesis. This demonstrated that oligodendrogenesis is
395  triggered by neuronal activity and is in agreement with findings indicating that neuronal activity can drive
396  adaptive myelination (Baraban et al., 2016; Mount & Monje, 2017; Noori et al., 2020). We speculate that
397  neurons that are activated during learning engage oligodendrogenesis to produce de novo myelination that
398  support formation and storage of the memory long term. Perhaps the activity-driven oligodendrogenesis
399 reflect the activity-dependent changes in myelin patterning that have been hypothesized to promote
400  coordinated reactivation of neural ensembles regulated by hippocampal-cortical synchronization and
401  believed to underlie the consolidation of hippocampus-dependent memories (Pajevic et al., 2014).

402 In sum, our data support the view that activity-regulated oligodendrogenesis in selected brain
403  regions underlies hippocampus-dependent memory consolidation. We suggest that this induced
404  oligodendrogenesis provides the myelination necessary to support the stabilization process required to
405  store information long-term.

406
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407 Materials and Methods

408  Key resources table:

Reagent type (species) Source or
Designation Identifiers Concentration
or resource reference

Strain, strain
Charles Cat# 2308852,

background (R. Crl:LE Long-Evans
River RRID:RGD_2308852
norvegicus, male)
Strain, strain The
background (M. Jackson
B6, B6J, B6/J
Musculus, male and Laborator
female) y Stock No: 000664
Strain, strain The
background (M. Jackson
Musculus, male and B6.129S- Laborator
female) Pdgfra™-1Cre/ERT2BIN g |y Stock No: 032770
Strain, strain The
background (M. Jackson
Musculus, male and Laborator
female) B6;129-Myrf™®7/] y Stock No: 010607
Qiagen RNeasy Micro
Commercial assay or kit
Kit Qiagen Cat# 74004

Qiagen QuantiTect
Commercial assay or kit
Rev. Transcription Kit | Qiagen Cat# 205311

Bio-Rad iQ SYBR
Commercial assay or kit

Green Supermix Bio-Rad Cat# 1708880
Bradford protein assay

Commercial assay or kit Bio-Rad Cat# 5000201
kit

18


https://doi.org/10.1101/2021.12.10.472135
http://creativecommons.org/licenses/by/4.0/

available under aCC-BY 4.0 International license.

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.10.472135; this version posted December 10, 2021. 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

Millipore WAB: 1:1000;
antibody Anti-Olig2 company | Cat# MABN50 IHC: 1:1000
Millipore WAB: 1:500;
antibody Anti-MBP company | Cat# SKB3-05-675 IHC: 1:1000
Millipore
antibody Anti-Caspr company | Cat# MABNG69 WAB: 1:2000
Cell
antibody Anti-MAG Signaling | Cat# 9043S WAB: 1:1000
Millipore
antibody anti-Olig2 company | Cat# AB9610 IHC: 1:1000
Calbioche
antibody anti-CC1 m Cat# OP80 IHC 1:500
Cell
antibody anti-Pdgfra signaling | Cat# 3461S IHC: 1:1000
Thermo
Commercial assay or kit | Click-iT™ Plus EdU Fisher
Cell Proliferation Kit Scientific | Cat# C20086
Chemical compound, 5-ethynyl-2'-
drug deoxyuridine Biosynth | Cat# 087011802 80mg/kg
DAPI (4',6-Diamidino- | Life
Chemical compound,
2-Phenylindole, technologi
drug
Dihydrochloride) es Cat# CD1306 1:10,000
Alexa Fluor® 647 Goat
antibody Anti-Mouse 1gG (H+L) | Invitrogen | Cat# A21236 IF: 1:800
Alexa Fluor® 488 Goat
antibody anti-Rabbit 1gG (H+L) | Invitrogen | Cat# A11034 IF: 1:800
antibody Alexa Fluor & reg; 568 | Invitrogen | Cat# A11036 IF: 1:800
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goat anti-rabbit 1gG

(H+L)
AAV-PHP.B
Vector capsid; titer:

Genetic reagent pAAV-MBP-CreER™ | Biolabs Cat# VB1545 10x13 GC/ul

AAV-hSyn-hM4D(Gi)- titer; 7x1012
Genetic reagent mCherry Addgene | Cat# 50475-AAV8 vg/mL;
Chemical compound,
drug compound 21 Hello Bio | Cat#: HB6124 1ma/kg
Chemical compound, Sigma-
drug Tamoxifen Aldrich Cat# T5648 200mg/kg

LI-COR
Cat# 926-68050,
Antibody IRDye 680LT Bioscienc WB (1:10000)
RRID:AB_2783642

es
LI-COR
IRDye 800CW (goat Cat# 926-32211,
Antibody Bioscienc WB (1:10000)
anti-rabbit) RRID:AB_621843
es
Santa
Cruz Cat# sc-47778 HRP,
Antibody anti-p-actin WB (1:20000)
Biotechno | RRID:AB 2714189
logy
https://www.adobe.com/pr
Software, algorithm Adobe Illustrator C6 Adobe
oducts/illustrator.html
Software, algorithm R http://cran.r-project.org/

LI-COR https://www.licor.com/bio/
Software, algorithm Image Studio Lite Bioscienc | products/software/image s

es tudio_lite/

409
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410 Rats

411 All animal procedures complied with the US National Institute of Health Guide for the Care and
412  Use of Laboratory Animals and were approved by the New York University Animal Care Committees.
413  Adult male Long—Evans (Charles Rivers, Wilmington, MA) rats weighing between 200 and 250 g were
414  used. Animals were individually housed and maintained on a 12-h light/dark cycle. Experiments were
415  performed during the light cycle. All rats were pair-housed and allowed ad libitum access to food and
416  water and were handled for 3 minutes per day for 5 days before behavioral procedures. For all
417  experiments, rats were randomly assigned to different groups. All protocols complied with the National
418  Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the
419  Institutional Animal Care and Use Committee at New York University.

420

421  Mice

422 Male and female Pdgfra-CreER™-Myrf floxed (P-Myrf) mice were obtained by crossing Pdgfra-
423 CreER™ (The Jackson Laboratory, Bar Harbor, ME; B6.129S-Pdgfra™**/ERT2BI/3. Stock No: 032770),
424  and Myrf floxed mice (The Jackson Laboratory, Bar Harbor, ME; B6;129-Myrf™®2"/J: Stock No:
425  010607). Breeding was designed to produce P-Myrf™, P-Myrf"™* p-Myrf®/1o% Myrf™  Myrflod*
426  Myrf"™™™* male and female littermates. Mice were bred in the animal facilities at New York University
427  under a 12 h/12 h light/dark cycle (light on at 07.00 a.m.) with food and water ad libitum. After weaning,
428  mice were group-housed (two to four per cage) in transparent plastic cages (31 x 17 x 14 cm) with free
429  access to food and water. For inducing Cre-mediated knockout, all P-Myrf groups were administered 4
430  intraperitoneal (i.p.) injections of tamoxifen (TAM, Sigma-Aldrich St Louis, MO; Cat# T5648) dissolved
431 in corn oil every other day at a dosage of 0.2g/kg of mouse. Mice were handled for 3 min per day for 5
432  days before behavioral procedures. For oligodendrogenesis experiments, c57/BL6 8-10-week males were
433 used.

434 All mice were 8-10 weeks old at the start of behavioral assays. For all experiments, mice were

435  randomly assigned to different groups. All protocols complied with the National Institutes of Health
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436  Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
437  and Use Committee at New York University.

438

439  Inhibitory Avoidance

440 The paradigm employed a chamber (Med Associates Inc., St. Albans, VVT), which consisted of a
441  rectangular Perspex box divided into a white light illuminated compartment and a dark black shock
442  compartment (each 20.3 cm x 15.9 cm x 21.3 cm) separated by a door. The chamber was located in a
443  sound-attenuated, red light illuminated room. During training and re-training sessions, the animal was
444  placed in the lit compartment with its head facing away from the door. After 10 seconds (s) for rats and
445  30s for mice, the door automatically opened, allowing the animal access to the dark compartment. The
446  door closed when the animal entered the dark compartment with all four limbs, and a foot shock (2,
447  0.9mA in rats and 0.7mA in mice) was administered. The animal was removed from the dark
448  compartment (10 s after the shock for rats and immediately after for mice) and returned to its home cage.
449  Memory tests were performed at designated time points by placing the animal back in the lit compartment
450  and measuring their latency to enter the dark compartment. Foot shocks were not administered during
451  memory testing, and testing was terminated at 900s. Reminder foot shocks (R.S.), with identical duration
452  and intensity to those used in training (i.e., 2's, 0.9 mA), were administered in a novel, neutral chamber
453  with transparent walls in a different experimental room. The animal was placed into the neutral chamber
454  for 10s before receiving a single R.S. The animal was removed from the chamber immediately after the
455  R.S. and returned to its home cage.

456 Control groups consisted of 1) untrained (U.T.) animals which were handled like the
457  experimental but, instead of undergoing training, remained in their home cage, and 2) unpaired (UP)
458  animals, which underwent the I.A. box exposure procedure without receiving a shock and, one hour later,
459  given a foot shock immediately after being placed on the grid of the dark chamber and then immediately
460  returned to the home cage.

461
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462  Real-time quantitative PCR (RT-qPCR)

463 The bilateral dorsal hippocampus or ACC was dissected into TRIzol (Invitrogen, Waltham, MA).
464  Total RNA was extracted from each animal sample using RNeasy Micro Kit (Qiagen, New Delhi, India,
465  cat# 74004) and reverse-transcribed using Qiagen QuantiTect Rev. Transcription Kit (Cat# 205311). RT-
466  PCR was done using a BioRad CFX96 Touch Real-Time PCR machine. Twenty ng of the first-strand
467 cDNA was subjected to PCR amplification using Bio-Rad iQ SYBR Green Supermix (Bio-Rad
468  Laboratories, Hercules, CA; Cat# 1708880). Forty cycles of PCR amplification were performed:
469  denaturing at check cycle 95°C for 15 s, annealing at 60°C for 30 s, and extension for 20 s at 72°C.
470  Triplicates were performed for each cDNA sample. Delta-delta CT method was used to determine the
471  relative quantification of gene expression in trained and unpaired groups compared to untrained animals.
472 Primer sequences used: Mbp (Forward, 5 GGCAAGGACTCACACACAAGAA 3'; Reverse, 5'
473  CTTGGGTCCTCTGCGACTTC 3'), Plpl (Forward, 5" GCCAGAATGTATGGTGTTC 3'; Reverse, 5’
474 CAGCAATCATGAAGGTGAG 3'), Myrf (Forward, 5" CCACATCAGCAGAACAAGTG 3'; Reverse, 5'
475  ACACGATAGGTGAGCATAGG 3'), Mag (Forward, 5 CTGTGGTCGCCTTTG 3'; Reverse, 5'
476  GCTCTCAGTGACAATCC 3'), Olig2 (Forward, 5" CACGTCTTCCACCAAGAAAG 3'; Reverse, 5'
477  GTCCATGGCGATGTTGAG 3'), Enpp6 (Forward, 5 TGTGAGGTCCACCAGATG 3'; Reverse, 5’
478 CCCGATGTCGAATGACTTG 3"), Erbb3 (Forward, 5" CTGGCGTCTTTGGAACTG 3'; Reverse, 5’
479  GCAGACTGGAATCTTGATGG 3'), Arc (Forward, 5" CCCTGCAGCCCAAGTTCAAG 3'; Reverse, 5’
480 GAAGGCTCAGCTGCCTGCTC 3'). Ergl (Forward, 5" ACCTACCAGTCCCAACTCATC 3'; Reverse,
481 5" GACTCAACAGGGCAAGCATAC 3'). Cfos (Forward, 5 ATCCTTGGAGCCAGTCAAGA 3';
482  Reverse, 5 ATGATGCCGGAAACAAGAAG 3 and Gapdh (Forward,
483  5S'GAACATCATCCCTGCATCCA 3'; Reverse S’CCAGTGAGCTTCCCGTTCA 3') was used as an
484 internal control.

485

486  Western Blot Analysis
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487 Rats were euthanized, and their brains were quickly removed and snap-frozen with pre-chilled
488  2-methyl butane on dry ice. Dorsal hippocampal and ACC punches were obtained with a neuro punch (19
489  gauge; Fine Science Tools, Foster City, CA) from frozen brains mounted on a cryostat at -20°C and
490  isolated the bilateral regions per animal (individual animal sample). Individual animal samples were
491 homogenized in ice-cold RIPA buffer (50 mM Tris base, 150 mM NaCl, 0.1% SDS, 0.5% Na-
492  deoxycholate, 1% NP-40) with protease and phosphatase inhibitors (0.5 mM PMSF, 2 mM DTT, 1 mM
493 EGTA, 2mM NaF, 1 uM microcystin, 1 mM benzamidine, 1 mM sodium orthovanadate, and Sigma-
494  Aldrich protease and phosphatase inhibitor cocktails). Protein concentrations were determined using the
495  Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of total protein
496  extract per sample (20 pg) were resolved on denaturing SDS-PAGE gels and transferred to the
497  Immobilon-FL Transfer membrane (Bio-Rad Laboratories, Hercules, CA, USA) by electroblotting.
498 Membranes were dried, reactivated in methanol, washed with water, and then blocked in the Biorad
499  blocking buffer for 2 h at room temperature. The membranes were then incubated with primary antibody
500 overnight at 4°C in the buffer recommended by the antibody manufacturer. The membranes were then
501 washed with TBS containing 0.2% Tween-20 (TBST) and incubated with species-appropriate
502  fluorescently conjugated secondary antibody goat anti-mouse IRDye 680LT (1:10,000) or goat anti-rabbit
503 IR Dye 800CW (1:10,000) from LI-COR Bioscience (Lincoln, NE, USA)] for 2 h at room temperature.
504  Membranes were again washed in TBST and finally scanned to detect immunoreactivities using the
505  Odyssey Infrared Imaging System (Li-Cor Bioscience). Data were quantified using pixel intensities with
506  the Odyssey software (Li-Cor) according to the manufacturer's protocols. The following antibodies were
507 used at the indicated dilutions: Anti-Olig2 (1:1000, MilliporeSigma, Burlington, MAcat# MABN50),
508  Anti-MBP (1:500, MilliporeSigma, Burlington, MA,; cat# SKB3-05-675), Anti-Caspr (1:2,000,
509  MilliporeSigma, Burlington, MA,; cat# MABNG69), and Anti-MAG (1:1,000, Cell signaling, Danvers MA;
510 cat# 9043S). Anti-p-Actin (1:20,000, Santa Cruz Biotechnology, Dallas, TX, USA; cat# sc-47778) was
511  used as a loading control for all blots.

512
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513  Immunofluorescent staining

514 Mice were anesthetized with an intraperitoneal (i.p.) injection of 750 mg/kg chloral hydrate and
515  transcardially perfused with 4% paraformaldehyde in PBS pH 7.4. Their brains were post-fixed in PBS
516  pH 7.4 overnight at 4°C, followed by PBS pH 7.4 with 30% sucrose for 72 h. 20 um coronal brain
517  sections were collected by cryosection for free-floating immunofluorescent staining. The sections were
518  then incubated with the blocking solution (PBS pH 7.4 with 0.4% Triton X-100, 5% normal goat serum,
519 1% bovine serum albumin) for 2 h at room temperature, followed by incubation with the primary
520  antibody. Primary antibodies: rabbit anti-Olig2 antibody (1:1000, EMD MilliporeSigma, Burlington, MA;
521  Cat# AB9610), mouse anti-Olig2 antibody (1:1000, EMD MilliporeSigma, Cat# MABN50), mouse anti-
522 CC1 antibody (1:500, Calbiochem, cat# OP80), mouse anti MBP Antibody (1:1000, EMD
523  MilliporeSigma , Cat# 06-675) or anti-Pdgfro. antibody (1:1000, Cell signaling, Danvers MA, cat#
524  3461S). Sections were incubated with primary antibodies diluted in the blocking solution for 48 h at 4°C.
525  Subsequently, the brain sections were washed in PBS 0.4% Triton three times and then incubated with
526  goat anti-rabbit or goat anti-mouse Alexa Fluor-568, Alexa Fluor-488, or Alexa Fluor-647 secondary
527  antibodies (1:800, Invitrogen, Waltham, MA) for 2 h at room temperature. 5-ethynyl-2'-deoxyuridine
528  (EdU) was incubated using Click-iT™ Plus EdU Cell Proliferation Kit (Thermo Fisher Scientific) after
529  DAPI staining. Sections were mounted with Prolong Diamond antifade mountant (Invitrogen, Waltham,
530 MA). Three sections, representing rostral, medial, and caudal ACC (+.98mm, +.5mm, and -.10mm
531  bregma), and hippocampus (-1.3mm, -1.8mm, and -2.5mm bregma) were analyzed for each set of
532  staining. One image per hemisphere per bregma section for each animal was captured by a Leica TCS
533  SP5 confocal microscope (Leica, Wetzlar, Germany) at 20x. Quantification was performed using the
534  ImageJ software (U.S. National Institutes of Health) blinded to the experimental conditions using
535  automated custom macro programs. For 5-ethynyl-2'-deoxyuridine (EdU) quantification, mice were
536 injected intraperitoneally with EAU (80mg/kg) dissolved in 7.4 PH phosphate-buffered saline. To stain for
537  EdU we used Click-iT™ Plus EdU Cell Proliferation Kit (Thermo Fisher Scientific) after DAPI staining

538 on brain sections.
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539

540 Rat cannula implants and injections

541 Rats were anesthetized with ketamine (75 mg/kg) mixed with xylazine (10 mg/kg), and stainless-
542  steel guide cannulas (C313G-SPC; 26-gauge P1 Technologies, Roanoke, VA) were implanted bilaterally
543  using a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) through holes drilled in the overlying
544  skull to target the ACC (0.2 mm anterior, 0.5 mm lateral, -1.3 mm ventral from bregma). The
545  guide cannulas were fixed to the skull with dental cement. Rats were administered meloxicam (3 mg/kg,
546  subcutaneous) and let recover for at least 14 days before undergoing behavioral experiments. The
547  injections were conducted using a 33-gauge needle, extending 1.5mm beyond the tip of the
548  guide cannulas, and connected via a polyethylene tubing (PE50) to a 1 ul Hamilton (Reno, NV) syringe
549  controlled by an infusion pump (Harvard Apparatus. Holliston, MA) 2 nmol of antisense
550 oligodeoxynucleotides (AS-ODN) or the relative scrambled sequence (SCR-ODN) were delivered per
551  brain hemisphere in 0.5 ul of PBS (pH 7.4) at a rate of 0.333 ul/min. Sequences were as follows: Myrf AS
552  5-GGTCTCGTCCACCACCTCCAT-3'; Myrf SCR 5'-CCATCTTCCGACGTTCGACCC-3'. The SCR-
553  ODN, which served as control, contained the same relative AS-ODN base composition but in random
554  order and showed no homology to any mammalian sequence in the GenBank database, as confirmed
555  using a basic local alignment search tool (BLAST). All ODNs were phosphorothioated on the three-
556  terminal bases at each end to protect against nuclease degradation. ODNs were synthesized, reverse-phase
557  cartridges purified, and purchased from Gene Link (Hawthorne, NY). Rats were euthanized at the end of
558  the behavioral experiments to confirm cannula and injection placement. Toward this end, 40 um coronal
559  sections were sliced following fixation of the brains in 10% formalin; then, the sections were examined
560 under a light microscope to verify cannula placement. Rats with incorrect placement were excluded from
561  the study.

562

563  Object location memory
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564 Mice were habituated, trained, and tested in a square, open field (29 x 29 x 18 cm) with white
565  Plexiglas walls and floor measured at 12.5 (£2.5) lux in the center of a dim room. Visual cues were
566  provided within the box and on the walls of the room. Behavior was recorded with a video camera
567  positioned above the arena. Mice were first habituated to the arena for 10 minutes for 3 consecutive days
568  Dbefore the training. Twenty-four hours after the last habituation session, each animal was returned to the
569  arena for its training session. Training consisted of exposing the mice to two identical objects constructed
570 from Mega Bloks (Montreal, Canada) secured to the floor of the arena. Object sizes were no taller than
571  twice the size of the mice. Mice were initially placed facing a corner, away from the objects, and were
572  allowed to explore the arena and objects for 10 min. 4 hours after training; each animal was tested in the
573  arena. During testing, one object remained in the same location as during training, whereas the second
574  object had been moved to a novel location. Animals were placed in the arena facing the same direction as
575  during training and were allowed to explore for 10 min. The placement of the object in the novel location
576  was counterbalanced between subjects. The arena and objects were cleaned between sessions. Video files
577  were coded and scrambled. The experimenter was blind to treatment and scored the total time the mice
578  spent actively exploring each object in each session. Active exploration was defined as the mice pawing
579 at, sniffing, or whisking with their snout directed at the object from a distance of less than ~1 c¢cm. Sitting
580 on or next to an object was not counted as active exploration. Mice with less than 10s total exploration
581  time were excluded. If mice explored more than 15s, the exploration percentage was taken at 15s of total
582  exploration time. Memory was measured as the percentage of time spent exploring the object in the novel
583  location compared with the stationary object.

584

585  Open field

586 Mice were allowed to freely explore an open-field arena illuminated at 195 lux. (43.2 cm x 43.2
587 cm x 30.5 cm (Med Associates Inc., St. Albans, VTENV-515) for 10 min. The open field was designated

588 into 2 sections: center box and outer border. Percentage time spent in the center and average velocity and
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589  total distance were quantified. Activity was analyzed with Ethovision-XT (Noldus Information
590  Technology).

591

592  Mouse viral injections and C21 administration

593 Mice were anesthetized with isoflurane. The skull was exposed, and holes were drilled in the
594  skull bilaterally above the ACC or dHC. A Hamilton (Reno, NV) syringe with a 33 gauge needle,
595  mounted onto a nanopump (K.D. Scientific, Holliston, MA), 0.2ul microliters of the virus was injected
596  per mouse bilaterally into the ACC (+ 0.5mm anterior to bregma, = 0.3 lateral of bregma, -2 dorsal of
597  skull surface) or 1ul per mouse bilaterally into the dorsal hippocampus (+1.7mm anterior to bregma +1.5
598 lateral of bregma -1.75 dorsal of skull surface) at a rate of 0.2uL/min. The injection needle was left in
599  place for 5 min following injection to allow complete dispersion of the solution and then the scalp was
600  sutured. Meloxicam (3 mg/kg) was used as an analgesic treatment after surgeries, and mice were allowed
601  to recover for 14 days before training.

602 The pAAV-MBP-CreER"™ virus (titer: 10x13 GC/ul) was packaged into AAV-PHP.B capsid and
603  purchased from Vector Biolabs (Malvern, PA, cat# VB1545). The AAV-hSyn-hM4D(Gi)-mCherry (cat#
604  VB1545) was purchased from add gene (titer: 7x10%2 vg/mL; cat# 50475-AAV8). C21 (HB6124, Hello
605  Bio, Princeton, NJ) was dissolved in PBS pH7.4 and injected at 1mg/kg 60 min before training. After
606  behavioral experiments, mice were anesthetized with an i.p. injection of 750 mg/kg chloral hydrate and
607  transcardially perfused with 4% paraformaldehyde in PBS pH 7.4. Their brains were post-fixed in this
608  solution overnight at 4°C, followed by PBS pH7.4 with 30% sucrose for 72 h. 30 um brain sections were
609  collected by cryosection for free-floating immunofluorescent staining.

610

611  Statistical analyses

612 Data were statistically analyzed using Prism software. The student's t-test was used to compare
613  statistical differences between two experimental groups. When more than two groups were compared,

614  data were analyzed with one- or two-way repeated-measure ANOVA followed by Bonferroni post hoc
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615  test. All values represent the mean + standard error of the mean (SEM). The experimental n, the statistical
616  test used, and the statistical significance are indicated in figure legends. The Excel-based PCR Array Data
617  Analysis was used to analyze the qPCR results. The number of independent experiments carried out and
618  the numbers of biological replicates [i.e., animals (n)] are indicated in each figure legend. No statistical
619  method was used to predetermine sample size. The numbers of subjects used in our experiments were the
620  minimum required to obtain statistical significance, based on our experience with the behavioral paradigm
621  and in agreement with standard literature.
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829  Figure Legends
830

831  Figure. 1 Learning rapidly induces oligodendrocyte-specific mRNAs and proteins. (A) Schematic
832  representation showing the experimental design: rats underwent 1A training and were euthanized at 1 hour
833 (1H), 1 day (1D), or 7 days (7D) after training and assessed with RT-qPCR. (B) RT-gPCR of arc
834  performed in ACC extracts from untrained (UT) and trained rats euthanized at the timepoints indicated in
835 A. (C) ACC and (D) dHC RT-gPCR analyses of the oligodendrocyte differentiation and myelin
836  biogenesis genes olig2, myrf, enpp6, mbp, mag and plpl. Data are expressed as mean percentage + s.e.m.
837  of the untrained group (UT). Unpaired (UP) controls were added in groups where significant upregulation
838  of oligodendrocyte genes were found. N = 4-12 per group; one-way ANOVA followed by Dunnett's
839  multiple comparison test; 2 independent experiments. (E-H) Examples and densitometric western blot
840  analyses of MBP, MAG, CASPR, and OLIG2 obtained from ACC total extracts from trained rats
841  euthanized at time points mentioned in A, compared to respective age-matched UT controls. UP controls
842  were included at the one-day post training timepoint. Data presented as mean percentage = s.e.m. of
843  untrained rats (n = 4-12 rats per group; two-tailed t-test; full Blot images can be found in Source Data file
844  2). (1) Examples of immunofluorescent staining of OLIG2 in the ACC of rats euthanized 1D after 1A

845  compared to UT control. Cumulative distribution of OLIG2 intensity measured from nuclei of ACC from
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846  UT and trained rats perfused 1 day (1D) after training (n = 1678 and 1410 cell across four rats in UT and
847 1D groups respectively; two-tailed t-test; P<0.001). Mean values + s.e.m. of the total number of OLIG2+
848  cells—data presented as positive cells per mm?. Each dot represents the quantification of one image taken
849  from the ACC. 4-6 images were taken per rat per side on a total of 4 rats [UT (n = 23) and Trained1D
850  (n=20)]; two-tailed t-test; * indicates p<0.05, ** indicates p<0.01*** indicates p<0.001. For detailed
851  statistical information, see Table 1-Source Datal.

852

853  Figure 2. Learning increases oligodendrogenesis in the ACC but not the dHC. Mice were injected
854  with 5-ethynyl-2’-deoxyuridine (EdU), trained in 1A, and perfused one day after training. (A)

855  Representative immunohistochemical staining and relative quantifications for (upper panel) doubly

856  stained EdU and Pdgfra cells and (lower panel) and triple staining of EdU, Olig2 and CCL1 to quantify
857  OPC proliferation and differentiation, respectively. For each mouse, (A) ACC, (B) dHC, including CAL,
858 CAZ2, CA3, and DG regions. Three coronal sections were quantified and averaged. In each coronal section
859 the entire ACC and dHC were quantified bilaterally. Each dot in the graphs represents the average values
860  of the three coronal section of each mouse. Data are presented as mean percentage * s.e.m. of positive cell
861  number relative to Dapi+ nuclei (scale bars: 40 um; n =4 mice per group, two-tailed t-test; *indicates P <
862  0.05). For detailed statistical information, see supplementary Table 2-Source Datal.

863

864  Figure 3. Global knockout of myrf results in long-term memory impairment. P-Myrf™ (n = 3) and
865  P-Myrf"™\1* (n = 5) littermates received one injection of tamoxifen (TAM) every other day for four
866  times. Seven days after the last injection the mice underwent IA training. EAU was administered
867  immediately before training and the mice were perfused one day after training. (A) Representative images
868  and quantifications of ACC triple immunostaining (scale bar:40 um) of EdU, Olig2 and CC1. For each
869  mouse, three coronal sections were quantified and averaged. In each coronal section the entire ACC was
870  quantified bilaterally. Each dot represents the average of the three coronal section of each mouse. Data are

871  presented as mean percentage * s.e.m. of positive cell number relative to Dapi+ nuclei (scale bars: 40
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872  um;, two-tailed t-test;). (B, C) P-Myrf™ and P-Myrf"\"°* |ittermates were injected with TAM every
873  other day for four injections terminating seven days before training. Mice were trained in 1A and either
874  tested at (B) 1, 7- and 28-days post-training (n = 10,11 per P-Myrf"™ and P-Myrf"™* per respectively)
875  or (C) only at 28 days post-training (n = 13,6 per P-Myrf™* and P-Myrf™\"°* groups respectively). (D) P-
876  Myrf"™ (n= 9) and P-Myrf"™* (n= 8) littermates were trained and received tamoxifen injections
877  starting 14 days after training and terminating seven days before testing, which occurred at 28D, 36D, and
878 56D post-training. Data are represented as mean latency + s.e.m. (In seconds, s) (two-way ANOVA
879  followed by Bonferroni post hoc test). (E) P-Myrf"™ (n = 12) and P-Myrf"™\"° (n = 8) littermates were
880 injected four times with tamoxifen once every other day. Seven days after the last injection the mice
881  underwent novel object location training and were tested 4 hours later (two-way ANOVA followed by
882  Bonferroni post hoc test). (F) Open field test expressed as mean xs.e.m. of (i) percent time spent in the
883  center of the arena, (ii) total distance, and (iii) mean velocity exploring the arena. (n = 9,12 mice per P-
884  Myrf™™ and P-Myrf"™1° groups respectively, two-tailed t-test; * indicates p<0.05, ** indicates p<0.01,
885  ***indicates p<0.001). For detailed statistical information, see Table 3-Source Datal.

886

887  Fig 4. Antisense-mediated MYRF knockdown in the ACC impairs memory consolidation. (A) Rats
888  were bilaterally injected in the ACC with either scrambled (SCR, n = 7) or antisense oligonucleotides
889  against Myrf (ASO, n = 6) 15 minutes before training and euthanized one hour (1H) later for RT-gPCR
890  analysis of myrf mRNA levels. (B) Immunohistochemistry representative images and quantification of
891  MBP. Rats were bilaterally injected with either SCR (n = 6) or AS (n = 4) 15 minutes before and 6 hours
892  after training and perfused one day after training for immunohistochemistry against MBP (scale bars: 160
893 um). (C, D, E) Mean latency of rats in which ACC (C, D) and dHC (E) were bilaterally injected with
894  either scramble sequences or myrf antisense oligonucleotides. (C) Injections were given 15 minutes
895  before training and rats were tested at one hour post-training (n = 6 per group) or (D) injections were
896  given 15 minutes before and 6 hours after training and rats were tested one day, and 28 days after training

897  (n=7 per group). Rats received a reminder shock (RS) after the last testing, followed by another retention
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898  test a day later (RS test). On day later the rats underwent re-training (RT), and memory retention was
899  tested a day later (RT test). (E) Injections were given 15 minutes before and 6 hours after training and rats
900  were tested one day and 28 days after training (n = 6 per group). Data are presented as mean latency *
901  s.e.m. to enter the dark chamber (in seconds, s; two-way ANOVA followed by Bonferroni post hoc test; *
902 indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001). For detailed statistical information, see
903  table 4-source datal.

904

905  Fig 5. Myrf knockout in the mouse ACC impairs memory formation. (A) Experimental design: AAV-
906 MBP-CreER™ was injected bilaterally into the ACC of Myrf™ (n = 3) and Myrf"™* mjce (n =5).
907  Fourteen days following viral injection, mice were injected intraperitoneally (i.p.) with tamoxifen (TAM)
908  every other day for 4 times, terminating seven days before the training. Mice were then injected i.p. with
909 EdU, immediately after 1A training and perfused for immunohistochemistry one day after training. (B)
910  Diffusion of injection shown by Chicago sky blue diffusion targeted mainly the ACC (right panel). Left
911 panel image adapted from mouse brain atlas (scale bar: 200 pm). (C) Representative
912  immunohistochemical staining (scale bar: 40 um) and quantification of ACC triple immunostaining of
913  EdU, Olig2 and CCL1. For each mouse, three coronal sections were quantified and averaged. In each
914  coronal section the entire ACC was quantified bilaterally. Each dot represents the average of the three
915  coronal sections of each mouse. Data are presented as mean percentage + s.e.m. of positive cell number
916 relative to Dapi+ nuclei in the ACC (two-tailed t-test). (D, E, F) mean latency to enter the dark chamber
917  (inseconds, s). (D) AAV-MBP-CreERT2 was injected bilaterally into the ACC of Myrf™, and Myrf"™\flox
918  mice. Fourteen days following viral injection, mice were received 4 injections of (TAM) (once every
919  other day) and seven days later they underwent IA training and were tested at one hour (1H) after training
920  to test short-term memory (n = 7 per group). (E) The mice underwent the same protocol described in D
921  but were tested at one day (1D) and seven days (7D) after training to assess for long-term memory (n =
922 7,11 per Myrf"™, and Myrf™™° groups respectively). Data are represented as mean latency + s.e.m. two-

923  way ANOVA followed by Bonferroni post hoc test. (F) AAV-MBP-CreER™ was injected bilaterally into
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924  the dHC of Myrf™ (n = 6) and Myrf"™"* mice (n = 7). Fourteen days following viral injection, the mice
925  received the 4 times TAM protocol and 7 days later were trained in IA. They were then tested at 1D and
926 7D after training. Data are represented as mean latency +s.e.m. (in seconds, s; two-way ANOVA followed
927 by Bonferroni post hoc test, * Indicates p<0.05, *** indicates p<0.001). For detailed statistical
928 information, see table 5-source datal.

929

930 Fig 6. Neuronal activity inhibition during learning impairs learning-induced oligodendrogenesis
931 and long-term memory formation. (A) ACC targeting of viral injections. Upper panel: AAV-hSyn-
932 hM4D(Gi)-mCherry was injected stereotactically targeting the ACC of mice; the infection targeted
933  largely the ACC as shown by the mCherry expression. Lower panel; image adapted from mouse brain
934  atlas (scale bar: 200 um). (B) Experimental and mean latency of mice injected with either C21 or Vehicle
935 (n= 7 per group) fourteen days following viral injection, at one hour before training. The mice were
936 tested one day (1D) following training. Data are represented as mean latency + s.e.m. to enter the dark
937  chamber (in seconds, s; two-tailed t-test; * Indicates p<0.05). (C) ACC oligodendrogenesis assessed by
938  double staining of EAU and Olig2 in mice injected with AAV-hSyn-hM4D(Gi)-mCherry and two weeks
939 later injected i.p. with Veh or C21 one hour before training. Left: high magnification representative image
940  (scale bar: 40 um) and Right: quantification of ACC double staining. For each mouse, three coronal
941  sections were quantified and averaged. In each coronal section the entire ACC was quantified bilaterally.
942  Each dot represents the average of the three coronal sections of each mouse. Data are presented as mean
943  percentage *+ s.e.m. number of double positive cells relative to Dapi+ nuclei in the ACC (n = 3 mice per
944  group, two-tailed t-test; * Indicates p<0.05). For detailed statistical information, see table 6-source datal.
945

946  Supplementary data Figure 1. (A) quantifications of EdU, Olig2 and CC1 triple staining in the dHC
947  subregions CAl, CA2, CA3, and DG. Three coronal sections were quantified and averaged. In each
948  coronal section the entire CAl, CA2, CA3, or DG were quantified bilaterally. Each dot in the graphs

949  represents the average values of the three coronal section of each mouse. Data are presented as mean
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percentage £ s.e.m. of positive cell number relative to Dapi+ nuclei (n = 4 mice per group, two-tailed t-

test). For detailed statistical information, see table 2-source datal.
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