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Figure 8. H2be is regulated by activity. (A,B) Effects of unilateral naris occlusion (UNO) on H2BE level in the MOE. (A) Representative images of 
FLAG-H2BE and Olfr733 colocalization (boxed regions magnified, right; Olfr733+ neurons, arrowheads). (B) Distributions (main) and averages (inset) of 
H2BE level within nuclei of randomly-sampled (main; inset, left; n = 200) or Olfr733+ (inset, right; n = 10) neurons on the two sides of the MOE. (C) Effects 
Figure 8. Continued on next page
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of UNO on intrinsic GAP43-mCherry fluorescence in glomeruli (arrowheads) within the OB of an H2be-KO heterozygous mouse. Reduced tyrosine 
hydroxylase (TH; a marker of olfactory activity) staining on the closed side indicates completeness of naris closure. (D–F) Effects of odor exposure on 
H2BE level in olfactory neurons. Representative images (D) and quantification (E, left) of FLAG-H2BE in Olfr2+ neurons (D, arrowheads) exposed to odors 
or mineral oil (no odor). (E, right) Quantification of FLAG-H2BE in Olfr653+ neurons (chosen randomly as a negative control) exposed to odors or mineral 
oil (no odor). (F) Average H2BE level within neurons expressing odor-stimulated or control ORs (n = 20–60). (G,H) Representative image (G; boxed 
region magnified, right) and quantification (H) of the relationship between GAP43-mCherry and tyrosine hydroxylase intensities within glomeruli of an 
H2be-KO heterozygous mouse. Red line, best fit. *p<0.05; **p<0.01; ****p<0.0001. Mouse ages: (A) and (C), 4 weeks; (D), 8 weeks; (G), 10 weeks. 
Scale bars for (A) and (D), 20 µm; (C) and (G), 100 µm.
DOI: 10.7554/eLife.00070.012
The following figure supplements are available for figure 8.

Figure supplement 1. Distribution of relative H2BE levels within neurons expressing Olfr73, Olfr958, Olfr16, and Olfr167 for odor-exposed and control 
littermates. Stimulating odors are indicated, except for Olfr167, which serves as a negative control.
DOI: 10.7554/eLife.00070.013

Figure 8. Continued

low levels of H2BE and are relatively long-lived. This model predicts that OR expression frequencies 
should change with age and experience and lead to the gradual enrichment of active olfactory 
neurons at the expense of inactive neurons in the MOE. Consistent with this prediction and previ-
ous reports of age-dependent changes in OR expression (Lee et al., 2009; Rimbault et al., 2009; 
Rodriguez-Gil et al., 2010), we found that 65% of all ORs are significantly altered in their expres-
sion from 5 weeks to 6 months of age in WT mice (FDR-adjusted p<0.05; not shown). Future 
experiments will determine the physiological significance of the ORs displaying age-dependent 
altered expression.

H2BE is widely distributed on genomic DNA
To further investigate H2BE’s function at the molecular level, we first sought confirmation that trans-
genic FLAG-H2BE protein, a tool critical for these studies, is normally integrated into chromatin. 
Fractionation of unfixed MOE cell nuclei from Flag-H2be and H2be-GF transgenic mice showed that 
FLAG-H2BE is present at barely detectable levels in soluble nucleoplasm and is instead almost entirely 
chromatin-bound (Figure 13A). Moreover, mass spectrometric analysis of proteins associated with 
FLAG-H2BE mononucleosomes from Flag-H2be MOE tissue identified numerous chromatin-associated 
proteins, including several canonical and variant histones (Figure 13B). Finally, chromatin immunopre-
cipitation (ChIP) using anti-FLAG antibodies yielded large quantities of DNA from Flag-H2be MOE 
tissue (Figure 13C). Together, these results provide strong evidence that FLAG-H2BE is readily inte-
grated into the chromatin of olfactory neurons and support the use of Flag-H2be and H2be-GF mice 
for investigating the molecular function of H2BE.

Using FLAG-H2BE as a molecular surrogate for H2BE, we examined the histone variant’s localiza-
tion on genomic DNA. High-resolution confocal imaging of neuronal nuclei in the MOE of Flag-H2be 
mice revealed that H2BE is not confined to nuclear puncta, but rather is widely distributed through-
out the nucleus (Figure 13D). Analysis of H2BE localization by genome-wide chromatin immunopre-
cipitation (ChIP) in MOE neurons confirmed its wide distribution and revealed a slight enrichment 
near gene promoters, especially in genes highly expressed in mature olfactory neurons (Figure 13E). 
Interestingly, these analyses and subsequent qPCR experiments revealed that the protein-coding 
regions of histone genes are particularly enriched for H2BE, while those of OR and vomeronasal 
receptor (VR) genes are relatively devoid of the variant (Figure 13F–H). Because the ChIP input was 
obtained from a heterogeneous mixture of MOE nuclei and approximately 99.9% of OR alleles and 
all VR alleles are silent in a given olfactory neuron, the latter results may reflect the lower accessibil-
ity of silent OR and VR loci for replacement of canonical H2B by H2BE, perhaps due to the highly 
compacted nature of these loci (Magklara et al., 2011). Together, our results support a model in 
which H2BE replacement of canonical H2B within olfactory chromatin is widespread, but most exten-
sive within transcriptionally active loci.

H2BE and canonical H2B display different post-translational 
modifications
Four of the five amino acid variant positions within H2BE are located near post-translational modifica-
tion (PTM) sites of canonical H2B (Figure 1E), raising the question of whether PTMs may differ between 
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Figure 9. H2BE levels are cAMP-, but not Ca2+-dependent. (A) Representative example of the effects of Adcy3 loss-of-function on H2BE levels in 
newborn (P0) mice. In Adcy3(+/+) mice, Olfr1508+ neurons contain extremely low H2BE levels (left, arrowheads), while in Adcy3(−/−) mice, Olfr1508+ neurons 
frequently contain extremely high levels (right, arrowhead), indicating that cAMP participates in the negative regulation of H2BE. Note: age P0 was 
chosen due to the low postnatal survival rate of Adcy3(−/−) mice. (B) Effects of Cnga2 loss-of-function on H2be expression. Mice in which Cnga2 (an 
X-chromosomal gene necessary for odor-evoked Ca2+ signaling) was replaced with the Tau-LacZ gene (Zhao and Reed, 2001) were crossed with 
H2be-KO mice to generate three-week old Cnga2-KO-Tau-LacZ(+/−)/H2be-KO-Gap43-mCherry(+/−) compound heterozygous females. In these mice, one 
half of new olfactory neurons express TAU-LACZ instead of CNGA2 and project to glomeruli distinct from neurons expressing Cnga2 (Zheng et al., 
2000). Analysis of β-GAL+ (TAU-LACZ) and GAP43-mCherry intensities within glomeruli revealed that Cnga2− neurons (β-GAL+; arrowheads) do not have 
higher levels of GAP43-mCherry than Cnga2+ neurons (β-GAL−), indicating that H2be expression is not negatively regulated by Ca2+ signaling. Scale 
bars for (A), 40 µm; (B), 100 µm.
DOI: 10.7554/eLife.00070.014

the two proteins. We analyzed three relatively well-characterized H2B PTMs: mono-methylation and 
acetylation of lysine 5 (Lys5-Me and Lys5-Ac), which lies close to the H2BE variant residue P3L, and 
ubiquitination of lysine 120 (Lys120-Ub), near the variant residue S124A. Both H2B-Lys5 PTMs have 
been shown to be positively correlated with transcriptional activity, with Lys5-Me and Lys5-Ac enriched 
within transcribed and promoter regions, respectively (Barski et al., 2007; Wang et al., 2008). H2B-
Lys120 ubiquitination, which has also been linked with transcription, appears to play a complex regu-
latory role (Chandrasekharan et al., 2010).

Analysis of H2BE and H2B-Lys5-Me levels in Flag-H2be MOEs revealed a striking inverse correl-
ation between the two staining patterns, such that neurons expressing a high level of H2BE dis-
play conspicuously low H2B-Lys5-Me immunoreactivity, and vice versa (Figure 14A,B). Using an 
ELISA assay, we ruled out the possibility that the polyclonal antibody against H2B-Lys5-Me is 
incompatible with the H2BE sequence (Figure 14C). To determine if there is a causal link between 
the seemingly mutually exclusive expression of H2BE and H2B-Lys5-Me, we examined the preva-
lence of H2B-Lys5-Me in H2be-KO and H2be-GF mice. Remarkably, loss of H2be leads to widespread 

http://dx.doi.org/10.7554/eLife.00070
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Figure 10. Unilateral naris occlusion (UNO) alters gene expression and OR expression frequencies. (A) Gene ontology (biological process) terms 
enriched at the top of a gene list ranked descendingly according to differential expression on the two MOE halves from 5-week old WT mice subjected 
to UNO (21 days), based on microarray analysis (n = 3 samples per MOE side, four animals per sample). (B) Percentage of OR genes with significantly 
differential (FDR-adjusted p<0.05) expression on the two sides of the MOE of WT mice after UNO (21 days; values from microarray data). (C,D) 
Representative images of Olfr1325 (C) and Olfr1336 (D) expression in the MOE after UNO. (E) Representative images of normal FLAG-H2BE levels in 
neurons associated with ORs that are down- (left) or up-regulated (right) in frequency after olfactory deprivation. (F) Relationship between UNO-
mediated OR gene expression differences on the two sides of the MOE (values from microarray data for WT mice subjected to UNO for 21 days) and 
associated FLAG-H2BE levels measured in intact mice. Red line, best fit; ****p<0.0001. Mouse ages: (C) and (D), 5 weeks; (E), 12 weeks. Scale bars for 
(C) and (D), 200 µm; (E), 20 µm.
DOI: 10.7554/eLife.00070.015
Figure 10. Continued on next page

http://dx.doi.org/10.7554/eLife.00070
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The following source data are available for figure 10.

Source data 1. Effects of H2be loss of function on gene expression changes in the main olfactory epithelium (MOE) as a result of activity deprivation 
through unilateral naris occlusion (UNO) in 5-week old mice.
DOI: 10.7554/eLife.00070.016

Figure 10. Continued

H2B-Lys5-Me immunoreactivity in H2be-KO MOEs (Figure 14D), while over-expression of H2BE 
further reduces H2B-Lys5-Me staining in H2BE-positive nuclei (Figure 14E). Western analysis of 
MOE lysates from Flag-H2be mice provided a biochemical confirmation that the Lys5-Me modifi-
cation is absent from the tagged H2BE (Figure 14F). Together, our results suggest that, unlike 
canonical H2B, H2BE does not undergo detectable mono-methylation at Lys5 and that, conse-
quently, replacement of H2B by H2BE causes a direct reduction of the Lys5-Me modification in 
H2BE expressing cells. Interestingly, we observe an increase in the number of H2BE expressing 
neurons, and in H2BE level in individual cells in the MOEs of older animals (Figure 14G–I). This is 
supported by western analysis, which revealed that the overall level of H2BE in the MOE doubles from 
7 weeks to 45 weeks (approximately 10 months) of age (Figure 14J). In addition, we observe that the 
mutual exclusion between H2BE and H2B-Lys5-Me dramatically increases with age (Figure 14G–I), 
indicating the gradual replacement of canonical H2B by H2BE, which proceeds to near-completion in 
a fraction of neurons by 36 weeks (approximately 8.5 months) of age. Further, it suggests that the 
accumulation of H2BE through replacement of canonical H2B proceeds at a faster pace than it’s loss 
through neuronal turnover.

Further analyses revealed that the presence of H2BE causes a similar reduction in the level of 
acetylation at Lys5, indicating that the variant also receives less of this modification compared to 
canonical H2B (not shown). In contrast, H2BE appears to undergo higher levels of ubiquitination at 
Lys120, though analyses of the modification in H2be-KO and H2be-GF mice indicate that the associa-
tion is correlative but not causative (not shown).

Discussion
We have shown here that the activity-dependent replacement of canonical H2B with H2BE, an 
olfactory-specific histone variant, has a direct impact on the gene expression and life span of olfactory 
sensory neurons. These findings uncover a novel mechanism by which the sensory experience of a 
neuron is recorded within its chromatin to affect its transcriptional program and longevity.

The mammalian olfactory epithelium has the unusual property of persistent neuronal self-renewal 
throughout adult life. Thus, the repertoire of expressed ORs in the MOE is determined by the com-
bined probabilities associated with the choice of a specific OR by olfactory neuron precursors and the 
subsequent longevity of those neurons. OR gene choice has been shown to obey a largely stochastic 
process influenced by the genomic context of local enhancers (Mori and Sakano, 2011). In contrast, 
olfactory life span appears variable and may be influenced by environmental factors such as pathogens 
and odorant stimulation (Watt et al., 2004; Kondo et al., 2010). Our data uncover a chromatin-based 
pathway in which the absence of odor-evoked activity of specific MOE neuronal populations leads 
to increased H2BE expression, and in turn changes in transcription and reduced neuronal life span. 
In addition to a pro-apoptotic role of high levels of H2BE, we cannot exclude other roles for this 
olfactory-specific histone variant at low or moderate levels. Indeed our data indicate that neurons that 
are normally highly active and therefore express low levels of H2BE increase in abundance following 
olfactory deprivation, an effect that is diminished in H2be-KO mice. This result may be due to a com-
pensatory increase of the low-H2BE expressing cells following olfactory deprivation, but could also 
indicate that a modest level of H2BE is optimal for neuronal longevity. In addition, our findings that changes 
in transcription and OR frequency following unilateral naris occlusion are significantly reduced but not 
eliminated in H2be-KO mice indicate that H2BE plays a key role in modulating activity dependent 
changes, but is likely part of a larger pathway.

The transcription factor CREB has been shown to play a major role in orchestrating transcrip-
tional changes associated with activity-dependent neuronal plasticity and survival (Lyons and 
West, 2011; West and Greenberg, 2011). Interestingly, a previous study showing enhanced longevity 

http://dx.doi.org/10.7554/eLife.00070
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Figure 11. H2be affects activity-dependent gene expression. (A) Gene ontology (biological process) terms enriched among genes with UNO-mediated 
expression differences in WT mice (log2 fold-change > 0.3; unadjusted p<0.02), but at least 20% less altered expression in H2be-KO compared to WT 
mice after UNO, based on microarray analysis of MOE halves from 5-week old WT and H2be-KO mice subjected to UNO (21 days; n = 3 samples per 
MOE side, four animals per sample). (B) Histograms of UNO-mediated OR expression differences on the closed and open sides of the MOE of H2be-KO 
mice as a percentage of the corresponding WT differences (normalized to 100% or −100%; red lines) for ORs significantly up- (left) or down-regulated 
(right) in WT mice after olfactory deprivation (FDR-adjusted p<0.05; values from microarray data). (C) Comparison of UNO-altered Olfr1336 and Olfr1313 
frequencies in 5-week old WT and H2be-KO mice subjected to UNO (21 days). Values correspond to relative OR expression frequency differences on the 
two sides of the MOE according to the anterior (Ant)/ posterior (Post) position (n = 3 mice, five sections per region per mouse). Note: UNO appears to 
affect OR frequencies differently in the anterior and posterior regions of the MOE. *p<0.05; **p<0.01***p<0.001; ****p<0.0001.
DOI: 10.7554/eLife.00070.017

of odor-stimulated adenovirus-infected olfactory neurons implicated CREB as the mediator of this 
effect (Watt et al., 2004). The absence of full CRE sites in the H2be gene does not permit the 
establishment of a direct functional link between the activity of a CREB family member such as 
ICER and H2BE levels at this point, but other indirect signaling pathways may exist. An alternative 
scenario would postulate the existence of a cAMP-regulated chaperone that exchanges canonical 
H2B and H2BE.

In addition to odor-stimulated neuronal activity, olfactory neurons have been shown to display 
heterogeneous levels of ligand-independent, OR-derived basal activity that vary according to OR 
identity and are critical for regulating cAMP signals involved in axon guidance (Imai et al., 2006; 
Mori and Sakano, 2011). Such studies suggest the possibility that ligand-independent, OR-derived 
basal signaling may also contribute to the overall activity level in mature olfactory neurons, especially 
under laboratory housing conditions where the odor repertoire is minimal. This scenario would help 
explain the observation that loss of Adcy3, which eliminates both basal and odor-stimulated activity, 
appears to affect H2be levels more dramatically than olfactory deprivation through UNO, which is 
expected to only eliminate odor-evoked activity. Thus, along with odor-evoked activity, OR-derived 
basal activity may be a significant contributor to the control of H2BE levels and, in turn, of olfactory 
neuronal longevity.

H2BE joins a list of molecules with known activity-dependent expression in olfactory neurons, many 
of which have roles in axon guidance and refinement. These include NRP1, KIRREL2, and EPHA5, 
which are up-regulated, and SEMA3A, KIRREL3, and EFNA5, which are down-regulated by neuronal 
activity (Imai et al., 2006; Serizawa et al., 2006). Like SEMA3A, H2BE levels are reduced via 
cAMP-dependent/ Ca2+-independent signaling, but unlike the other known activity dependent mole-
cules, which are generally expressed in either immature or mature neurons, H2BE is expressed in 
both. The unusual regulation of H2BE expression likely reflects the variant’s unique function in olfac-
tory neurons.

How do the five amino acid differences between H2BE and H2B convey such distinct functional 
attributes? Studies of H3.3, a histone variant that differs with canonical H3 by merely four amino 
acids and that plays a critical role in embryonic development and gene expression in adulthood, 
illustrate how small sequence variations in histones can generate distinct functions (Elsaesser et al., 

http://dx.doi.org/10.7554/eLife.00070
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Figure 12. Model for the effects of neuronal activity on H2BE expression level, life span and resulting neuronal 
representation.
DOI: 10.7554/eLife.00070.018

2010). Our analyses of relative PTM levels for H2BE and canonical H2B at a handful of known PTM 
sites suggest that incorporation of the variant could affect cellular transcription at least in part via 
differential post-translational modifiability. It must be acknowledged, however, that as is true for 
most histone PTMs, evidence that the PTMs affected by H2BE replacement play a role in transcrip-
tion is merely correlative and therefore insufficient to support a strong functional prediction. 
Nevertheless, our results are consistent with the idea that H2BE shortens neuronal life span via 
changes in cellular transcription and metabolism, likely over the time course of several days or 
weeks, although the precise mechanism for this process remains to be determined. Notably, although 
phosphorylation of H2B Ser14 has been associated with short trigger of apoptosis in mammalian 
cells (Cheung et al., 2003), we have not found evidence for involvement of H2BE in this pathway 
(not shown).

The extensive activity-dependent shifts in the OR repertoire that we observe complement previous 
studies reporting experience-dependent sensitivity enhancements (Hudson, 1999) and changes in the 
sensory neuron representation within the MOE (Jones et al., 2008). A scenario thus emerges accord-
ing to which neurons expressing ORs associated with environmentally salient odors are frequently 
active and may increase in relative abundance over time due to enhanced longevity, while neurons 
expressing infrequently activated ORs have a shortened life span, mediated in part by H2BE, and 
become less abundant (Figure 12). Differential longevity among olfactory sensory may provide an 
effective mechanism by which individuals with similar genomes adapt to diverse olfactory environ-
ments, facilitating enhanced sensitivity to odors important for survival. Accordingly, we observed sig-
nificant impairment of olfactory learning behavior in H2be-KO mice, although it remains to be 
determined whether these defects are due to aberrant OR expression frequencies resulting from the 
lack of H2BE expression or, alternatively, to the altered expression of other genes involved in olfactory 
neuron signaling.

Among the more than 30 histone variants encoded in the mouse genome (Marzluff et al., 2002) 
only a handful have so far been characterized in terms of expression and function. Known functions of 

http://dx.doi.org/10.7554/eLife.00070
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Figure 13. Chromatin incorporation and localization of FLAG-H2BE. (A) Two-color western analysis of FLAG-H2BE and H3 in soluble nucleoplasm (sol) 
and chromatin (chr) fractions of unfixed MOE cell nuclei from 16-week old Flag-H2be, H2be-GF, and WT mice. (B) SDS-PAGE analysis (left), mass 
spectrometric identification (listed, middle), and western analysis (right) of proteins associated with immunoprecipitated FLAG-H2BE-containing native 
mononucleosomes from MOE tissue of Flag-H2be transgenic mice. Proteins identified by mass spectrometry are listed according to their approximate 
Figure 13. Continued on next page
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histone variants include the modulation of transcription, DNA repair, meiotic recombination, 
chromosome segregation, sex chromosome condensation and sperm chromatin packaging 
(Banaszynski et al., 2010; Talbert and Henikoff, 2010). Further characterization of histone vari-
ants in the brain and in developing and self-renewing tissues represents an exciting area of future 
investigation.

Materials and methods
All procedures involving animals were carried out in accordance with NIH standards and approved by 
the Harvard University Institutional Animal Care and Use Committee (IACUC). Unless otherwise indi-
cated, values are presented as the mean ± standard error of the mean.

Transgenic and gene targeted mice
The Flag-H2be transgenic mouse line (Figure 2A), which expresses FLAG-H2BE under control of the 
H2be promoter, was generated based on a described protocol (Yang et al., 1997). Briefly, a FLAG-
encoding DNA sequence was inserted through homologous-recombination immediately upstream of 
the H2be CDS within BAC RP23-16G3, which contains a 200-kb region of mouse genomic sequence 
surrounding the H2be gene. The modified BAC was amplified in E. coli, confirmed by sequencing, and 
injected (Harvard Genome Modification Facility) into fertilized mouse zygotes. Transgenic founders 
were crossed to C57Bl/6 mice to establish the Flag-H2be line. Heterozygous Flag-H2be mice contain 
a single genomic copy of the transgene that is expressed in a pattern and at a level indistinguishable 
from that of the endogenous gene (see Figure 2B–E).

The H2be-KO mouse line (Figure 3A), in which the endogenous H2be CDS is replaced with a 
sequence encoding GAP43-mCherry (an N-terminal fusion of the first 20 amino acids of GAP43 to 
mCherry), was generated through homologous recombination of the endogenous H2be locus in 
mouse embryonic stem cells (ESCs) using standard methods. Following selection, ESCs were screened 
for the desired recombination events, confirmed by sequencing, and injected (Harvard Genome 
Modification Facility) into mouse blastocysts. Founders were crossed to C57Bl/6 mice to establish the 
H2be-KO line, in which Gap43-mCherry is expressed in a pattern indistinguishable from that of H2be 
(see Figure 3B).

The H2be-GF transgenic mouse line (Figure 5A), which expresses Flag-H2be under control of the 
olfactory marker protein (Omp) promoter, was generated by complete replacement of the Omp 
CDS in plasmid pJOMP (Danciger et al., 1989) with a sequence encoding FLAG-H2BE, followed 
by pronuclear injection (Harvard Genome Modification Facility) of the linearized construct into 
fertilized mouse zygotes. Transgenic founders were crossed to C57Bl/6 mice to establish the 
H2be-GF line. Heterozygous mice contain approximately 12 genomic copies of the transgene, 
which are expressed in mature olfactory neurons throughout the MOE with the exception of a 
band of neurons near zone 2 (see Figure 5B), a pattern that was reproducibly observed in all indi-
viduals examined (n = 8).

The P2-IRES-Tau-LacZ mouse line (Mombaerts et al., 1996), which was used to identify possible 
axon guidance defects in H2be-KO mice (Figure 7B), and the Cnga2-null/Tau-LacZ (Zhao and Reed, 
2001) and Adcy3-null (Wong et al., 2000) mouse lines, which were used to identify second messen-
gers affecting H2be expression (Figure 9) were described previously.

electrophoretic mobility. (C) Quantification of DNA immunoprecipitated from crosslinked and fragmented chromatin derived from MOE tissue of 
Flag-H2be transgenic mice. (D) Representative image of FLAG-H2BE localization within olfactory neurons of a 10-week old Flag-H2be mouse. Scale bar, 
5 µm. (E) Genome-wide ChIP analysis of relative FLAG-H2BE levels with respect to distance from the transcript start sites (TSS) for all mouse genes 
(grey), and genes expressed at high (red) and low (black) levels in olfactory neurons. (F) Genome-wide ChIP analysis of relative FLAG-H2BE levels with 
respect to distance from the CDS start sites for mouse histone (left), OR (middle), and vomeronasal type 1 receptor (V1R; right) genes in comparison to 
all genes. (G) Quantitative PCR analysis of relative FLAG-H2BE levels in the protein-coding regions of representative histone and OR genes. Analyses 
were performed on ligation-mediated-PCR-amplified Flag-H2BE and H3 ChIP DNA samples. (H) Genome-wide ChIP analysis shows depleted FLAG-
H2BE levels within representative OR CDS regions.
DOI: 10.7554/eLife.00070.019

Figure 13. Continued
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Figure 14. H2BE’s post-translational modifications (PTMs) differ from those of canonical H2B. (A,B,D,E) Representative images of H2B-Lys5-Me (A, B, D, 
and E) and FLAG-H2BE (A, B, and E) staining in the MOE of Flag-H2be (A and B), H2be-KO (D) or H2be-GF (E) mice. (B) High-magnification image of 
FLAG-H2BE and H2B-Lys5-Me colocalization shows that H2BE is depleted in nuclear regions enriched for H2B-Lys5-Me (arrowheads). Mouse ages: 
(A), (B), and (E), 10 weeks; (D), 34 weeks. (C) Confirmation of reactivity of the anti-H2B-Lys5-Me1 polyclonal antibody with the Lys5-Me PTM in the context 
of the H2BE protein sequence. Image (top) and quantification (bottom) of an ELISA assay for peptides corresponding to canonical H2B or H2BE and 
containing the Lys5-Me PTM. (F) Two-color fluorescent western analysis of Lys5-Me modification of FLAG-H2BE in MOE lysates from WT and Flag-H2be 
(F-H) mice. No detectable H2B-Lys5-Me staining of the FLAG-H2BE bands (red; arrowheads) is observed. Approximate molecular weights (kDa) are 
indicated (left). The bands observed at approximately 30–35 kDa likely correspond to histone dimers. (G–I) Age-dependence of H2BE accumulation. 
(G and H) Images (left) and quantification (right) of FLAG-H2BE and H2B-Lys5-Me co-localization in 3- (G) and 34-week old (H) mice. Red lines, best fits. 
Figure 14. Continued on next page
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(I) Quantification of H2B-Lys5-Me levels in high-H2BE neurons (relative to apical sustentacular cells; n = 20 nuclei from two images per timepoint). 
(J) Two-color fluorescent western analysis (left) and quantification (right) of FLAG-H2BE relative to total H2B as a function of age in MOE lysates from 
WT and Flag-H2be (F-H) mice. Approximate molecular weights (kDa) are indicated (left). The bands observed at approximately 30–35 kDa likely 
correspond to histone dimers. **p<0.01; ****p<0.0001; n.s., not significant. Scale bar for (A), (D), (E), (G), and (H), 20 µm; (B), 5 µm.
DOI: 10.7554/eLife.00070.020

Figure 14. Continued

Primary antibodies used
Active-CASP3 (rabbit polyclonal; Promega, Madison, WI, USA; G7481)
β-GAL (rabbit polyclonal; MP Biomedicals, Solon, OH, USA; 55976)
BrdU (mouse monoclonal Bu20a; Dako North America, Carpinteria, CA, USA; M0744)
FLAG (mouse monoclonal M2; Sigma-Aldrich, St. Louis, MO, USA; F1804)
FLAG (rabbit polyclonal; Sigma-Aldrich; F7425)
GAP43 (rabbit polyclonal; Novus Biologicals, Littleton, CO, USA; NB300-143A4)
H2B (rabbit polyclonal; EMD Millipore, Billerica, MA, USA; 07-371)
H2B-Lys5-Me (rabbit polyclonal; Abcam, Cambridge, MA, USA; ab12929)
H2B-Lys5-Ac (rabbit monoclonal; Abcam; ab40886)
H2B-Lys120-Ub (mouse monoclonal NRO3; Medimabs, Montréal, Québec, Canada; MM-0029)
Histone H3 (rabbit polyclonal; Abcam; ab1791)
NEUROD1 (goat polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc1084)
OMP (goat polyclonal; Wako Chemicals USA, Richmond, VA, USA; 344-10001)
Tyrosine hydroxylase (rabbit polyclonal; Millipore; AB152)
 

Histological procedures
All histological OR gene expression analyses were performed using fluorescent in situ hybridization 
(ISH). With the exception of H2be mRNA analyses (Figure 1A,B), which were performed using chromo
genic ISH, all other histological analyses were performed using immunofluorescence (IF) or immu-
nohistochemistry (IHC; for Active-CASP3, Figure 7C,E). Unless noted, all images are of coronal tissue 
sections.

Preparation of ISH probes
ISH target sequences were amplified by PCR and inserted into the pCRII-TOPO vector (Life Technologies, 
Grand Island, NY, USA). OR antisense probes were designed to span 500–1000 base pairs, to target 
CDS or UTR gene regions, and to have <70% identity to any other sequence in the mouse genome. 
Probes were generated from 1 μg of linearized plasmid template using T7 or Sp6 polymerases (Promega) 
and digoxigenin or fluorescein RNA labeling mixes (Roche Applied Science, Indianapolis, IN, USA), 
treated with DNaseI (Promega) and ethanol precipitation, and dissolved in a 30-μL volume of water.

Chromogenic ISH
Whole tissues were carefully dissected from surrounding bones, frozen immediately in OCT compound 
(Sakura Finetek USA, Torrance, CA, USA) on dry ice, and stored at −80°C. Tissue blocks were cut into 
12-μm thick cryo-sections, placed onto slides, and stored at −80°C. Chromogenic ISH experiments 
were performed essentially as described (Schaeren-Wiemers and Gerfin-Moser, 1993).

One-color fluorescent ISH
Fluorescent ISH experiments were performed using a modified version of the chromogenic ISH 
method. Briefly, slide-mounted sections were warmed (37°C, 10 min), equilibrated in phosphate-
buffered saline (PBS; pH 7.2; 5 min, room temperature [RT]), fixed in paraformaldehyde (PFA; 4% in 
PBS; 10 min, RT), washed in PBS (3 min, RT), permeabilized with Triton-X-100 (0.5% in PBS; 10 min, 
RT) followed by sodium dodecyl sulfate (1% in PBS; 5 min, RT), washed in PBS (3 × 3 min, RT), incu-
bated in acetylation solution (triethanolamine [0.1 M; pH 7.5], acetic anhydride [0.25%]; 10 min, RT), 
washed in PBS (3 × 3 min, RT), incubated in hybridization solution (formamide [50%], SSC [2×], 
Denhardts [5×], yeast tRNA [250 μg/mL], herring sperm DNA [200 μg/mL], EDTA [1 mM], sodium 
phosphate [0.05 M; pH 7]; 30 min, RT), hybridized with a digoxigenin-labeled antisense RNA probe 
(1:1000 in hybridization solution; 16 hr, 42°C), washed with SSC (2×; 5 min, 42°C), washed with SSC 
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(0.2×; 3 × 30 min, 42°C), incubated in H2O2 (3% in TN [Tris–HCl (0.1 M; pH 7.5), 0.15 M NaCl]; 30 min, 
RT), washed in TNT (Tween-20 [0.05%] in TN; 3 × 3 min, RT), incubated in TNB (Blocking Reagent 
[Perkin Elmer, Waltham, MA, USA; 0.05% in TN]; 30 min, RT), incubated with anti-digoxigenin-POD 
antibody (Roche; 1:1000 in TNB; 12 hr, 4°C), and washed in TNT (3 × 20 min, RT). Fluorescent signals 
were generated using the Tyramide Signal Amplification (TSA) Plus Fluorescein Kit (Perkin Elmer) 
according to the manufacturer’s instructions. Slides were mounted using Vectashield (Vector 
Laboratories, Burlingame, CA, USA) containing DAPI (5 μg/mL).

Two-color fluorescent ISH
Two-color ISH was performed as described for one-color ISH, with the following modifications: Tissue 
sections were simultaneously hybridized with both digoxigenin- and fluorescein- or dinitrophenyl-
labeled antisense RNA probes (1:1000 each in hybridization solution). Following incubation in TNB 
(30 min, RT), sections were incubated with anti-fluorescein-POD antibody (Roche; 1:1000 in TNB; 12 hr 
at 4°C) or anti-dinitrophenyl-HRP antibody (Perkin Elmer; 1:350 in TNB; 3 hr at 25°C) and washed in 
TNT (3 × 20 min, RT). Fluorescent signals corresponding to the fluorescein- or dinitrophenyl-labeled 
probes were generated using the TSA Plus Fluorescein Kit, after which sections were washed in TNT 
(2 × 3 min, RT), incubated in H2O2 (3% in TN; 1 hr, RT), washed in TNT (3 × 3 min, RT), incubated with 
anti-digoxigenin-POD antibody (1:1000 in TNB; 12 hr, 4°C), and washed in TNT (3 × 20 min, RT). 
Fluorescent signals corresponding to the digoxigenin-labeled probe were generated using the TSA 
Plus Cyanine5 Kit (Perkin Elmer) according to the manufacturer’s instructions. Slides were mounted 
using Vectashield containing DAPI (5 μg/mL).

Combined ISH and IF
Combined ISH and IF experiments were performed as described for one-color ISH, with the following 
modifications: Acetylation, which dramatically reduces detection of the FLAG epitope, was omitted. 
Following incubation in TNB (30 min, RT), sections were incubated with a mixture of anti-digoxigenin-POD 
and mouse anti-FLAG antibodies (each 1:1000 in TNB; 12 hr, 4°C) and washed in TNT (3 × 20 min; RT). 
Fluorescent signals corresponding to the digoxigenin-labeled RNA probe were generated using 
the TSA Plus Fluorescein Kit, after which sections were washed in TNT (2 × 3 min, RT), incubated with 
anti-mouse-Alexa647 antibody (Invitrogen; 1:1000 in TNB; 12 hr, 4°C), and washed in TNT (3 × 20 min, 
RT). Slides were mounted using Vectashield containing DAPI (5 μg/mL).

One- or two-color IF
Animals were anesthetized with ketamine and perfused transcardially on ice with ice-cold PBS (25 mL) 
followed by ice cold PFA (4% in PBS; 25 mL). Whole tissues were carefully dissected from surrounding 
bones and immersed in ice-cold PFA (4% in PBS; 1 hr [OB] or overnight [MOE]). MOE tissue was decal-
cified in EDTA (250 mM in PBS, pH 8.5; 2 days, 4°C), and all tissues were cryoprotected in sucrose 
(10, 20, and 30% in PBS; 2 hr, 2 hr, and overnight, respectively). Tissues were frozen in OCT on dry ice 
and stored at −80°C. Tissue blocks were cut into 12-μm thick cryo-sections, placed onto slides, and 
stored at −80°C.

IF experiments were performed as follows: briefly, slide-mounted sections were warmed (37°C, 
10 min), equilibrated in PBS (5 min, RT), fixed in PFA (4% in PBS; 10 min, RT), washed in PBS (3 min, 
RT), permeabilized with Triton X-100 (0.5% in PBS; 10 min, RT) followed by SDS (1% in PBS; 5 min, RT; 
omitted if preservation of intrinsic mCherry was necessary), washed in TNT (3 × 5 min, RT), blocked in 
fetal bovine serum (FBS; 10% in TN; 30 min, RT), incubated with primary antibodies (typically diluted 
1:500–1:1000 in 10% FBS; 12 hr, 4°C), washed in TNT (3 × 5 min, RT), incubated with secondary 
antibodies (typically, Alexa488-labeled [or Alexa488- and Alexa647-labeled, for two-color IF]; 
Invitrogen; 1:1000 in 10% FBS; 12 hr, 4°C), and washed in TNT (3 × 15 min, RT). Slides were mounted 
using Vectashield containing DAPI (5 μg/mL).

Combined IHC (active-CASP3) and IF (OMP)
Mice were perfused and the MOE tissue processed as described for IF with the following modifications: 
After fixation in PFA and PBS washes, slide-mounted sections were permeabilized with Triton X-100 
(0.5% in PBS; 30 min, RT), washed with PBS (3 × 3 min, RT), incubated in H2O2 (3% in TN buffer; 30 min, RT), 
washed with TNT (3 × 3 min, RT), blocked in TNB (30 min, RT), incubated with a mixture of anti-active-
CASP3 and anti-OMP antibodies (each 1:300 in TNB; 12 hr, 4°C), washed with TNT (3 × 3 min, RT), and 
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