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Circuit formation in the central nervous system has been historically
studied during development, after which cell-autonomous and non-
autonomous wiring factors inactivate. In principle, balanced reacti-
vation of such factors could enable further wiring in adults, but their
relative contributions may be circuit dependent and are largely un-
known. Here, we investigated hippocampal mossy fiber sprouting
to gain insight into wiring mechanisms in mature circuits. We found
that sole ectopic expression of Id2 in granule cells is capable of
driving mossy fiber sprouting in healthy adult mouse and rat. Mice
with the new mossy fiber circuit solved spatial problems equally
well as controls but appeared to rely on local rather than global
spatial cues. Our results demonstrate reprogrammed connectivity
in mature neurons by one defined factor and an assembly of a
new synaptic circuit in adult brain.
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Connectivity is one of the most defining features of cellular
identity in neurons of the brain and spinal cord. During
development, cell surface receptors and neurotrophic gradients
guide axon growth and formation of synaptic connections be-
tween neurons (1-3). After the developmental milieu dissipates,
inhibitors of neurite growth are up-regulated (4, 5), and the ax-
onal and dendritic structure of neurons become established. In adult
brain, the lack of cell intrinsic axon growth, growth-supportive sub-
strate, and chemoattraction hinders not only further wiring but also
the attainment of therapeutic rewiring after injury (6). Currently,
cell-autonomous mechanisms—including those mediated by tran-
scription factors such as members of the CREB, HDAC, 1D, KLF,
SMAD, STAT, and SOX families—have been able to partially re-
capitulate circuit wiring (7, 8). However, it is thought that additional
cell nonautonomous mechanisms are required to fully recapitulate
circuit wiring (6). Nevertheless, other studies demonstrated that
under mixed developmental-adult conditions, as seen after adult
neurogenesis (9) and after in vivo glia/astrocyte to neuron conversion
and stem cell grafting (10), long-range axonal wiring and synaptic
integration can be achieved in adult circuits. This would suggest that
some cell-autonomous mechanisms can overcome barriers to further
circuit formation, but the nature of such permissive signals is not
understood.

To explore wiring mechanisms in mature circuits of adult
brain, we investigated axonal sprouting in the hippocampal
mossy fiber (MF) system. Formed during normal development,
naive MF axons originate from dentate gyrus granule cells (GCs)
and target different cell types in hilus and CA3 (11). By contrast,
during MF sprouting, which is typically studied in the context of
temporal lobe epilepsies (TLE), GCs form new axons and syn-
apses within the dentate and thereby create a new circuit on top of
the developmentally established wiring scheme (12-14). MF
sprouting is also inducible by different approaches, such as coarse
mechanical (15, 16), electrical (17), and chemical induction (18),
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or by excessive activation of the mTOR pathway in postnatally
generated GCs (19). However, these manipulations coinduce
multiple other alterations in the network (e.g., cell death, GC
dispersion, formation of aberrant GC dendrites, and changes in
cell excitability), which thus far hindered understanding their rel-
ative contributions to TLE pathology (20) and of molecular
mechanisms of MF sprouting (21-23). Regardless of its relation to
TLE, MF sprouting involves all key stages of circuit assembly
(i.e., axon growth, target cell specification, and synapse formation)
and thus also represents a comprehensive model for studying
wiring mechanisms in adult brain.

Our study aimed to elucidate transcriptional mechanisms be-
hind MF sprouting and test if, analogous to reprogramming of
differentiated cells (24), the connectivity of differentiated mature
GCs can be reprogrammed via cell-autonomous genetic induction.
Consistent with the assembly of an entirely new circuit, we hy-
pothesized that MF sprouting was associated with broad tran-
scriptomic changes in GCs. To recapitulate these changes in their
entirety, we focused on transcription factors and regulators, whose
activation may initiate the wiring process. Using a single-cell
RNA-sequencing (RNA-seq) screen, we identified Id2, an inhib-
itor of transcription factors, as master regulator whose sole acti-
vation in GCs drove MF sprouting and formation of functional
synapses. Mechanistically, activation of I1d2 led to transcriptomic
up-regulation of molecules in the JAK/STAT and interferon
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signaling pathways and controlled downstream expression of
multiple wiring-related effectors. We furthermore tested if ge-
netically induced MF sprouting generated hyperexcitability in the
hippocampus, as posited by certain models of seizure generation,
and investigated its consequences on learning and memory.

Results

Single-Cell Transcriptome of MF Sprouting. To begin, we used
chemical induction (neuroexcitatory kainic acid [KA], microin-
jection into the hippocampus) in 2-mo-old mice to investigate
the MF sprouting transcriptome. Using single-cell patch RNA-seq
(25, 26), we sampled mature GCs 1 d (representing acute cellular
response to induction) and 14 d after induction (27), by which time
MF sprouting, but not epilepsy (28, 29), reliably develops
(Fig. 14). Transcriptomic analysis revealed up-regulated expres-
sion (FDR < 0.05) of several transcription regulators, including
members of the ID (Id2), SMAD (Smad3), SOX (Sox11), STAT
(Stat3, Statl), HDAC (Hdac9), KLF (KIf10, KIf5), and CREB
(Crebl) families (Fig. 1B and SI Appendix, Fig. S1). Of these, Id2,
a developmentally active inhibitor of transcription factors, was a
particular candidate of interest. Previously, Id2 was shown to have
increased expression in GCs after status epilepticus (30), and
separate studies have linked this gene to axon growth in cell and
slice culture (31-33) and following spinal cord injury (34). Using
immunostaining, we confirmed up-regulation of Id2 protein levels,

which was apparent in few GCs already 1 d after KA (SI Appendix,
Fig. S1G) but present in most GCs 3 d after KA (Fig. 1C and S/
Appendix, Fig. S1H). This up-regulation persisted 14 d later
(Fig. 1D). At first, the Id2 signal was present in nucleus (1 d) but
later (3 d and after) become enriched in cytosol. This was consistent
with a model in which 1d2 is either sequestered to the cytosol by
other factors (35-37) or itself binds and sequesters transcription
factors to the cytosol (38). Notably, our analyses also revealed the
presence of Id2 protein in MF axons in CA3, which was indepen-
dent of its lack (in controls) or presence (after KA) in GC soma
(Fig. 1D). While this may suggest a yet unrecognized role for Id2 in
MF axons, since in this study our focus was on rewiring, we followed
up on the up-regulation of 1d2 that corresponded to sprouting.

AAV-1d2 Induces Axon Growth in the Mature MF System. To test if
Id2 played a role in MF sprouting, we cloned and ectopically
expressed the Id2 gene selectively in GCs of the ventral hippo-
campus of adult Calb1-IRES2-Cre-D mice using Cre-dependent
AAVDJ/8 virus (note that although AAV-Id2 was coinjected
with AAV-EGFP to confirm the injection site by visualizing GCs,
hereafter, we refer to this injection simply as AAV-1d2; for
controls, only AAV-EGFP was used, in equal volume; Fig. 24).
One to three months after induction, histological analyses
revealed newly formed MF axons targeting the GC and inner
molecular layer (GCL and IML, respectively; Fig. 2 B and C and
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Fig. 1. Transcriptomic analysis of chemically induced MF sprouting. (A) Experimental design. (B) Volcano plot shows acute transcriptomic changes of
transcription and translation-related molecules in single GCs 1 d after KA induction of MF sprouting. Red points denote differentially expressed genes (FDR <
0.05 and >2-fold change, or |log,FC| > 1 as in plot). (C) MF sprouting is already ongoing and 1d2 is up-regulated in GCL 3 d after KA induction. Upper panels
show saline-injected controls; lower panels show KA. From left to right: Timm'’s staining-based MF axon tracings reconstructed from 80-um-thick sections;
Timm’s-stained brain slices at higher magnification; immunohistochemical staining of ZnT3 and 1d2. (D) MF sprouting develops and Id2 remains up-regulated
in GCL 14 d after KA. Upper panels show saline-injected controls; lower panels show KA. From left to right: Timm'’s-stained hippocampal slices displaying the
whole MF system; immunostaining of 1d2 in the MF system (note the presence of 1d2 in naive fibers in hilus and CA3); immunostaining of ZnT3 and 1d2 in

dentate gyrus shown at higher magnifications.
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SI Appendix, Fig. S2). Quantification of axonal length and puncta
further corroborated these observations. Both the measurement
of MF axon length (AAV-EGFP: 1.3 + 0.17 cm, n = 6 mice;
AAV-Id2, 1 mo: 2.5 + 0.34 cm, n = 4 mice, 2 mo: 2.8 + 0.42 cm,
n =3 mice, 3 mo: 4.7 + 0.56 cm, n = 5 mice; Fig. 2D) and puncta
size (in GCL, AAV-EGFP: 0.82 + 0.024 pm?, 737 puncta/4 mice;
AAV-Id2: 1 mo: 1.6 + 0.038 pmz, 691 puncta/3 mice, 2 mo: 1.9 +
0.14 pm?, 853 puncta/3 mice, 3 mo: 2.5 + 0.25 um?, 712 puncta/3
mice; in IML, AAV-EGFP: 0.90 + 0.044 pmz, 206 puncta/4 mice;
AAV-1d2, 1 mo: 1.3 + 0.076 pm?, 309 puncta/3 mice, 2 mo: 1.8 +
0.22 pm?, 534 puncta/3 mice, 3 mo: 1.8 + 0.081 pm?, 358 puncta/3
mice; Fig. 2F) revealed time-dependent increases after AAV-Id2
delivery. Because zinc transporter-3 (ZnT3) is a known marker
of naive MFs (39), we tested its expression by immunostaining
(Fig. 2F) and found both increased density (in GCL, AAV-

EGFP: 1.1 + 0.16 x 10° puncta/mm>, AAV-1d2: 4.5 + 0.47 x 10°
puncta/mm?; in IML, control: 0.86 + 0.16 x 10° puncta/mm?;
AAV-1d2: 5.0 + 0.96 x 10° puncta/mm’; AAV-EGFP: 11 hip-
pocampi from 6 mice, AAV-1d2: n = 8 hippocampi from 6 mice;
Fig. 2G) and size (in GCL, AAV-EGFP: 0.83 + 0.15 pum* AAV-
Id2: 1.6 = 0.13 pm? in IML, AAV-EGFP: 0.83 + 0.15 pm?;
AAV-1d2: 1.2 + 0.17 pm?; AAV-EGFP: 1 = 5 hippocampi from 5
mice, AAV-1d2: n = 5 hippocampi from 5 mice; Fig. 2H) of
ZnT3+ puncta 3 mo after AAV-1d2 induction. We also con-
firmed that AAV-1d2 induced rewiring at the single-cell level by
morphological reconstruction of individual GCs, which revealed
recurrent fibers in GCL/IML after AAV-Id2 induction without
apparent reorganization of the cells’ developmentally established
axonal and dendritic structure (Fig. 2/). In order to test if, in
addition to its effect on anatomical rewiring, AAV-Id2 also
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Fig. 2. AAV-delivered Id2 induces axon growth and target-specific rewiring in mature hippocampal GCs. (A) Experimental design. The Calb1-IRES-Cre-D
transgenic line allows genetic access to dentate GCs via expression of Cre. Confocal images show confirmation of 1d2 overexpression by immunostaining. (B)
Timm's staining shows the dentate gyrus 3 mo after Cre-dependent AAV-EGFP (control) and AAV-Id2 injections. After AAV-Id2, dark ring-like precipitation
around GCL represents newly formed MFs (red arrowheads). (C) Timm'’s stainings show MFs in GCL/IML 1, 2, and 3 mo after AAV-EGFP and AAV-Id2 injections.
(D) Quantification of total axon length after AAV-EGFP and AAV-Id2 injections (one-way ANOVA, AAV-EGFP versus AAV-Id2, 1 mo, *P = 0.043; 2 mo, *P =
0.023; 3 mo, ****P < 0.0001). (E) Quantification of Timm's positive puncta size in GCL/IML after AAV-EGFP and 1, 2, and 3 mo after AAV-Id2 injections (data
points represent one individual; two-way ANOVA, GCL: AAV-EGFP versus AAV-ld2, 1 mo, ***P = 0.0003; 2 mo, ****P < 0.0001; 3 mo, ****P < 0.0001. IML:
AAV-EGFP versus AAV-Id2, 1 mo, P = 0.053; 2 mo, ****P < 0.0001; 3 mo, ****P < 0.0001). (F) EGFP labeling of GCs (green) and ZnT3 staining of MF synapses
(red) in GCL/IML 3 mo after AAV-EGFP and AAV-Id2 injections (note that AAV-Id2 was coinjected with AAV-EGFP to visualize GCs). (G) Quantification of ZnT3-
positive puncta density in GCL/IML 3 mo after AAV-EGFP and AAV-Id2 injections (two-way ANOVA, GCL: AAV-EGFP versus AAV-1d2, ****P < 0.0001; IML: AAV-
EGFP versus AAV-ld2, ****P < 0.0001). (H) Quantification of ZnT3-positive puncta size in GCL/IML 3 mo after AAV-EGFP and AAV-Id2 (two-way ANOVA, GCL:
AAV-EGFP versus AAV-1d2, **P = 0.0022; IML: AAV-EGFP versus AAV-ld2, P = 0.089). (/) Reconstruction of single GCs 3 mo after AAV-EGFP and AAV-Id2
injections. After AAV-Id2, newly formed axons that extend into GCL and IML are shown in red. Original MF projections to CA3 are marked with blue ar-
rowhead. CA3 is omitted for clarity.
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changed action potential (AP) firing of GCs or their overall
synaptic drive onto CA3, we performed electrophysiological
characterization of these properties. These revealed that despite
an increase in the cells’ input resistance, AAV-Id2 did not ap-
pear to change either current-pulse—induced AP firing properties
or the cells’ developmentally established synaptic drive onto CA3
pyramidal cells (SI Appendix, Fig. S3).

Since the ventral and dorsal hippocampus support different
brain functions and display distinct molecular patterns (40-42)
and left-right asymmetries in hippocampal function have also
been recognized (43), in a next set of experiments, we tested if
AAV-1d2 induced MF rewiring in hippocampal locations other
than the ventral part. For this, we expressed AAV-Id2 in dorsal
and ventral GCs, both in left and right hippocampi (Fig. 34),
which led to development of MF rewiring throughout the entire
mouse hippocampus, independent of anatomical location
(Fig. 3B and SI Appendix, Fig. S2A4).

Finally, in addition to mice, because MF sprouting has been
extensively characterized in rats (1218, 21, 22), we tested if 1d2
had the ability to induce MF sprouting in this different species.
For this, we injected Cre-independent AAV-Id2 into the hip-
pocampus of wild-type rats. Similarly to observations in mouse,
this manipulation revealed powerful MF rewiring (Fig. 3 C-F).
Two to three months after injection, the relative intensity of
Timm’s staining was significantly higher both in GCL and IML in
AAV-Id2-injected dentate gyrus compared to controls (Control,
GCL: 18.4 + 4.3%, IML: 30.3 + 4%, six hippocampi from three
rats; AAV-Id2, GCL: 404 + 2.8%, IML: 69.9 + 5.5%, seven
hippocampi from five rats; percentages represent signal intensity
relative to hilus in the same sections). These observations dem-
onstrate that AAV-Id2 can uniformly activate a GC wiring
program in different hippocampal segments and species.

AAV-1d2 Induces Functional MF Synapse Formation. To test if ge-
netically induced MF sprouting by AAV-Id2 involved formation
of functional synapses, we labeled MF boutons by ZnT3 immu-
nostaining and characterized them using electron microscopy.
This showed that ZnT3+ boutons were formed on GC dendrites
and spines, each bouton containing one or multiple release sites
and abundant supply of synaptic vesicles (Fig. 4 A and B). To
probe physiological transmission, we induced MF rewiring with
AAV-1d2 while also expressing channel-rhodopsin (AAV-ChR)
in GCs in vivo and prepared brain slices for electrophysiology 3
mo after induction. Because large conductance ChR currents
would mask the comparably smaller synaptic currents, we re-
stricted ChR expression and rewiring to a subset of GCs by using
Rbp4-Cre transgenic mice, in which only ~30% of GCs express
Cre and thus Cre-dependent I1d2 and ChR (Fig. 4C). In separate
experiments in the dorsal and ventral hippocampus, we per-
formed patch-clamp recordings from ChR nonexpressing cells.
Independent of anatomical location, ChR activation by blue light
evoked larger and more frequent excitatory synaptic events in
slices after AAV-Id2 injection compared to controls (in dorsal
hippocampus, Control: —9.9 + 1.9 pA, AAV-1d2: —40 + 11pA;
Control, n = 8 out of 34 cells, from six mice; AAV-1d2, n = 17
out of 55 cells, from seven mice; Fig. 4D; in ventral hippocam-
pus, Control: —11 + 2.8 pA, AAV-Id2: =36 + 9.7 pA; Control,
n = 10 out of 36 cells, from six mice; AAV-Id2, n = 6 out of 39
cells, from seven mice; Fig. 4F). To summarize, AAV delivery of
the single transcriptional regulator Id2 led to formation of a new
MF circuit, including formation of functional synapses.

The transcriptomic network controlled by Id2 in mature GCs. Next,
we sought to better understand the molecular mechanisms be-
hind AAV-Id2-induced MF rewiring. Although Id2 has been
extensively characterized for its role in transcriptional regulation
(31, 38, 44), one previous study suggested that Id2 may directly
contribute to axon growth and growth cone formation independently

40f 11 | PNAS
https:/doi.org/10.1073/pnas.2108239118

of transcriptional regulation (33). This function was dependent on
Akt-mediated phosphorylation of the serine 14 site in 1d2 (33). To
test this possibility first, we virally expressed phosphorylation-ablated
mutant Id2(S14A), AAV-Id2(S14A), in the ventral hippocampus.
We hypothesized that MF rewiring would not develop using this
mutant form if Akt/Id2 signaling was involved. However, AAV-
1d2(S14A) still induced MF rewiring (SI Appendix, Fig. S4), sug-
gesting that direct growth cone formation by Id2 was unlikely.

Second, we investigated transcriptomic changes induced by
Id2. By directly binding transcription factors, Id2 inhibits their
DNA binding and thereby their transcriptional activity (31, 44)
(Fig. 54). Consequently, increased expression of Id2 would fea-
sibly lead to both up-regulated and down-regulated expression of
genes, whose identity depends on the transcription factors that
were inhibited by 1d2. To study transcriptomic consequences, we
sequenced single GCs 1 mo after AAV-1d2 induction (Fig. 5B),
when growing axons were already apparent (Fig. 2C). Consistent
with a role in transcriptional regulation, this revealed broad
transcriptomic changes, which were dominated by members of the
JAK-STAT (Statl, Stat3, and Irf9) (45) and interferon signaling
pathways (e.g., Irfl, Irf7, Irf9 Isgl5, Uspl8) (46) as well as by
multiple other molecules that have been associated with axonal
wiring (e.g., Tlel, Nefm, Slitl, Adcyl; Fig. 5C and SI Appendix,
Fig. S5; see Discussion).

We next asked what might be key mediators of the AAV-
Id2-induced rewiring program, that is, molecules that interface
1d2 and the aforementioned genes. Since 1d2 inhibits the activity
of transcription factors, without necessarily changing their expres-
sion, the found transcriptomic changes likely represent downstream
effects and do not indicate upon which transcription factors Id2
directly acts. Therefore, we performed transcription factor-target
enrichment analysis with the aim of identifying transcription fac-
tors that were either directly or indirectly inhibited or indirectly
disinhibited by Id2. Using Enrichr (47, 48), we found 26 such factors
whose known regulatory network matches the observed gene ex-
pression patterns and which were expressed in at least 30% of GCs
(Fig. 5D). Together with this analysis, our results outlined a com-
prehensive transcriptomic model behind MF rewiring, in which Id2
exerts control over members of the wiring-related JAK-STAT, Wnt,
cAMP, and Slit/Robo signaling pathways (Fig. SE and SI Appendix,
Figs. S5-S7).

Hippocampal brain dynamics after AAV-ld2-induced MF rewiring.
The ability to genetically induce MF sprouting allowed us to
examine the network effects of this observed rewiring event. MF
sprouting is observed in human TLE and is a hallmark in ex-
perimental TLE, but the question of whether it is a cause or
consequence of seizures has been debated (20, 21). Thus, by
performing multichannel silicon probe recordings in the hippo-
campus of freely moving mice, we looked to see if signatures of
pathological brain dynamics (49) have developed 3 mo after
AAV-I1d2-induced MF rewiring (Fig. 6 A and B). In the 1 to
400 Hz range of local field potentials, our recordings did not
register pathological oscillations or seizure-like activity (Fig. 6C).
Specifically, theta, beta, slow and fast gamma, and ripple and fast
ripple range oscillations remained intact. In addition, we analyzed
CA1 sharp wave-ripple (SWR) and dentate spike (DS) events
because their intrinsic frequency and occurrence, respectively,
both increased in TLE (50, 51). Neither of these pathologies were
present in our data. The occurrence (AAV-EGFP: 0.31 + 0.033
Hz, n = 6 mice; AAV-Id2: 0.27 + 0.037 Hz, n = 6 mice) and in-
trinsic frequency (AAV-EGFP: 152 + 7.8 Hz, n = 6 mice; AAV-
1d2: 152 + 2.7 Hz, n = 6 mice) of SWRs were not different be-
tween AAV-EGFP and AAV-Id2-injected mice (Fig. 6D and S/
Appendix, Fig. S8). By contrast, the occurrence of type-1 DS (DS1)
decreased (AAV-EGFP: 0.59 + 0.12 Hz, n = 6 mice; AAV-Id2:
0.32 + 0.19 Hz, n = 6 mice; P = 0.06, Mann—Whitney U test),
whereas type-2 DS (DS2) were selectively lost after AAV-Id2
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Fig. 3. AAV-delivered Id2 induces MF rewiring throughout the mouse and rat hippocampus. (A) Experimental design showing Id2 overexpression in mouse
dorsal and ventral hippocampus. (B) Images show Timm's-stained sections collected from different levels of dorsal hippocampus (bregma, -2.0 mm and -3.2
mm) after AAV-EGFP (control) and AAV-Id2 injections. Higher-magnification images at bottom show sprouting in GCL and IML in AAV-Id2 mice. (C) Ex-
perimental design showing Id2 overexpression in rat ventral hippocampus. (D) Example images of Timm staining in rats after 1d2 overexpression. Coronal
sections of rat ventral hippocampus (bregma, -6.2 mm) were collected from regions where AAV infection was confirmed by EGFP expression.
Non-AAV-infected hippocampus was used as control. (E) Quantification of Timm's staining intensity. Intensities were measured relative to signals in the hilus

of the same sections (two-way ANOVA, GCL: Control versus AAV-ld2, **P =

synapses in GCL/IML 3 mo after AAV-1d2 injections.

delivery (AAV-EGFP: 0.22 + 0.089 Hz, n = 6 mice; AAV-1d2:
0.021 + 0.020 Hz, n = 6 mice; P = 0.015, Mann—-Whitney U test,
Fig. 6E and SI Appendix, Fig. S8). Taken together, intact oscilla-
tions and SWRs suggested that the network dynamics in AAV-1d2
mice are divergent from TLE, whereas the decrease in DS oc-
currence suggested that activity routing was still effectively altered
in the dentate network.

Learning and memory after AAV-ld2-induced MF rewiring. DS1 and
DS2 events have been suggested to be triggered by population
bursts of layer II stellate cells of the lateral entorhinal cortex (LEC)
and medial entorhinal cortex (MEC), respectively (52). Since the
LEC and MEC are proposed to support navigation based on local
(“egocentric reference framework™) and global (“allocentric refer-
ence framework™) landmarks, respectively (53-55), and the dentate
gyrus is critically involved in certain forms ‘of object-related and
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0.0017; IML: Control versus AAV-ld2, ****P < 0.0001). (F) ZnT3 staining of MF

spatial learning and memory (11, 41, 42), we hypothesized that MF
sprouting-related network effects would manifest themselves during
behavior. To test this hypothesis, we utilized eight different previ-
ously validated assays to phenotype mice 3 mo after bilateral, dorsal,
and ventral AAV-EGFP or AAV-Id2 injections (see Methods for
particulars of each assay).

Before the tests, the animals were subjected to light cycle in-
version. To examine light cycle adaptation, locomotor activity,
and freely moving behavior, we monitored each mouse in its
home cage for 13 d and in a novel open-field environment for
20 min. In the home cage, mice in both groups adapted equally
well to an inverted day-light cycle, and their overall activity level
was not different (SI Appendix, Fig. S94). In addition, in the
open field, there was no discernible difference in total travel
distance (AAV-EGFP: 66 + 2.7 m,n = 12; AAV-1d2: 75 + 4.4 m,
n = 12) and time spent in center zone (AAV-EGFP: 29 + 2.2%,
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n =12; AAV-1d2: 25 + 2.5%, n = 12) between the two groups (S
Appendix, Fig. S9B). Together, these suggest that AAV-1d2 mice
did not display hyperactivity or anxiety-like behavior.

Next, we tested hippocampus-dependent long-term and short-
term memory performance using novel object recognition and
T-maze tests, which both take advantage of strong preference to
novelty, whether object-related or environment-related, shown
by rodents. The novel object recognition test showed that al-
though both groups displayed preference to the novel object,
AAV-1d2 mice did so to a lesser degree than controls (discrim-
ination index [DI]; AAV-EGFP: 71 = 3.2%, n = 8; AAV-1d2:
50 + 8.7%, n = 7; mice with DI > 25% during training were
excluded from analysis) (Fig. 74 and SI Appendix, Fig. S9C). In
T-maze, alternation was above chance for both groups
(AAV-EGFP: 71 + 5.6%, n = 12; AAV-1d2: 61 + 7.5%, n = 12)
(Fig. 7B), which is also the expected outcome in untreated ro-
dents. However, AAV-1d2 mice did not show a normally oc-
curring increase in choice latencies across trials, and their latency
to enter an arm remained significantly shorter than that of AAV-
EGFP mice (at trial 6: AAV-EGFP: 35 £ 8.3s,n = 11; AAV-1d2:
10 £ 2.2 s, n = 11) (Fig. 7B).

To test spatial information-related memory performance, we
used the Morris water, Barnes, and eight-arm radial maze assays,
in which goal-oriented navigation is reinforced by aversive, natu-
ral, and positive stimuli, respectively. In the Morris water maze,
indicative of successful spatial learning, escape latencies (Fig. 7C)
and swim path lengths (S Appendix, Fig. SOD) robustly decreased
in both groups during the acquisition. Moreover, both groups
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displayed robust preference for the original target quadrant in the
first probe trial of reversal learning, which was to test spatial re-
tention (day 4; time in quadrant as percentage of total time, AAV-
EGFP: target quadrant 36 + 4.8%, adjacent quadrants 21 + 2.2%);
n = 12; AAV-Id2: target 39 + 3.0%, adjacent 23 + 1.6%, n = 12)
(Fig. 7C). However, during the second probe trial of reversal
learning (also on day 4), which was to test reversal learning itself,
AAV-1d2, but not AAV-EGFP, mice still displayed a preference
for the original target quadrant (AAV-EGFP: target quadrant
25 + 4.5%, adjacent quadrants 24 + 2.4%, n = 12; AAV-Id2:
target 39 + 3.1%, adjacent 21 + 1.2%, n = 12) (Fig. 7C), sug-
gesting spatial perseverance. Furthermore, AAV-Id2 mice rever-
ted to a wall-oriented, nonspatial swimming strategy (Fig. 7C).
Congruent with the observations in the Morris water maze, both
groups learned the Barnes maze task (Fig. 7D and SI Appendix,
Fig. SOF). However, AAV-1d2 mice made more errors in finding
the escape chamber (primary errors, throughout all trials; AAV-
EGFP: 7.6 + 0.52, n = 12; AAV-Id2: 10 + 0.69, n = 12) and did
not show preference for the original target when the escape
chamber was removed in the probe trial (poke ratio at original
target, angle = 0°, AAV-EGFP: 3.6 + 0.75, n = 12; AAV-Id2:
1.3 + 0.28, n = 12). This was likely because AAV-1d2 mice more
frequently adapted a serial search strategy (i.e., trying neighboring
holes one after another) than AAV-EGFP mice (serial strategy,
AAV-EGFP: 16 + 4.1% of all tries, n = 12; AAV-1d2: 33 + 5.7%,
n = 12). In the eight-arm radial maze, again, both groups learned
equally well to decrease their memory errors, which is entry to an
arm where the bait was already consumed per consumed baits of
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of Stat1 homodimers and Stat1, Stat2, and Irf9, respectively (45).

the total of eight baits over days (test days 9 to 10, AAV-EGFP:
0.47 + 0.095, n = 12; AAV-Id2: 0.47 + 0.13, n = 12) (Fig. 7E).
However, memory errors during collection of the last two baits
were higher in the AAV-Id2 mice (averaged over all test days,
AAV-EGFP: 1.7 + 0.15, n = 12; AAV-1d2: 22 + 0.2, n = 12;
Fig. 7E), suggesting a buildup of memory load in these mice. As a
preferred strategy, both groups tended to enter the neighboring
arm after visiting one (angle = 45°) (Fig. 7E). However, AVV-1d2
mice, but not AAV-EGFP, robustly increased their choices at this
preferred angle over days (AAV-EGFP: days 1 to 2 = 38 +
2.0%, days 3 to 8 = 52 + 3.7%, days 9 to 10 =50 + 4.3%, n = 12;
AAV-1d2: days 1 to 2 = 32 + 3.5%, days 3 to 8 =47 + 4.1%, days 9
to 10 = 59 + 6.7%, n = 12) (Fig. 7E).

Finally, we used a cued and contextual fear conditioning test
to assay associative learning. Here, while both groups showed
freezing response during context retention test, the response was
smaller in AAV-1d2 mice (AAV-EGFP: 12 + 2.1%, n = 12,
AAV-1d2: 3.1 + 1.7%, n = 12) (Fig. 7F). By contrast, although
the response to tone retention still appeared to be lower in
AAV-1d2 mice, freezing responses during tone retention and
extinction tests were not significantly different between the two
groups (tone retention: AAV-EGFP: 21 + 3.1%, n = 12; AAV-
Id2: 13 + 3.6%, n = 12; extinction test: first tone: AAV-EGFP:
23 +4.2%,n =12; AAV-1d2: 19 + 4.6%, n = 12, last tone: AAV-
EGFP: 11 + 1.4%, n = 12; AAV-Id2: 9.1 + 2.4%, n = 12)
(Fig. 7F).

Discussion

In this study, we systematically analyzed MF sprouting with the
aim of understanding transcriptomic mechanisms that can
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facilitate axon growth and circuit formation in the adult brain.
Our study design was motivated by the hypothesis that activation
of certain cell-autonomous mechanisms may be sufficient to
drive rewiring in the adult brain, where further axon growth is
generally inhibited. Our results suggest three major conclusions,
which have implications not only for circuit assembly in adult
brain but also for TLE pathophysiology and information pro-
cessing in the dentate gyrus.

Molecular Mechanisms of MF Sprouting. In the developing nervous
system, Id2 enhances cell proliferation and inhibits the activity of
mainly basic helix-loop-helix (31) but also other transcription
factors (44). Mechanistically, developmentally regulated degrada-
tion of Id2 has been linked to up-regulation of axon growth in-
hibitors (31), which suggested that activation of Id2 could
counteract growth inhibition and enhance axon growth, but this
prediction was only tested in culture systems and after spinal cord
injury (31-34). In contrast to previous studies, we identified Id2
using an unbiased single-cell RNA-seq screen and interrogated
consequences of Id2 activation in mature, uninjured neurons of
healthy adult mice and rats. We found that the sole activation of
1d2 in mature GCs is capable of driving MF sprouting and for-
mation of functional synapses.

During our initial analyses, we found that during chemically
induced MF sprouting, both Id2 mRNA and protein became
enriched in GCs (Fig. 1). This suggested that Id2 may play a role
in MF sprouting, which we tested by cell-autonomous activation
of Id2 in GCs. We found that AAV-Id2 had the remarkable
capacity to induce MF rewiring throughout the whole hippo-
campus with a circuit architecture that resembled previous
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occurrence.

descriptions of MF sprouting (e.g., refs. 12-14, 21) but without
signs of GC death or layer dispersion (Figs. 2-4).

As a master regulator, Id2 activated a comprehensive tran-
scriptomic program for rewiring. Because 1d2 is an inhibitor of
transcription factors, MF rewiring appeared to result from sup-
pression of persistently active transcriptional programs, and
consistent with this, we found activation and silencing of molecules
whose function is related to circuit-level reorganization (Fig. 5).
Up-regulated JAK-Stat3 has been implicated in promoting axon
growth after injury in visual and spinal systems (56-59). While
previous work has separately linked Id2 and Stat3 to axon growth,
our results establish a link between the two whereby activation of
Id2 promotes downstream expression of Stat3. Other up-regulated
genes included Phf11d, a regulator of the transcription factor Bex1
(60), which facilitates axon regeneration (61).

Down-regulated molecules were also consistent with an in-
creased capacity for axonal organization and circuit formation
and included 1) Tlel, a corepressor of the axon patterning Wnt
signaling (62, 63); 2) neurofilaments Nefl and Nefm, which de-
termine mature axon structure and caliber (64); 3) Slitl, a regu-
lator of developmental axon guidance and patterning (65), down-
regulation of which may allow MF entry to the dentate gyrus; 4)
Adcyl, loss of which led to developmental axon retraction arrest
(66), exuberant axon branching in sensory areas (67, 68), and re-
covery after spinal cord injury (69); 5) Fmrl, modulator of local
translation of synaptic proteins (70); and 6) Rrebl, a regulator of
Wallerian axon degeneration after injury (71).

Delineating the sequential activation/inactivation and stepwise
role of involved molecules will be important for understanding
the MF rewiring process in detail. It remains possible that further
aspects of MF rewiring could also be controlled independently of
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Id2 yet still cell autonomously. For example, AAV-Id2-induced
MF sprouting developed over months (Fig. 2), which is similar to
other observations (21), although slower than that is achieved by
non-cell-specific chemical induction (Fig. 1). Whether the fac-
tor(s) controlling the speed of circuit formation are cell autono-
mous and can be separately identified and how synapse targeting
can be reprogrammed to other cell types instead of GCs remain
outstanding questions. With regard to other pathways that have
been previously implicated in axon growth, regeneration, or MF
sprouting in particular, our data from single GCs did not reveal
Id2-induced transcriptomic changes in the TGF-beta/BMP-Smad
(axon growth) (72-74), BDNF (MF sprouting) (21, 23), PTEN-
mTOR (MF sprouting in postnatally generated GCs) (19, 22), and
p38/JNK (in axon regeneration) (75) pathways (SI Appendix, Fig.
S5). Some of these may be upstream of 1d2 (e.g., TGF-beta/
Smad2) (72), be controlled translationally, act independently of
Id2, or simply not be involved in MF sprouting by mature GCs.

MF Sprouting and Hippocampal Brain Activity. Our ability to ge-
netically induce MF rewiring in GCs allowed us to examine
consequent network effects in the context of two related but in-
dependent hypotheses. According to one hypothesis, MF sprout-
ing may generate hyperexcitable network states. MF sprouting is
observed in human TLE and is one of the hallmarks of chemically
induced (which is nonspecific and broadly impacts different cell
types) circuit alterations in experimental TLE (21). Whether MF
sprouting is a cause or consequence of seizures has been debated
(20). Thus, one particular question was whether pathological brain
dynamics, such as in the epileptic brain, would appear after ge-
netically induced MF rewiring. However, our in vivo electro-
physiological recordings did not register pathological oscillations,
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Fig. 7. Learning and memory after AAV-ld2-induced MF rewiring. (Statistical tests are two-way ANOVA unless stated otherwise.) (A) Novel object recog-
nition. Left to right: experiment design, DI (AAV-EGFP versus AAV-Id2, training P = 0.87, test *P = 0.021). (B) T-maze. Left to right: experiment design, al-
teration (Mann-Whitney U test, P = 0.33), and choice latency (AAV-EGFP versus AAV-ld2, trial 1, P=0.87, trial 2, P = 0.66, trial 3, P = 0.31, trial 4, **P = 0.0048,
trial 5, *P = 0.011, trial 6, ****P < 0.0001). (C) Morris water maze. Left to right: experiment design, escape latency [Fp.y (4, 84) = 13, P < 0.0001; Frreatment (1,
21) = 0.056, P = 0.82; Frreatment X pay (4, 84) = 1.4, P = 0.23], quadrant time (adjacent versus target, first probe trial, AAV-EGFP: *P = 0.017, AAV-Id2: *P =0.014;
second probe trial, AAV-EGFP: P = 0.82, AAV-Id2: **P = 0.0026), swim path length parallel to walls (acquisition versus reversal, AAV-EGFP: **P = 0.0025, AAV-
1d2: P = 0.45), and number of wall approaches (acquisition versus reversal, AAV-EGFP: **P = 0.0079, AAV-Id2: P = 0.57). (D) Barnes maze. Left to right: ex-
periment design, primary path length [Fp., (4, 88) = 6.6, P = 0.0001; Frreatment (1, 22) = 0.4, P = 0.52; Frreatment X pay (4, 88) = 0.3, P = 0.85], primary errors
(Mann-Whitney U test, **P = 0.0038), poke ratio in probe trial after acquisition (AAV-EGFP versus AAV-ld2, angle = 0°: ****P < 0.0001, angle = 18°: P=0.52,
angle = 36°: P=0.54, angle = 54°: P=0.98, angle > 72°: P = 0.72), and average strategy used during acquisition and reversal AAV-EGFP versus AAV-1d2: direct,
P =0.31, serial, **P = 0.0047, mixed P = 0.059). (E) Eight-arm radial maze. Left to right: experiment design, memory errors per consumed baits over days [Fp.,
(2, 44) = 9.0, P =0.0005; Frreatment (1, 22) = 2.8, P=0.11; Frreatment X pay (2, 44) = 0.53, P = 0.59], memory errors per consumed bait (AAV-EGFP versus AAV-Id2:
bait 1 to 4, P=0.88, bait 5 to 6, P = 0.86, bait 7 to 8, **P = 0.0029), preferred angle [Fangie (2, 44) = 16, P < 0.0001; Frreatment (1, 22) = 0.056, P = 0.81; Frreatment X Angle
(2, 44) = 2.6, P = 0.086], and choices performed at preferred angle (AAV-EGFP, days 1 to 2 versus 3 to 8, **P =0.0071, days 1 to 2 versus 9 to 10, *P = 0.020, day 3to 8
versus 9 to 10, P = 0.68; AAV-Id2, days 1 to 2 versus 3 to 8, **P = 0.0049, days 1 to 2 versus 9 to 10, ****P < 0.0001, days 3 to 8 versus 9 to 10, *P = 0.026). (F)
Contextual and cued fear conditioning. Left to right: experiment design, freezing during context retention (AAV-EGFP versus AAV-Id2: baseline, P = 0.60, context,
**%%P < 0.0001), freezing during cue retention (AAV-EGFP versus AAV-Id2: pretone, P = 0.58, tone, P = 0.032, q = 0.064; does not meet FDR criterion), and freezing
during extinction (AAV-EGFP versus AAV-Id2: baseline, P = 0.24, first tone, P = 0.38, last tone, P = 0.73).
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SWRs, or seizure-like activity 3 mo after AAV-Id2 delivery
(Fig. 6). By contrast, after chemically induced epilepsy, decreased
theta and midgamma oscillations (49), and increased intra-SWR
frequency (50) have been reported. Our results thus reveal net-
work dynamics divergent from epilepsy and indicate that MF
rewiring does not generate seizures (20).

According to another hypothesis, the dentate gyrus is pre-
sumed to process information about content (e.g., objects) and
local spatial landmarks, delivered from the LEC, and about
global spatial landmarks, delivered from the MEC (53-55). Our
in vivo recordings in AAV-Id2 mice revealed a decrease in the
occurrence of DS1 and a loss of DS2 events, which have been
suggested to be triggered by population bursts in LEC and MEC,
respectively (52). While circuit mechanisms behind DS events
remain elusive, our data suggested that MF sprouting differen-
tially interfered with the generation of DS1 and DS2 events.
Consequently, information from LEC about content and local
landmarks and from MEC about global spatial context of an
experience may be differentially impacted by MF sprouting.

Learning and Memory after MF Sprouting. By employing multiple
different memory assays to evaluate object and spatial-related
information processing, we found a recurrent schema in the
behavior of AAV-1d2 animals that had MF sprouting. With
regard to objects, we found that AAV-Id2 mice displayed pref-
erence to novel objects, although the preference was less than
that of controls (Fig. 7). Notably, the decreased preference to
novel objects correlated with decreased occurrence of LEC-
linked DS1 events in the AAV-Id2 mice. These represent fur-
ther divergence from TLE, as novel object preference was not
altered (76, 77) and DS occurrence was increased in epileptic
mice (51) (note that DS1 and DS2 were not separately analyzed
by this later study). Nonetheless, these do not contradict our
findings, which suggest that DS1 events may be related to rec-
ognition of novel objects. With regard to spatial information,
AAV-1d2 mice did not display deficits in primary task perfor-
mance, but they appeared to solve spatial problems differently
from controls. Specifically, the Morris water, Barnes, and eight-
arm radial maze assays showed that AAV-Id2 mice learn and
perform well, without deficits in spatial retention (Fig. 7). Note
that these findings represent yet another divergence from TLE,
where the same assays revealed learning and memory impair-
ments (49, 78-80). However, AAV-1d2 mice displayed a higher
level of spatial perseverance and opted to nonspatial, wall-
oriented swimming strategies during reversal learning in the
Morris water maze and performed more serial trials at the ex-
pense of direct and mixed trials in both the Barnes maze and
eight-arm maze, together indicating that AAV-1d2 mice were
prone to use local landmark-based and possibly self-referential
navigation-based strategies rather than relying on global spatial
cues. Since MEC (global spatial information)-linked DS2 events
were specifically lost in AAV-1d2 mice, our finding suggests that
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DS2 events are not required for solving primary spatial tasks per
se but may facilitate the processing of global spatial cues that
guide navigation to enhance performance. One interpretation of
these findings that should also be considered is a potential
confusion in pattern separation caused by recurrent redistribu-
tion of neural activity among GCs after MF sprouting. Pattern
separation is one principal function performed by dentate gyrus
(11, 81) thought to be controlled by young but not mature adult-
born GCs (82). Since in these experiments the Calbl-IRES2-
Cre-D line was used to deliver Id2 to GCs and the onset of
Calbl1 expression marks a transition of adult-born GCs into more
mature states (83), it is unlikely that altered pattern separation
by young adult-born GCs substantially contributed to our ob-
servations. Overall, our results are consistent with the hypothesis
that MEC and LEC support navigation based on global and local
cues, respectively (54, 55). Finally, we also found that AAV-1d2
mice, unlike controls, did not increase their choice latencies over
subsequent trials in the T-maze. This phenotype could potentially
be the result of an egocentric navigation strategy that utilizes left-
right sequences with high precision but could also be interpreted as
an inability to habituate (although our other data did not suggest
this) or faster decision making, and therefore, its relationship to
MF sprouting is currently less clear.

Summary. Repair being a key objective, factors that facilitate
circuit rewiring in the adult nervous system are typically studied
in the context of pathology or injury. Our results provide evidence
for cell-autonomous activation of axon growth and circuit forma-
tion in healthy mature neurons in the absence of developmental or
injury signaling. More detailed understanding of how involved
molecules contribute to this process will help to advance circuit
engineering approaches that can induce axon growth and control
target cell-specific circuit formation in the adult brain.

Methods

All mouse protocols and husbandry practices were approved by the Veteri-
nary Office of Zurich Kanton. For comprehensive description of 1) animals, 2)
plasmids and viruses, 3) stereotaxic injections, 4) single-cell RNA-seq and
bioinformatics, 5) histology and neuroanatomy, 6) electron microscopy, 7)
in vitro electrophysiology, 8) in vivo electrophysiology, 9) behavior, and 10)
statistical analyses, see the SI Appendlix.

Data Availability. RNA-seq data have been deposited in National Center for
Biotechnology Information Gene Expression Omnibus (GSE161619) (27).
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