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Recombinant human erythropoietin (rhEPO) has potent procognitive effects,
likely hematopoiesis-independent, but underlying mechanisms and physiolo-
gical role of brain-expressed EPO remained obscure. Here, we provide tran-
scriptional hippocampal profiling of male mice treated with rhEPO. Based on
~108,000 single nuclei, we unmask multiple pyramidal lineages with their
comprehensive molecular signatures. By temporal profiling and gene reg-
ulatory analysis, we build developmental trajectory of CAl pyramidal neurons
derived from multiple predecessor lineages and elucidate gene regulatory
networks underlying their fate determination. With EPO as ‘tool’, we discover
populations of newly differentiating pyramidal neurons, overpopulating to
~200% upon rhEPO with upregulation of genes crucial for neurodifferentia-
tion, dendrite growth, synaptogenesis, memory formation, and cognition.
Using a Cre-based approach to visually distinguish pre-existing from newly
formed pyramidal neurons for patch-clamp recordings, we learn that rhEPO
treatment differentially affects excitatory and inhibitory inputs. Our findings
provide mechanistic insight into how EPO modulates neuronal functions and

networks.

During strenuous motor-cognitive exercise, the brain as a whole and
specific neuronal populations in particular, undergo physiological,
“functional” hypoxia, with neurons experiencing relative deprivation
of oxygen compared to their task-related requirements'°. Functional
hypoxia is an imperative developmental and physiological stimulus. It
triggers key biological processes to compensate for consequences of
oxygen deprivation and thereby adjusts to new requirements, among
them erythropoiesis, promoting oxygen delivery for regaining
homeostasis’'®. One of the major adaptive responses to hypoxia
involves hypoxia-inducible factors (HIF), which bind and tran-
scriptionally activate their responsive elements embedded in the

erythropoietin (EPO) gene' >, In essence, the endogenous EPO system
in the brain provides valuable fuel for individuals to renovate their
synaptic and neuronal infrastructures upon facing metabolic
challenges®* 2.

Previous studies, combining genomics, behavioral readouts, and
functional assays, have illuminated the impact of brain EPO receptors
and of EPO, injected or hypoxia-induced, as a driving force of “hard-
ware upgrade” in particular of CAl pyramidal neurons'®?. This
“hardware upgrade”—even reflected by magnetic resonance imaging
findings in mice and humans—comprises re-wired neuronal networks,
enhanced dendritic spine density, and accelerated neuronal
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differentiation from pre-existing, nonproliferating precursors, result-
ing in an increment of CAl pyramidal neurons of up to 20%, together
with improved motor-cognitive performance*'”?2*, It has, however,
remained obscure whether the exposure to EPO results in widespread
transcriptome alterations in hippocampal neuronal and non-neuronal
lineages that, in turn, are causing the observed improvement in brain
performance®. In addition, the molecular criteria defining the cellular
response to EPO allegorize an enigma. It is also still unclear whether
and to what extent EPO contributes to the maturation, migration and
differentiation potential of early progenitor cells.

Single-nucleus RNA sequencing (snRNA-seq) quantifies the RNA
repertoire in individual nuclei enabling the apprehension of both
abundant and rare cell types from cryopreserved samples®?. We
hypothesized that snRNA-seq of mouse hippocampus would reveal the
differential cell-type composition, gene expression patterns, and sig-
naling pathways under the influence of EPO. Towards this goal, we
performed unbiased snRNA-seq to procreate a single-nucleus tran-
scriptomic landscape from EPO versus placebo (PL)-treated (control)
hippocampal samples.

Here, we classify the major neuronal and non-neuronal cell types
from the murine hippocampus using the computational efficiency of
integrated snRNA-seq datasets from EPO and PL samples?®?*’. Based on
our previous discoveries, we further investigated the changes that CAl
pyramidal neurons undergo after rhEPO treatment. Different from
earlier work, we not only resolve the differentiation trajectory but with
EPO as “tool” unexpectedly discover previously unseen pyramidal
lineages with their transcriptional snapshots. We also extend our
analysis to show the EPO-mediated transcriptome-wide response with
the Gene Regulatory Networks (GRNs) enriching for neuronal differ-
entiation, dendrite growth, synaptogenesis, memory formation, and
cognition. EPO and PL transcriptomes resulted in being distinct from
each other, suggesting the ability of EPO to substantially alter the
transcriptome of pyramidal neurons, generally associated with
migration and maturation. Our results indicate that two progenitors
develop into mature CAl pyramidal neurons. In the EPO samples, the
differentiation of these newly formed neurons undergoes a complex
series of transcriptional changes, causing greater abundance in the
superficial niche in association with the higher differentiation poten-
tial. This is accompanied by the upregulation of migrating, and trans-
synaptic genes.

Finally, our single-cell electrophysiology experiments, based on
the sophisticated genetic distinction between newly formed and pre-
existing CAl pyramidal neurons, showed that rhEPO treatment differ-
entially affected excitatory and inhibitory input to both, with newly
formed neurons receiving more excitation and less inhibition under
EPO treatment than pre-existing neurons.

Overall, our study highlights molecular and physiological under-
pinnings of how gene expression changes modulated by EPO are
translated into substantial brain “hardware upgrade”, including
synaptic plasticity, and may help explain the consistently observed
procoghnitive effects and notable performance adaptations in mice and
humans.

Results

Remarkable diversity of pyramidal cell types in the mouse
hippocampus

We commenced our study by examining the hippocampal transcrip-
tional profiles of six EPO- and six PL-treated mice at the single-nuclei
resolution (Fig. 1 and Supplementary Fig. 1). From the transcriptome of
~108,000 single nuclei, we first removed or adjusted the factors
causing unwanted variation and then integrated those individual
snRNA-seq datasets using “harmony”®. This approach cleaned the
sequencing artifacts and normalized the batch effect quite robustly
(Supplementary Fig. 1). Ultimately, using the combinations of estab-
lished and most popular clustering algorithms*, we assembled

transcriptionally similar nuclei, represented by 36 clusters (Fig. 2a, b),
comprehended into ten major lineages and a neuroimmune cluster
with distinct gene expression profiles: Oligodendrocytes, pyramidal
neurons, interneurons, intermediate cells, Dentate gyrus neurons,
astrocytes, microglia, endothelial cells, pericytes, and ependymal cells
(Fig. 2c, Supplementary Fig. 2, and Supplementary Data 1).

Because this study aims to identify how EPO regulates the
enrichment of pyramidal neurons, we restricted our further analysis to
the pyramidal cluster. To achieve this, we similarly approached this
data analysis as aforementioned, but with a subset of -36,000 pyr-
amidal nuclei (Supplementary Data 1). Integration of all the snRNA-seq
pyramidal datasets shows the clusters based on their cell types and not
by any sample, indicating control of batch effects (Supplementary
Fig. 3). Our analysis refines the clusters at a more profound resolution
than those represented in the existing databases. For instance, we
identified 20 distinct cellular clusters, each defined by a unique set of
marker genes, which we use as a reference to classify the diversity and
heterogeneity within pyramidal lineages (Fig. 3a, b). We identify clus-
ters straightforwardly corresponding to Dentate gyrus neurons, CA2,
CA3, and even the more heterogeneous CAl neuronal populations that
needed further inspection (Fig. 3a, b and Supplementary Fig. 3). Upon
closer examination, we resolve these subgroups further and classify
them based on known transcriptome markers: deep and superficial
(radial axis), dorsal and ventral (long axis), immature neurons, newly
formed, migrating, serotonergic, and those with firing characteristics
(Fig. 3¢, d, Table 1, and Supplementary Fig. 3). Gene expression profiles
used here for annotations are all experimentally validated key markers,
reproduced in different laboratories and studies®*™**. This allowed us to
deliver a comprehensive gene expression atlas of the pyramidal layer
from both EPO and PL hippocampus (Supplementary Data 2). We also
provide a reliable marker list that distinguishes each lineage regardless
of treatment (Supplementary Data 3). To sum up, our exploratory
analysis provides a broader landscape of mouse hippocampus at the
single-nuclei resolution that demonstrates more diverse and complex
lineages than appreciated previously.

EPO boosts the composition of newly formed pyramidal
lineages

Using immunohistochemical quantification and a subtle genetic
labeling approach, we had previously reported that mature pyramidal
neurons increased in numbers by up to 20% in CA1 upon 3-week rhEPO
treatment and that an increase in immature glutamatergic precursors
was discernible at single-cell transcriptome level as early as 6 h after a
single, intraperitoneal EPO injection””". However, the transcriptome
employed there was from a few hundred single cells, thus, insufficient
to capture the global composition of CAl neurons. To determine the
composition of CAl neurons for each lineage at greater confidence,
here we leveraged the transcriptome of ~36,000 pyramidal nuclei. We
first segregated the PL and EPO nuclei from the “harmonized” datasets
and then calculated the percent composition of each nuclei cluster.
Consequently, by calculating the relative abundance of each cluster,
we found that the composition was nearly overall consistent across
both EPO and PL hippocampi (Fig. 3e, f, Supplementary Fig. 4, and
Supplementary Data 4).

Nevertheless, in accord with our previous studies”?*, we
captured a slight but significant increment of dorsal mature CAl
neurons in the EPO samples. Remarkably, however, a cluster anno-
tated as “Newly formed-migrating-superficial” (Nf.M.S) pyramidal
neurons showed a dramatic enrichment of up to 200%, followed by
the moderate enrichment of “Newly formed-migrating-superficial-
Sox5” (Nf.M.S.Sox5) and “Newly formed-migrating-firing-ser-
otonergic” (Nf.M.F.Ser) neurons (Fig. 3e, f, Supplementary Figs. 4
and 5a, and Supplementary Data 5). Taken together, our results
reveal significant population shifts towards the early pyramidal
lineages, thus indicating that EPO induces differentiation of the
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Fig. 1| Cartoon illustration of the present study design, workflow schematics,
and overview of our findings. Our study commences with the 3-week rhEPO
(N=6) and PL (N = 6) treatments in male C57BL/6 mice. After the last injection, we
processed 12 samples, 6 each from EPO and PL mice, each a pool of 2 right hip-
pocampi (i.e., a pool of 2 mice). These samples were then subjected to snRNA-seq,
and the resulting data were strategically analyzed to investigate the molecular,
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pseudo-temporal, and empirical changes that occur in pyramidal lineages following
EPO treatment. Finally, we performed a series of single-cell electrophysiology
experiments to demonstrate that EPO affects excitatory and inhibitory input to
newly formed and pre-existing pyramidal neurons in mouse hippocampi. Drop-seq
design created with BioRender.com.

early stages of adult neurogenesis. Generally, because of sensitive
differences in the frozen tissue dissociation, the percentages of
these clusters may not resonate with their natural composition;
nonetheless, we used a stringent method to calculate the sig-
nificance level, and the shown cluster abundances are scaled**™’.
Overall, our analysis demonstrates a physiological impact of brain-
expressed EPO, reenacted by rhEPO treatment, through enriching
the newly formed neurons in the CAl region.

Developing CAl pyramidal neurons have multiple ontogenetic
progenitors

Next, we asked if the newly formed neuronal clusters might be onto-
genetic precursors to pre-existing CAl neurons. To examine this, we
considered two approaches®. First, we determined their pseudo-
temporal dynamics and transcriptional states using “Monocle”™". Sec-
ond, we tested the lineage decision trajectory using the “Slingshot”
tool*>. As revealed by both approaches, not just were the clusters
placed in the same order, but also, they followed a similar path of
differentiation trajectory. Both methods also uncovered that there are
two progenitors leading to the fate of a single mature CAl pyramidal
neuron lineage (Fig. 4a, b and Supplementary Fig. 5b, ¢). To test if our
trajectory analysis recapitulates the states of actual biological differ-
entiation, we tested a set of gene expression dynamics over the
pseudotime continuum (Fig. 4c and Supplementary Fig. 6a). These
genes are markers and have established functional relevance in the

adult neurogenesis process: Tbrl and Dcx for newly formed or born
neurons®*, SoxS for keeping the cells on progenitor state*°, CuxI,
Cux2, Reln, Ephrins, and Eph receptors for migration®*****, and
Zbtb20, Calbl, Ctip2, and Neurod6/Nex-1 for the various stages of
maturation®>’, In summary, our analysis orders the nuclei according
to their biological “pseudotime” progression, which might have
derived from multiple transcriptionally distinct neuronal progenitors.
Notably, upon further subgrouping the previous clusters, the common
progenitor for mature CAl pyramidal neurons turned out to be a dis-
tinct cluster (Supplementary Fig. 6b). Briefly, this fractionation strat-
egy allowed us to discover high resolution of CA1 pyramidal branching
where multiple progenitors converge to form a mature CAl neuronal
population. While it is tempting to resolve the molecular character-
istics of each progenitor cluster, the scope of our study focuses on the
role of EPO from hereon.

EPO maneuvers the differentiation trajectory of pyramidal
lineages

The above analysis permits us to ask whether the progression of pro-
genitors to mature CAl pyramidal neurons is identical for both EPO
and PL samples. To this end, we assessed them separately on the dif-
ferentiation axis (starting from “Nf.M.S.Sox5”, ending at “mature CA1”)
inferred from “Monocle”. We detected that these neurons show an
altered distribution, a significant shift in the nuclei density towards the
earlier stages in EPO samples (Fig. 4d-f). This is likely driven by the cell
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Fig. 2 | Classification of neuronal and non-neuronal subpopulations from the
mouse hippocampal nuclei landscape. a Two-dimensional Uniform Manifold
Approximation Plot (UMAP) resolving ~-108,000 single nuclei, merged from each of
12 adult hippocampal samples treated with either EPO (N =6) or PL (N=6) into 36
different clusters. Colors indicate an unbiased classification of these nuclei via
graph-based clustering, where each dot represents a single nucleus (see Supple-
mentary Data 1and Supplementary Fig. 1 for integrating EPO and PL samples). b The
above 36 clusters on UMAP are consolidated into 11 major cell types based on

distinct expression patterns of known marker genes (see Supplementary Data 2 and
Supplementary Fig. 2 for the clusters corresponding to each cell type). ¢ DotPlot
illustrates the intensity and abundance of mouse gene expression between the
hippocampal lineage shown above. Colors represent an average Log2 expression
level scaled to the number of unique molecular identification (UMI) values in single
nuclei. The color scale ranges from light blue to red, corresponding to lower and to
higher expression. Dot size is proportional to the percent of cells expressing that
gene. Source data are provided on a repository" and as a Source Data file.

states of newly formed neurons. We found that Nf.M.S exist in a uni-
directional branch, and according to previous observations, they
showed a remarkable abundance of EPO nuclei. In the meantime, the
Nf.M.F.Ser exhibited two branches, suggesting their existence in a dual
cell state on the indistinct pseudotime. Along this axis, we discovered a
significant enrichment of EPO samples in one of the two branches,
expanding the arena where EPO might be influencing the lineage tree
of CAl neurons (Fig. 4e, f).

These results are consistent with the possibility that EPO fuels the
differentiation potential of precursors, and therefore, we find a greater
number of newly formed neurons. It still remains a mystery why the
abundance of “mature CA1” neurons is relatively moderate upon rhEPO
treatment (20%), compared to an up to 200% increase in a defined
precursor demonstrated above. As we did not observe altered apop-
totic events in our previous experiments”, we discount the idea that
newly formed neurons are simply prone to being excluded from the
developmental process. One explanation could be that the impact of
EPO on the newly formed neurons is encountered later in the devel-
opment by innate processes such as homeostasis. We indeed detected
relative affluence of a lineage in the middle of pseudotime trajectory in
PL, suggesting a buffering process in EPO samples (Fig. 4e, f). Although
the pseudotime of all lineages except mature CAl cluster was relatively
lower in EPO samples (Fig. 4g), this shift was noted most in the

“superficial mature CAI” neurons, the immediate predecessor of
mature CAl neurons on the pseudotime trajectory.

While we do not claim to fully decipher the mechanism of how the
homeostasis is counteracting in EPO samples, we note the relative
upregulation of Tbr1, and SoxS5 in “superficial mature CA1” neurons in PL
samples, suggesting a second wave of neuronal differentiation
(Fig. 5a). This coincides with the nuclei abundance along the middle of
the trajectory in PL without their noticeable difference in the overall
composition in the respective clusters. Altogether, we present a
working model where rhEPO treatment forms a plethora of new neu-
rons and then the pre-mature neurons are diminished so that the
overall content of mature neurons remains affordable for the
hippocampus.

EPO modulates gene expression related to neurogenesis or
synapses

The present data indicate that the composition and trajectory of pyr-
amidal lineages modify under the influence of EPO. Might EPO be
regulating the expression of host factors that are vital for neuronal,
dendritic, and synapse development? To see a global picture of gene
expression changes between EPO and PL hippocampi, we analyzed the
snRNA-seq by apprehending them in pseudobulk format®, Briefly, we
split the EPO and PL groups, then calculated average expression of
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Fig. 3 | Composition and classification of pyramidal cell types in the hippo-
campus from EPO and PL samples. a Two-dimensional UMAP reveals ~36,000
single nuclei reanalyzed, classified as a pyramidal lineage in Fig. 2b. Using 2000
most variable genes, the top 30 principal components, our graph-based clustering
resolves the 20 distinct cell populations shown in manually assigned color scales.
Each dot represents a single nucleus. b Each cluster is shown in (a) is manually
annotated based on the most discriminatory gene expression marking CAl1, CA2,
CA3, Dentate gyrus, and near-project subiculum (NP SUB) neurons. These clusters
are further annotated based on marker genes for dorsal, ventral, superficial, and
deep regions, or the markers of newly formed, migrating, serotonergic neurons
shown inside the gray box. Clusters that expressed a detectible level of vGlut2 were
classified as “firing” neurons. ¢ Feature plots based on UMAP from (b) visualizing
the expression of selected lineage-specific markers, e.g., Bcll1b/Ctip2 (mature-
dorsal CAl), Trhr (ventral CAl), Sox5 (immature/progenitor neurons), and vGlut2/
Slc17a6 (neurons with firing potential). d Feature plots based on UMAP from (b)

visualizing the expression of genes marking superficial and deep layers (SytI7 and
Nr4a2). The serotonergic, newly formed, and migrating neurons are labeled by
Htr2c, Dcx, and Rgs6, respectively. e Heatmap illustrating the relative abundance of
each pyramidal cell type shown in (b) in EPO and PL samples. The relative abun-
dance was calculated by determining the observed fraction of each cell type
compared to the expected fraction and using a two-sided Fisher exact test to
identify cell types that were significantly enriched in EPO samples. Stars denote the
P values, adjusted using the Bonferroni correction (P< 0.05= *P< 0.01=
*P<2.2e™=**) Note: the changes in neuronal composition are scaled values.

f The linear model test over the relative composition of the lineages using the
voom' method in the limma*’ R package. Volcano plot illustrating the average
difference and false discovery rate (FDR) of each lineage shown in (b) between EPO
and PL samples. FDR, here, is calculated by the Benjamini-Hochberg method.
Source data are provided on a repository and as a Source Data file.

Table 1| Abbreviation of distinct pyramidal sub-lineages

CA(112]3) cornu ammonis (1]2]3)

CA (1]13) (D) CA1 or CA3 on the dorsal axis

CA1(S) CAT1in the superficial layer

CA1(D.F.) CAT1in the deep layer with firing characteristics
Nf.M Newly formed and migratory

Nf.M.Ser. Newly formed, migratory, and serotonergic

NP SUB Near-projecting in SUBiculum area

Nf.M.V. Newly formed and migratory on the ventral axis
Nf.M.S Newly formed and migratory in the superficial layer
Nf.M.F.Ser Newly formed, migratory, firing, and serotonergic
Nf.S Newly formed in the superficial layer

The abbreviation of pyramidal lineages was classified using snRNA-seq data analysis based on
their predicted location and potential functional characteristics.

each gene across the nuclei clusters, and finally followed the edgeR
pipeline to compute differentially expressed genes (DEG). To test
whether both groups have a distinct transcriptomic profile, we com-
pared their pseudobulk profiles on all pyramidal lineages pooled
together. We observe the interindividual heterogeneous composition
of neuronal subtypes, thus providing an additional layer to the
mosaicism of pyramidal layers. Despite heterogeneity, hierarchical
clustering followed by 1000 bootstraps of relative gene expression
levels revealed that the EPO and PL transcriptomes are significantly
divergent (Fig. 5b). We also noticed one EPO sample clustering with
one PL sample, which we suspect is owing to the highly similar cell-type
composition between them (Fig. 5b and Supplementary Fig. 7a—
compare here eAl and pB10). To generate a robust list of DEG, we
ended up with five samples each after removing the one outlier per
condition in our further analyses (see “Methods”).

To investigate the genes and pathways most altered upon EPO,
we performed DEG analysis in each of the six cell types shown on the
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Fig. 4 | EPO modulates the overpopulation of newly formed-migrating-
superficial pyramidal neurons. a Monocle2 single-nuclei trajectory analysis and
nuclei ordering along an artificial temporal continuum using the differentially
expressed genes between the pyramidal lineages shown in (b). The transcriptome
from every single nucleus represents a pseudotime point along an artificial time
vector that denotes the progression of newly formed to mature CAl neurons.

b Slingshot trajectory of analyzed pyramidal lineages that defines the branching
out of newly formed neurons towards the mature CA1 neurons. Note that the
artificial time point progression inferred from both Monocle2 and Slingshot agrees
with the biological time points (also see panel ¢). ¢ Heatmap showing the kinetics of
genes changing gradually over the trajectory of newly formed to mature CA1
neurons. Genes (row) and nuclei (column) are ordered according to the pseudo-
time progression. Genes projected in early stages are associated with neuronal
differentiation (7Tbrl, Dcx, Calbl), neuronal migration (Reln), dendritic formation
(Cuxl, Cux2), and SoxS5 being the progenitor marker. The late stage is determined by

mature neuron and synapse formation genes Ephas, Ephaé, Bclllb, Zbtb20, and
Neurod6/NEXI. d Pseudotime trajectory of the above pyramidal lineages shown on
multifurcation tree obtained by default DDRTree parameters of Monocle2, colored
from low (gold) to high (purple) pseudotime (right panel). Pyramidal lineage cell
types clustered using the top 2000 differentially expressed genes and projected
into a two-dimensional space (left). e For clarity, we show the above trajectory in
two facets. Plot denotes PL. f Same as (e), except this plot denotes EPO samples.
g Boxplot demonstrates the distribution of pseudotime values of the above linea-
ges between EPO (n=6) and PL (n=6) samples. The colored boxes represent the
interquartile range (IQR) divided by the median, and whiskers extend from minima
to maxima of data by 1.5-fold of IQR beyond the box. EPO and PL samples were
compared using the Wilcoxon Rank-Sum test, and Bonferroni adjusted P values are
indicated for significant pairs only. Source data are provided on a repository"* and
as a Source Data file.

trajectory separately. We identified a varying number of significant
(adjusted P<0.05) DEG across the neuronal lineages (Fig. 5¢ and
Supplementary Fig. 7b). We found that the number of DEGs is
roughly inversely proportional to the pseudotime of each cluster,
indicating the more significant impact of EPO at the transcriptional
level in earlier rather than later stages. Also, even though several
DEG are specific to a particular lineage, the pattern of their
expression changes is primarily conserved across clusters (Fig. 5c,
d). Among the conserved set of DEG in newly formed neurons, we
find classic gene markers of neurogenesis and synaptic signaling,
such as Cuxl, Cux2, and Homerl etc. (Fig. 5¢), pointing to global
control of EPO over neuronal and synapse development.

To investigate the gene expression changes in detail, we focused
on the Nf.M.S cluster that was most affected in EPO samples (Figs. 3e
and 5c and Supplementary Fig. 7b). Because the general directionality
and intensity of DEG were similar in all early lineages (Fig. 5d), the

impact of EPO in this cluster might reflect a general EPO effect on gene
expression along the trajectories (Fig. 5c, d).

We found that 1043 genes (508 up, 535 down in EPO relative to PL)
are significantly altered (adjusted P < 0.05) (Fig. 6a and Supplementary
Data 6). The top candidates among those significantly upregulated
genes are the vital genes for prescribing neuronal development, trans-
synaptic signaling, and establishing proper cognition, learning and
memory, such as Arc, Homerl, Vgf, Egrl, Cux1, Egr3, Bdnf, and Syt4*%
(Fig. 6a and Supplementary Fig. 8). CuxI and Homerl are not only
upregulated in the EPO samples but are also among the most highly
expressed genes in the “Newly formed-superficial-migrating” cluster
(Fig. 6b and Supplementary Fig. 7c), suggesting that normal functions
of this cell type such as dendritic development and synapse regulation
are also enhanced upon EPO.

A compelling question is whether the same newly formed lineages
in EPO and PL samples have different Gene Regulatory Networks
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Fig. 5 | EPO and PL samples reflect distinct transcriptomes. a Heatmap repre-
senting the differential expression of selected genes (for clarity, see Fig. 4c)
between EPO and PL samples in the individual CA1 pyramidal lineages shown in
Fig. 3b. Data were presented as log2 fold change, n =35, for each condition, stars
denote the significant P value < 0.01, adjusted using GLMLRTest from edgeR
package and stars are indicated for significant P values only. Exact P values are
provided in Supplementary Data 6 and in the Source data file. b Hierarchical
clustering (Spearman rank correlation, average linkage) and bootstrapping (1000
replicates) of the transcriptomes of individual EPO (A01-A06) and PL (BO7-B12)
samples. Note that the clustering of AO1 and B10 coincides with a similar proportion
of lineages in those two samples (compare Supplementary Fig. 7a). ¢ Heatmap
representing the differential expression of genes between EPO and PL samples in

the individual lineages shown in Fig. 4b. Total n = 5, for each condition, only those
genes are presented that have significant P value < 0.01, adjusted using GLMLRTest
from edgeR package. The number of detected differentially expressed genes in
each lineage is shown on the right side of the heatmap. d Correlation matrix dis-
playing the pairwise comparison of differentially expressed genes between the
comparisons shown in (c). The size of the circles is directly proportional to
Spearman correlation strength (see the encircled values). Stars denote the sig-
nificance levels of correlation at a P value scale **<0.05. P values are obtained after
“holm” adjustment for multiple tests of the pairwise Spearman correlation, tested
using the corr.test function in R. Source data are provided on a repository? and as a
Source Data file.

(GRNs). To uncover the GRNs in newly formed lineages, we executed
SCENIC®® in an unsupervised manner. The regulons in single nuclei
were then grouped by their average scores per lineage separately for
EPO and PL samples. Our analysis reveals that a large group of regulons
were shared between the EPO and PL samples, with a couple of
exceptions (Fig. 6¢ and Supplementary Data 7). Particularly, the reg-
ulons led by Homerl and Nr4al were more specific to EPO samples.
Both regulons shared the set of genes that are also known as
immediate early genes (IEGs) and are involved in the recovery from
neuropsychiatric disorders®~">. Thus, it further elucidates the potential
of EPO to re-wire the GRNs associated with synaptic plasticity (Fig. 6¢).

Overall, these distinct regulon activities might underlie clinical benefits
observed upon EPO treatment’®™®,

EPO changes the excitation/inhibition balance of CA1 pyramidal
neurons

We now asked whether pyramidal neurons, either pre-existing or
newly formed, would show distinct electrophysiological properties
formed under the influence of rhEPO treatment. To distinguish these
neurons for single-cell patch-clamp recordings, we used mice with
tamoxifen-inducible reporter gene expression (NexCreERT2::R26R-
tdT) (Fig. 7a). Tamoxifen administration before starting EPO/PL
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Fig. 6 | EPO affects the trajectory and expression of genes involved in synap-
togenesis and synapse function. a Volcano plot showing genes that are differ-
entially expressed between EPO and PL samples in newly formed and mature CA1
neurons. The horizontal dashed line indicates ~LoglOP = 2 (P value, adjusted using
GLMLRTest). Boxed text beside the volcano plot corresponds to gene ontologies in
which genes that are differentially expressed between EPO and PL cells are enri-
ched. Exact P values are provided in Supplementary Data 6 and in the Source data
file. b Violin plots showing the expression distribution of Homer1, Cux1, and Nrgn
genes between PL (n=>5) and EPO (n =5) samples in a pairwise fashion. P values are
the results of GLMLRTest from edgeR package (see Supplementary Data 6),
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Adjusted P values are obtained by Benjamini-Hochberg (BH) correction.

¢ Barcoding the newly formed progenitor lineages in EPO and PL samples with
regulons (gene sets that are inferred as GRNs). Heatmap shows the binary activity
matrices obtained after applying the SCENIC tool. The activity status of the regulon
in a particular lineage is presented as either active (black) or not active (white).
Every row is a regulon where the master regulators are represented by their gene
names. The number of genes enlisted in a respective regulon is in brackets. The full
list of genes is provided in Supplementary Data 7. Source data are provided on a
repository'” and as a Source Data file.

treatment on P28 allows us to label essentially all mature pyramidal
neurons previously present”. All pyramidal neurons differentiating
and maturing after termination of the tamoxifen-induced Cre recom-
bination lack tdTomato (Fig. 7a). Pyramidal neurons in the CAl region
of the hippocampus were analyzed by whole-cell patch-clamp
recordings at P55, since we had previously found a considerable
number of newly differentiated (tdTomato—/Ctip +) neurons in CAl,
with about 20% more neurons upon EPO treatment, but no evidence by
EdU incorporation of proliferating precursors, revealing adult “neu-
rogenesis” independent of DNA synthesis'*.

Under EPO treatment, pre-existing neurons showed larger cell
capacitance and lower input resistance when compared to new-
born neurons (Fig. 7b, ¢), consistent with an increase in somato-
dendritic cell surface area, and likely reflecting the increase in
dendritic spine formation found previously?. Although the effect
on cell capacitance was statistically not significant with multiple
comparison correction, input resistance, which is inversely pro-
portional to cell surface area, and therefore cell size and com-
plexity, showed significant effects for both EPO treatment (two-
way ANOVA: PL vs EPO P=0.0033) and neuron age (two-way
ANOVA: old vs new P=0.0011). Resting membrane potential
(Fig. 7d), action potential (AP) threshold (Fig. 7e) and AP amplitude

(Fig. 7f) were not affected by EPO treatment or neuron age. How-
ever, EPO treatment did differentially affect the balance of exci-
tatory and inhibitory input that pre-existing and newly formed
pyramidal neurons receive (Fig. 7g-n). Neuron age significantly
affected the amplitude of miniature excitatory postsynaptic cur-
rents (mEPSCs), with newly formed neurons receiving larger
mEPSCs (two-way ANOVA: old vs new P=0.0091). At the same
time, EPO treatment significantly decreased mEPSC frequency for
both old and new neurons (two-way ANOVA: PL vs EPO P=0.0171).
Decay time constants of mEPSCs were not significantly changed
(Fig. 7j). Even more prominent differences were observed with
respect to miniature inhibitory postsynaptic currents (mIPSCs)
(Fig. 7k-n). For mIPSC amplitudes, we noted a significant interac-
tion between treatment and neuron age (two-way ANOVA inter-
action term P=0.005). Newly formed neurons received
significantly smaller mIPSCs under EPO treatment than under PL
(Fig. 71). At the same time, the frequency of mIPSCs was sig-
nificantly affected by both neuron age (two-way ANOVA: old vs
new P=0.0325) and treatment (two-way ANOVA: PL vs EPO
P=0.0008). Although EPO treatment increased mIPSC frequency
for both pre-existing and newly formed neurons, the increase in
mIPSC frequency was significantly greater for pre-existing neurons
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Fig. 7 | EPO treatment differentially affects excitatory and inhibitory input to
pre-existing and newly formed neurons. a Schematic showing EPO/PL treatment
regimen and immunohistochemical presentation of newly formed (arrows) and
pre-existing (stars; tdTomato-expressing) CAl neurons as used for the identifica-
tion in patch-clamp recordings (scale bar: 10 um). The identity of visually identified
CALl pyramidal cells was confirmed based on their passive membrane properties
and their discharge behavior in response to depolarizing current steps.

b Comparison of capacitance for newly formed and pre-existing CAl neurons from
PL (PL)- and EPO-treated mice. Bar graphs show pre-existing (old) neurons in light
red under PL treatment and in dark red under EPO treatment, and newly formed
(new) neurons in gray (PL) and black (EPO) for (b-n). ¢ Comparison of input
resistance, which is inversely proportional to cell surface area. d Resting membrane
potential (RMP) was not affected by EPO treatment or neuron age. e AP threshold
was not affected by EPO treatment or neuron age. f AP amplitude was not affected
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by EPO treatment or neuron age. g Averaged traces of mEPSCs from PL-treated
(left) and EPO-treated (right) mice. h New neurons receive excitatory inputs gen-
erating larger mEPSC amplitudes under EPO than old neurons. i Comparison of
mEPSC frequencies. j Comparison of mEPSC decay times. k Averaged traces of
mIPSCs from PL-treated (left) and EPO-treated (right) mice. I New neurons 