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Abstract

Although evidence indicates that the adult brain retains a considerable capacity for circuit formation, adult wiring has not been broadly 
considered and remains poorly understood. In this study, we investigate wiring activation in adult neurons. We show that the basic- 
helix-loop-helix transcription factor Ascl4 can induce wiring in different types of hippocampal neurons of adult mice. The new axons 
are mainly feedforward and reconfigure synaptic weights in the circuit. Mice with the Ascl4-induced circuits do not display signs of 
pathology and solve spatial problems equally well as controls. Our results demonstrate reprogrammed connectivity by a single 
transcriptional factor and provide insights into the regulation of brain wiring in adults.
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Significance Statement

In contrast to developmental circuit formation, the regulation of brain wiring across the lifespan is much less understood. 
Understanding the molecular bases of adult wiring could provide fundamental insights into the maintenance of brain circuits and 
facilitate the development of new approaches for circuit therapy and repair. In this study, we show that the transcription factor 
Ascl4 is capable of inducing axonal wiring in different types of adult neurons.
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Introduction

Studies on adult-born neurons, circadian and mating behaviors, 

cell reprogramming and grafting, and neurological disorders 

have demonstrated pronounced wiring in the adult brain (1). 

While adult wiring remains comparably less understood than de-

velopmental wiring, basic-helix-loop-helix (bHLH) transcription 

factors (TFs) have been implicated in certain forms of adult wiring. 

Specifically, the overexpression of Id2, which is an inhibitor of 

bHLH TFs (2–5), has been shown to facilitate axon regeneration in 

injured neurons (6–8) and induce wiring in cultured (9) and naive 

adult neurons (10). These findings suggest that at least some 

bHLH TFs suppress wiring in adults, and Id2 induces wiring by neu-

tralizing this suppression. Although other observations suggest that 

bHLH TFs themselves (as opposed to their inhibition) can also pro-

mote adult wiring, for example, after cell reprogramming (1), 

bHLH TF–induced wiring activation in fully differentiated adult 

neurons has not been demonstrated yet.

The epilepsy-associated hippocampal mossy fiber sprouting 

(MFS) is a robust model to gain insights into adult wiring. 

During MFS, such as that induced by kainic acid (KA), dentate 

granule cells (GCs) form three fundamentally different circuit 

motifs by growing new axons into the (i) ipsilateral dentate 

layers (feedback or recurrent wiring) (10–13), (ii) ipsilateral hilus 

and possibly CA3 area (feedforward wiring) (11), and (iii) contra-

lateral hippocampus (commissural wiring) (14). The feedback 

motif is atypical in the sense that, with the exception of the 

temporal pole of the hippocampus, it does not exist in the naive 

brain (15), whereas the feedforward and commissural motifs are 

typical, although naive commissural GC projections are infre-

quent (14). Previously, we showed that feedback, but neither 
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feedforward nor commissural, GC wiring is inducible by Id2 

(10, 14). Based on this, here, we hypothesized that the formation 

of the different MFS motifs is controlled by different molecular 

programs.

To test this hypothesis, we looked for GC transcriptomic 

differences between the KA model inducing all three MFS motifs 

(10, 11, 14) and the Id2 model inducing the feedback MFS motif 

(10). We identified bHLH TF Ascl4 and showed that the adeno- 

associated virus- (AAV-) mediated ectopic expression of Ascl4 

(AAV–Ascl4) induces feedforward wiring in adult GCs. To test 

whether AAV–Ascl4 can induce wiring in other cell types, we ex-

tended our analysis to adult CA1 pyramidal cells (CA1 PYRs), 

which can also grow new axons in epilepsy models (1). We used 

comprehensive neuroanatomical, electrophysiological, and tran-

scriptomic analyses to characterize Ascl4-induced wiring in GCs 

and CA1 PYRs, and behavioral phenotyping to study their conse-

quences on learning and memory.

Results

Ascl4 in adult hippocampal GCs
To start with, we reanalyzed our patch-RNA-seq data (10) 

(GSE161619), consisting of a total of 248 single GC samples, for 

possible differences in the transcriptional regulation of KA and 

AAV–Id2-induced GC wiring (Fig. S1). We focused on bHLH TFs be-

cause of their potential role in adult wiring (1). Out of 107 bHLH 

TFs (16), 36 were expressed in at least 10 cells in at least one of 

the experimental groups (the group with the least cells containing 

29 GCs), which we used as an arbitrary cutoff. Of the 36, 9 had sig-

nificantly increased expression after KA but not after AAV–Id2. 

Based on STRING protein interaction analysis (17), it was found 

that 8 of the 9 bHLH TFs were directly associated with either 

Id2 or the transcriptional program inactivated by Id2 (10) 

(Fig. S1A–D). The only exception was Ascl4.

Next, we performed Ascl4 immunostaining after administering 

intra-hippocampal KA injection. In saline-injected controls, the 

Ascl4 immunosignal was relatively weak in most GCs; meanwhile, 

a few GCs were strongly labeled. In contrast, Ascl4 was strongly 

enriched in most GCs 1 day after KA, which persisted 14 days later 

(Figs. 1A, B and S1E). Ascl4 was nuclear, both after saline and after 

KA. This expression pattern was different from Id2, which was nu-

clear 1 day after KA but cytosolic later (10). While the Id2 localiza-

tion was consistent with its presumed mechanism of action (i.e. 

binding and sequestering TFs to the cytosol to prevent their in-

volvement in transcription or being sequestered to the cytosol 

by other factors) (18–22), its bHLH targets remained poorly charac-

terized (5) and the different localizations of Ascl4 and Id2 at least 

suggested that Ascl4 is not a target of Id2. In addition, we did not 

find AAV–Id2-induced effects on the endogenous Ascl4 mRNA and 

protein levels (Fig. S1D and F), further supporting the hypothesis 

that Ascl4 and Id2 may function independently from each other.

Ascl4 induces axon growth in adult hippocampal 
GCs
To further investigate Ascl4, we cloned and ectopically expressed 

the Ascl4 gene in Cre-expressing ventral hippocampal GCs of 

adult Calb1-IRES-Cre-D mice using Cre-dependent AAVDJ/8 virus 

(referred to as AAV–Ascl4; Fig. 1C); to identify the injection site, 

AAV–EGFP was co-injected [for controls, only AAV–EGFP (en-

hanced green fluorescent protein) was injected in equal amount]. 

Three months later, we prepared acute brain slices for biocytin la-

beling and electrophysiological recording of the fluorescently la-

beled GCs (Fig. 1D).

First, we characterized morphological properties in the dentate 

gyrus and hilus, where GC axons and dendrites remained relative-

ly well preserved in the brain slices. AAV–Ascl4 GCs had longer ax-

ons (AAV–EGFP: 1.54 ± 0.12 mm, n = 26 cells/9 mice, AAV–Ascl4: 

1.93 ± 0.13 mm, n = 30 cells/8 mice; Welch’s t test, P = 0.028) and 

more axonal branches (AAV–EGFP: 11 ± 0.83, AAV–Ascl4: 16 ± 1.40; 

Welch’s t test, P = 0.0048) than controls (Fig. 1E; see Table S1 for sam-

ple/animal numbers and statistical data related to figures). While 

most axons extended into the hilus, indicating feedforward wiring, 

axons from 6 out of 30 (20%) AAV–Ascl4 GCs, but none of the con-

trols, also entered the GC/inner molecular layers (GCL/IML; Fig. 1F) 

resembling feedback wiring. Although in a comparably smaller data-

set, 4 of the 6 (67%) previously reconstructed AAV–Id2 GCs had axons 

in GCL/IML (10), highlighting a divergence between the wiring motifs 

induced by AAV–Ascl4 and AAV–Id2 (see also Fig. S2A and B). In add-

ition, the total dendritic length of AAV–Ascl4 GCs decreased by ∼12% 

(Fig. S2C; also see more below).

Second, to investigate possible effects in areas more distant 

than hilus, we analyzed GC axons, which could be at least partial-

ly recovered in CA3. On these, we did not observe AAV– 

Ascl4-induced effects on the density of mossy fiber boutons 

(MFBs; AAV–EGFP: 5 ± 0.63/mm, from n = 9 cells/5 mice; AAV– 

Ascl4: 4.8 ± 0.58/mm, from n = 18 cells/7 mice; Fig. 1G and H) or 

the surface area of MFBs (AAV–EGFP: 13 ± 0.84 μm2, n = 38 MFBs, 

AAV–Ascl4: 11 ± 0.72 μm2, n = 57 MFBs; Mann–Whitney U test, 

P = 0.055; Fig. 1I). In contrast, the MFB filopodia number increased 

(AAV–EGFP: 0.47 ± 0.16/MFB, AAV–Ascl4: 1.2 ± 0.19/MFB; Mann– 

Whitney U test, P = 0.0045; Fig. 1I). Consistent with the hypothesis 

that MFB filopodia number decreases with age (23), these numbers 

in 5- to 7-month-old mice were lower than in younger mice (2 weeks’ 

old: ∼7–13/MFB; 2 months’ old: ∼3/MFB) (23, 24). Nonetheless, based 

on a correlation between the structural complexity of MFBs and the 

GC synaptic output strength (24, 25), the increased filopodia number 

indicated potentially increased GC output after AAV–Ascl4 (see be-

low). Further, in a separate experiment using retrograde labeling 

from the contralateral hippocampus, we tested whether AAV– 

Ascl4 induced commissural GC wiring as observed in the KA model 

(14). However, the number of retrogradely labeled GCs did not in-

crease (Fig. S2D), suggesting that Ascl4 activation alone does not 

have the capacity to induce commissural axon growth.

Third, electrophysiological experiments showed that AAV– 

Ascl4 GCs had a more depolarized resting membrane potential, 

larger input resistance, and lower capacitance and fired more ac-

tion potentials (APs) in response to steady-state current injections 

than controls (Fig. 1J–L). Previously, we also investigated these GC 

cellular properties in the AAV–Id2-induced wiring model, generat-

ing feedback GC wiring (10). Underscoring a divergence between 

the effects of Ascl4 and Id2, the GC resting membrane potential, 

capacitance, and AP firing were altered only by Ascl4 but not by 

Id2 (10), although the input resistance was similarly increased 

by both manipulations (Fig. 1K and Ref. (10)).

Together, these results indicated that differently from AAV– 

Id2, AAV–Ascl4 in adult GCs induced mainly feedforward wiring 

together with changes in neuronal excitability.

Ascl4 induces axon growth in adult hippocampal 
CA1 PYRs
Next, we tested whether the capacity of Ascl4 to induce axon 

growth was specific to GCs or whether AAV–Ascl4 also had the 

capacity to induce wiring in other adult cell types. We investigated 

this question by focusing on CA1 PYRs, which have also been 

shown to grow new axon collaterals in epilepsy models (26–30). 
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Fig. 1. Ascl4 induces axon growth in adult hippocampal GCs. A) Ascl4 immunostaining in 50-µm-thick brain sections 1 day after saline and KA injection. 
B) Ascl4 immunostaining 14 days after saline and KA. C) A schematic drawing of AAV targeting. The confocal images show Ascl4 immunostaining after 
AAV–EGFP and AAV–Ascl4. D) Example GCs after AAV–EGFP and AAV–Ascl4. Axons are shown in red, and somata and dendrites are shown in black. The 
dashed lines delineate the dentate/hilus area for axon morphological quantification. The insets show the axograms (red dots label branches exiting 
the slice surface). E) Quantification of the total axon length, branch count, and axonal branch count distribution of AAV–EGFP and AAV–Ascl4 GCs within 
the dentate/hilus 3 months after AAV injections. F) An example of an AAV–Ascl4 GC that had axons in GCL/IML (red arrowheads). The circle plots show 
the percentage of GCs with axons in GCL/IML. G) The images show MFBs and filopodia in CA3 (the main GC axons/mossy fibers extend in a left–right 
direction). H) Quantification of MFB density. I) Quantification of the MFB area, filopodia number, and filopodia number distribution (each circle represents 
a single MFB, and the data represent mean ± SEM across MFBs). J) Electrophysiological responses elicited by hyper- and depolarizing steady-state current 
injections in GCs. K) Resting membrane potential, input resistance, and capacitance of AAV–EGFP and AAV–Ascl4 GCs. L) AP counts evoked by 1.5-s long 
steady-state current injections in AAV–EGFP and AAV–Ascl4 GCs. In E, H, K, and L, each circle represents a single cell, and the data represent mean ± SEM 
across cells. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. See Table S1 for cell/sample/animal numbers and statistical details.
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For this, we used adult Nex-Cre transgenic mice (31), in which, in 

the hippocampal CA1 area, Cre is exclusively expressed by PYRs. 

Three months after administering bilateral Cre-dependent AAV 

injections into ventral CA1, we prepared acute brain slices to ana-

lyze fluorescently labeled CA1 PYRs (Fig. 2A).

AAV–Ascl4 CA1 PYRs had longer axons (AAV–EGFP: 4.25 ±  

0.40 mm, n = 27 cells/3 mice, AAV–Ascl4: 5.55 ± 0.40 mm, n = 29 

cells/3 mice; Mann–Whitney U test, P = 0.013) and more axonal 

branches (AAV–EGFP: 22 ± 1.4, AAV–Ascl4: 27 ± 1.3; Welch’s t 

test, P = 0.012) than controls (Fig. 2B and C). To examine whether 

AAV–Ascl4 uniformly induced axon growth in genetically diverse 

CA1 PYRs (32–34), we also stratified the cells based on their soma 

location in the proximal (closer to CA3), medial, or distal (closer to 

subiculum) CA1. Intriguingly, mostly medial and to a certain ex-

tent proximal, but not distal, CA1 PYRs were susceptible to 

AAV–Ascl4-induced axon growth (Fig. 2D). In addition, the apical, 

but not basal, dendritic length of medial AAV–Ascl4 CA1 PYRs de-

creased by ∼21%, whereas their apical, but not basal, dendritic 

branch count increased by ∼27% (Fig. S3; also see below).

With regard to electrophysiological properties, AAV–Ascl4 

CA1 PYRs had a larger input resistance, but their resting 

membrane potential, capacitance, and AP firing did not display 

Ascl4-induced effects (Fig. 2E–G).

Ascl4-induced transcriptomic programs in GCs 
and CA1 PYRs
In order to identify the transcriptomic consequences of AAV– 

Ascl4, we performed patch-RNA-seq 1 month after AAV injections 

from GCs (53 AAV–EGFP and 52 AAV–Ascl4 GCs) and then from 

CA1 PYRs, mainly focusing on the medial population (48 AAV– 

EGFP and 51 AAV–Ascl4 CA1 PYRs; GSE246825). To augment our 

analyses, we again used our previous patch-RNA-seq data from 

GCs (51 AAV–EGFP and 59 AAV–Id2 GCs; Ref. (10); GSE161619).

First, we analyzed the GC transcriptome. Differential gene ex-

pression analysis revealed a significant (false discovery rate, 

FDR < 0.05) up-regulation of 771 and down-regulation of 739 genes 

in AAV–Ascl4 GCs compared with controls (Figs. 3A and S4A). 

STRING analysis of the top 50 up-regulated genes revealed a clus-

ter associated with JAK-STAT (Stat1, Stat3, H2-D1, and Cd34) and 

interferon (Irf7, Isg15, Lgals3bp, Ifit1, Ifit3, and Rtp4) signaling 

(35–38) (Fig. S4B), and gene ontology (GO) analysis (39–41) of all sig-

nificantly differentially expressed genes showed an enrichment of 

interferon signaling and catabolic processes (Fig. S4C).

Functionally, Ascl4 (a TF) directly, whereas Id2 (an inhibitor of 

TFs) indirectly, controls transcription. Phenotypically, AAV–Ascl4 

induces mainly feedforward, whereas AAV–Id2 induces feedback 

wiring in GCs. Consistent with these functional and phenotypic 

differences, the Ascl4- and Id2-induced transcriptional programs 

were largely different (Fig. 3B). Differently regulated genes in-

cluded synaptic cell surface receptors (Fig. S4D), which are gener-

ally important for target specification during wiring (13, 42–46). 

However, several genes were also co-regulated by Ascl4 and Id2 

(Fig. 3B and C), 11 were up-regulated, and 3 were down-regulated, 

which we presumed would include a core program for adult GC 

wiring. Underscoring the notion of such a core program, the ex-

pression of 8 up-regulated genes (i.e. Stat1, Stat3, Ifit1, Ccl5, 

Cdkn1a, Irf1, Irf7, and Lgals3bp) was also similarly changed in 

the KA model (Fig. S5A and B; data from Ref. (10)), which induces 

feedback, feedforward, and commissural motifs.

Second, we analyzed the CA1 PYR transcriptome. We found a 

significant up-regulation of 80 genes and down-regulation of 150 

genes in AAV–Ascl4 CA1 PYRs compared with controls (Figs. 3D 

and S6A)—comparably fewer than in GCs, potentially reflecting 

that the overall transcriptomic effect of Ascl4 depends on the 

gene regulatory landscape of the cell. STRING analysis identified 

a cluster associated with interferon signaling (Irf7, Ifi27l2a, 

Lgals3bp, Xaf1, Bst2, H2-K1, Ccl5, and Cd74; Fig. S6B), and GO ana-

lysis showed an enrichment of biosynthetic processes (Fig. S6C). 

Furthermore, these analyses revealed that AAV–Ascl4 did not al-

ter endogenous Id2 expression in GCs or CA1 PYRs (Fig. 3A–D).

Finally, since Ascl4 induced wiring both in GCs and in CA1 

PYRs, we looked for co-regulated genes: 12 genes were commonly 

up-regulated and 15 were down-regulated after AAV–Ascl4 in 

both cell types (Fig. 3E and F). The up-regulated genes included 

Irf7, Lgals3bp, and Ccl5, which were also up-regulated in AAV– 

Id2 GCs (Fig. 3B and C). Other genes (e.g. Stat1) did not reach 

FDR significance in AAV–Ascl4 CA1 PYRs as they did in GCs, but 

were still significantly up-regulated by non-adjusted P < 0.05 

(Fig. 3E). Therefore, we analyzed a broader set of co-regulated 

genes (P < 0.05 and fold-change >2) in the AAV–Ascl4 (in GCs 

and CA1 PYRs) and AAV–Id2 (in GCs) wiring models: 9 genes 

were commonly up-regulated (Ccl5, H2-D1, Irf1, Irf7, Isg15, 

Lgals3bp, Pcyox1, Selenon, and Stat1) and 5 were down-regulated 

(C2cd4b, Esf1, Neil, Myo5b, and Tle1; Fig. 3G–J). Intriguingly, 5 of 

the 14 co-regulated genes (Esf1, Irf1, Irf7, Stat1, and Tle1) were 

TFs or transcriptional regulators, highlighting a striking conver-

gence of Ascl4- and Id2-activated programs at the basic level of 

transcription.

Learning and memory after AAV–Ascl4
Thus far, our results indicate that AAV–Ascl4 induces wiring and 

biophysical changes in adult neurons. An important question is 

whether these changes impact circuit operations. To investigate 

whether the increased wiring and excitability of GCs and CA1 

PYRs correlates with learning and memory impairments as ob-

served in the experimental models of temporal lobe epilepsy 

(47–49), we performed hippocampus-dependent learning and 

memory tests. For this, we bilaterally injected AAVs both in the 

dorsal and in the ventral hippocampus of either adult male 

Calb1–Cre mice to induce wiring in GCs (13 AAV–EGFP and 15 

AAV–Ascl4 mice) or Nex-Cre mice to induce wiring in CA1 PYRs 

(11 AAV–EGFP and 11 AAV–Ascl4 mice). We refer to the four 

groups as GCEGFP, GCAscl4, PYREGFP, and PYRAscl4 mice, for short. 

GC and PYR mice were tested separately and statistical compari-

sons were made only between the corresponding groups 

(Fig. 4A). Three months after AAV injections, we performed the 

following order of behavioral tests: home cage activity monitor-

ing, open field, novel object location, novel object recognition, ele-

vated O-maze, light–dark box, eight-arm radial maze, Morris 

water maze, and fear conditioning.

Home cage monitoring (12:12 h light–dark cycle) showed that 

GCAscl4 and PYRAscl4 mice increased their activity at the onset of 

the dark phase compared with their controls (Figs. 4B and S7A). 

In addition, PYRAscl4 mice were generally more active during the 

dark phase (Fig. 4B) and their increased activity was also evident 

in the open field test (Fig. 4C). The novel object location and recog-

nition tests did not reveal phenotypic changes in the GCAscl4 and 

PYRAscl4 mice (Fig. S7B–E). In the elevated O-maze, mice generally 

showed initial exploration, followed by robust habituation (i.e. 

their travel distance progressively decreased during the observa-

tion), and the only exception was the PYRAscl4 group, which did 

not display significant habituation (Fig. 4D). Further, canonical 

anxiety measures such as place preference in the open field 

(Fig. S7C), elevated O-maze (Fig. S7F), and light–dark box tests 
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(Fig. S7G) did not provide support for anxiety-related phenotypic 

changes neither in the GCAscl4 nor in the PYRAscl4 mice.

In the eight-arm radial maze test, GCAscl4 and PYRAscl4 mice 

made the same number of correct choices as their controls. 

However, PYRAscl4 but not GCAscl4 mice increased their memory 

errors (entering an arm and looking for a food pellet, or bait, which 

was already consumed) at the expense of procedural errors (enter-

ing and leaving an arm without looking for an already consumed 

bait) (Fig. 4E). This effect was apparent after the mice already col-

lected 5–6 (of 8 total) baits on any day of the test (Figs. 4E and S7H), 

suggesting that an increased memory load prevented further im-

provements with training in PYRAscl4 mice. The results from the 

Morris water maze test corroborated these findings. Although 

GCAscl4 and PYRAscl4 mice learned equally well during acquisition 

as their controls, the PYRAscl4 mice but not the GCAscl4 mice dis-

played longer escape latencies and swim paths during the second 

day of reversal learning (Figs. 4F and S7I). Finally, fear conditioning 

did not reveal generalized freezing by the GCAscl4 and PYRAscl4 mice, 

nor deficits in their context and cue retention (Fig. 4G).

Taken together, comprehensive behavioral phenotyping did 

not reveal pathological impairment in the primary task perform-

ance of GCAscl4 and PYRAscl4 mice, but highlighted a potential spa-

tial reference memory impairment in the PYRAscl4 mice with 

increasing memory load.

Fig. 2. Ascl4 induces axon growth in adult hippocampal CA1 PYRs. A) A schematic drawing of AAV targeting. The confocal images show Ascl4 
immunostaining after AAV–EGFP and AAV–Ascl4, and stratification of proximal, medial, and distal CA1 areas. B) Example proximal, medial, and distal 
AAV–EGFP and AAV–Ascl4 CA1 PYRs. Axons are shown in red, and somata and dendrites are shown in black. The insets show the axograms (red dots label 
branches exiting the slice surface). SO, str. oriens; SP, str. pyramidale; SR, str. radiatum; Sub, subiculum. C) Quantification of the total axon length, branch 
count, and axonal branch count distribution of AAV–EGFP and AAV–Ascl4 CA1 PYRs 3 months after AAV injections. D) The total axon length and axonal 
branch count of distal, medial, and distal CA1 PYRs. E) Electrophysiological responses elicited by hyper- and depolarizing steady-state current injections 
in CA1 PYRs. F) Resting membrane potential, input resistance, and capacitance of AAV–EGFP and AAV–Ascl4 CA1 PYRs. G) AP counts evoked by 1.5-s long 
steady-state current injections in AAV–EGFP and AAV–Ascl4 CA1 PYRs. In C, D and F, G, each circle represents a single cell, and the data represent mean ±  

SEM across cells. *P ≤ 0.05. See Table S1 for cell/animal numbers and statistical details.
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Circuit properties in the GCAscl4 and PYRAscl4 mice
Five months after AAV injections and after the behavioral 

tests, we prepared acute brain slices from the ventral hippo-

campus for morphological and electrophysiological analyses. 

Although the experimental conditions between the data col-

lected 3 (Figs. 1 and 2) and 5 months (Fig. 5) after the AAV in-

jections differed in key aspects (3 months: ventral AAV 

injections without behavioral tests, 5 months: ventral/dorsal 

Fig. 3. Ascl4-induced transcriptomic programs in adult GCs and CA1 PYRs. A) The volcano plot shows a differential gene expression between AAV–EGFP 
and AAV–Ascl4 GCs. Vertical dashed lines: |log2(fold-change)| = 1, horizontal dashed line: FDR = 0.05. B) Correlated gene expression changes in GCs after 
AAV–Ascl4 (horizontal axis) and AAV–Id2 (vertical axis). Genes colored with: gray = not significantly changed by either manipulation; blue = regulated by 
AAV–Id2; orange = regulated by AAV–Ascl4; red = mutually co-regulated by AAV–Ascl4 and AAV–Id2. C) The heat map shows the expression of Ascl4 and 
Id2, and mutually regulated genes by AAV–Ascl4 and AAV–Id2 (red-labeled genes in B). The scale bar is log2(TPM + 1). D) Differential gene expression 
between AAV–EGFP and AAV–Ascl4 CA1 PYRs. E) Correlated gene expression changes in CA1 PYRs (horizontal axis) and GCs (vertical axis) after 
AAV–Ascl4. Gray = not significantly changed in either cell type; green = regulated in CA1 PYRs; orange = regulated in GCs; red = mutually co-regulated 
in GCs and CA1 PYRs; purple = oppositely regulated in GCs and CA1 PYRs. F) The heat map shows mutually regulated genes in AAV–Ascl4 GCs and 
AAV–Ascl4 CA1 PYRs (red-labeled genes in E). G) The Venn diagram shows the number and intersection of up-regulated genes in AAV–Ascl4 GCs, 
AAV–Id2 GCs, and AAV–Ascl4 CA1 PYRs. H) The STRING protein network analysis shows a functional association among the nine mutually 
up-regulated genes in G. I) Down-regulated genes in AAV–Ascl4 GCs, AAV–Id2 GCs, and AAV–Ascl4 CA1 PYRs. J) The heat map shows the expression of 
mutually up-regulated (n = 9) and down-regulated (n = 5) genes in AAV–Ascl4 GCs, AAV–Id2 GCs, and AAV–Ascl4 CA1 PYRs.
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AAV injections followed by behavioral tests), we cross- 

referenced these data to identify lasting consequences of 

AAV–Ascl4.

First, we analyzed the GCEGFP and GCAscl4 mice after 5 months 

and confirmed the wiring phenotype found after 3 months: GCs 

in the GCAscl4 mice had longer axons and more axonal branches 

than in GCEGFP mice (Figs. 5A and S8A). GCs in the GCAscl4 mice 

also had larger input resistance and lower capacitance 

(Fig. S8C); however, unlike after 3 months, we did not find 

Ascl4-induced changes in their dendritic length and AP firing 

(Fig. S8B and C), suggesting that these effects were transient. To 

investigate GC synaptic inputs, we recorded spontaneous EPSCs 

(sEPSCs; in the presence of 10 µM Gabazine) from GCs, which did 

not display Ascl4-induced changes (Fig. S8D). To investigate GC 

outputs, we first recorded sEPSCs from hilar neurons representing 

a combination of interneurons and mossy cells (the identity of 

these cell types could not be unequivocally distinguished in these 

recordings). Intriguingly, both the frequency and amplitude of 

sEPSC were lower in GCAscl4 hilar neurons (Fig. 5B), indicating 

that GC wiring in the hilus does not necessarily lead to increased, 

but decreased, synaptic efficacy. To further study GC outputs, we 

then analyzed the GC to CA3 PYR transmission using the same ap-

proach as in our previous study (10): we electrically stimulated the 

perforant path to activate GCs and recorded GC-evoked EPSCs 

(eEPSCs; in the presence of 10 µM Gabazine) from CA3 PYRs. We 

found a ∼2-fold increase in eEPSC amplitude (GCEGFP: 1,042 ±  

159 pA, n = 18 cells/3 mice, GCAscl4: 1,996 ± 181 pA, n = 19 cells/3 

mice; Mann–Whitney U test, P = 0.0007) and decay time (GCEGFP: 

70 ± 9.0 ms, GCAscl4: 128 ± 18 ms, Mann–Whitney U test, 

P = 0.0029) in the GCAscl4 mice (Fig. 5C). Of note, we did not find 

AAV–Id2-induced effects on the GC to CA3 PYR transmission in 

our previous study (10).

Fig. 4. Learning and memory after AAV–Ascl4. A) An experimental schedule for GCEGFP and GCAscl4, and PYREGFP and PYRAscl4 mice. B) Home cage activity. 
The plots show activity counts in 2-h time segments during light and dark phases. C) Open field. The plot shows the total distance traveled. D) Elevated 
O-maze. The plots show the travel distance in the first (0–5) and second (5–10) 5 min of the test. E) Eight-arm radial maze. The upper plots show the 
distribution of correct choices, memory errors, and procedural errors. The lower plots show memory errors per consumed baits. F) Morris water maze. 
The upper plots show the escape latency, and the lower plots show the length of the swim path during acquisition and reversal days. G) Fear conditioning. 
The plots show the quantification of freezing time, as a percentage of the total observation time is shown during the fear conditioning training, context 
retention test, and cue retention test. In B and F, the data represent mean ± SEM across animals. In C–E and G, each circle represents a single animal, and 
the data represent mean ± SEM across animals. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. See Table S1 for animal numbers and statistical details.
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Second, we analyzed the PYREGFP and PYRAscl4 mice after 5 

months and confirmed the wiring phenotype seen after 3 months: 

medial CA1 PYRs in the PYRAscl4 mice had longer axons and more 

axonal branches than their controls (Figs. 5D and S9A, B). 

However, their dendritic length and branch count were not any 

different from controls (Fig. S8C). Also, similar to 3 months, CA1 

PYRs in the PYRAscl4 mice had larger input resistance (Fig. S8D). 

To investigate synaptic properties, we recorded sEPSCs from 

CA1 PYRs and interneurons in the stratum oriens (SO). Although 

the connectivity between CA1 PYRs is sparse in the naive brain 

(50, 51), we presumed that new axons could feasibly form connec-

tions with other CA1 PYRs; meanwhile, SO interneurons are a ma-

jor target of CA1 PYRs in the naive brain (51). We did not observe a 

change in the sEPSC amplitudes recorded from CA1 PYRs; how-

ever, the cumulative probability distribution of the frequencies 

showed a decreasing shift in the PYRAscl4 mice compared with 

PYREGFP (Fig. 5E). This effect was more pronounced in SO neurons, 

where the cumulative probability distribution of sEPSC frequen-

cies was significantly different between PYREGFP and PYRAscl4, 

most cells receiving less excitatory inputs (Figs. 5F and S9E).

Together, these analyses revealed lasting AAV–Ascl4-induced 

morphological and biophysical changes in GCs and CA1 PYRs, as 

well as altered synaptic properties in the circuit.

Discussion

To understand wiring regulation in adults, we investigated wiring 

permissive molecular programs in adult hippocampal neurons. 

Our study was motivated by the hypothesis that feedback, feed-

forward, and commissural MFS are regulated by different tran-

scriptional programs. Previously, we found that Id2 can induce 

feedback wiring in GCs (10). The goal of this study was to identify 

the regulator(s) of the feedforward and/or commissural wiring. 

Our study addressed this goal in GCs and extended the applicabil-

ity of the findings to CA1 PYRs. Our results have major implica-

tions for understanding wiring and circuit assembly in the adult 

brain and the pathomechanisms of epilepsy.

Ascl4 induces axon growth in adult neurons
We first identified Ascl4 as a key regulator that can cell- 

autonomously induce feedforward wiring in GCs (Fig. 6). To 

date, Ascl4 has not been implicated in neuronal function or wir-

ing. In addition to feedforward wiring, AAV–Ascl4 induced bio-

physical changes that were different from those produced by Id2 

(10). These observations suggest that Ascl4 and Id2 differently 

control transcription. To broaden our scope, we asked whether 

Ascl4 can induce wiring in other cell types, and whether the corre-

sponding transcriptional changes would be similar to those in 

GCs. The CA1 PYR experiments positively answered both ques-

tions (Fig. 6).

In response to AAV–Ascl4, we detected the generation of ∼0.5– 

1 mm new axons per hippocampal neuron. Considering that AAVs 

may infect up to 20,000–30,000 cells, we estimate the addition of 

∼10–30 m of new axons to each hippocampus. Cell labeling in hip-

pocampal slices, however, does not account for new interlamellar 

Fig. 5. Circuit analyses after AAV–Ascl4. A) The plots show GC axon length and branch count in the GCEGFP and GCAscl4 mice 5 months after AAV 
injections. B) sEPSC frequency and amplitude recorded from hilar neurons in the GCEGFP and GCAscl4 mice. C) The example traces show eEPSCs recorded 
from CA3 PYRs in the GCEGFP and GCAscl4 mice. The plots show eEPSC amplitude and the rise and decay times. D) The plots show medial CA1 PYR axon 
length and branch count in the PYREGFP and PYRAscl4 mice 5 months after AAV injections. E) sEPSC amplitude, frequency, and cumulative probability of 
sEPSC frequencies recorded from CA1 PYRs in the PYREGFP and PYRAscl4 mice. F) sEPSC amplitude, frequency, and cumulative probability of sEPSC 
frequencies recorded from SO interneurons in the PYREGFP and PYRAscl4 mice. In A and D, each circle represents a single cell, and the data represent mean  
± SEM. In B, C and E, F, each circle represents the measured parameter (frequency) or the mean measured parameter (amplitude) from a single cell, and 
the data represent mean ± SEM. See Table S1 for cell/animal numbers and statistical details.
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hippocampal or extra hippocampal wiring. The latter may be es-

pecially relevant for CA1 PYRs, which innervate multiple distant 

areas in the naive brain (32, 52, 53).

Transcriptional programs for adult wiring
To investigate the underlying molecular programs, we performed 

two principal analyses. First, to identify co-regulated genes during 

feedforward and feedback GC wiring, we compared gene expres-

sion changes induced by AAV–Ascl4 and AAV–Id2 in GCs. 

Second, to examine whether the Ascl4 program was conserved, 

we compared gene expression changes induced by AAV–Ascl4 in 

GCs and CA1 PYRs. The first analysis revealed that synaptic cell 

surface/adhesion molecules that are important for target specifi-

cation during wiring (13, 42–46) were differently regulated 

(Fig. S4D), and that the AAV–Ascl4-induced changes were more 

pronounced than those by AAV–Id2. Associated with axon growth, 

synapse formation, and/or synapse regulation, Pcdh17 (54), 

Lrrtm3 (55, 56), Adgrl3 (57, 58), Ctnnb1 (59, 60), Epha4 (61), 

Clstn2 (62), Ptpro (63), Nrxn3 (64, 65), Sema4f (66), and Nptn (67) 

were up-regulated by Ascl4. In contrast, associated with growth 

cone collapse, synapse stabilization, and/or synapse elimination, 

Il1r1 (68), the complex forming Ncam and Epha3 (69, 70), Ephb1 

(71), Clql2 and C1ql3 (64), Slitrk2 (72), Cdh2 and Cdh8 (73–75), 

Sema5a (76), Mdga2 (77, 78), and Sdc3 (79) were down-regulated 

by Ascl4. With relevance to GCs and CA1 PYRs, several of these 

molecules have been characterized in the mossy fiber system 

(Lrrtm3 (56), Ctnnb1 (59), Epha4 (61), Nrxn3 (64, 65), Ephb1 (72), 

C1ql2 and C1ql3 (64), Cdh2 and Cdh8 (73), Sema5a (76), and Sdc3 

(79)) or hippocampal principal cells (Adgrl3 (57, 58), Ctnnb1 (60), 

Clstn2 (62), Prpro (63), Sema4f (66), Slitrk2 (72), and Mdga2 (77, 

78)). Meanwhile, these molecular changes suggest that AAV– 

Ascl4 reactivated a transcriptomic GC program for circuit plasti-

city, the precise involvement of these molecules in feedforward 

wiring, or more broadly, in the distinction between the Ascl4- 

and Id2-dependent wiring motifs, remains to be determined.

In contrast to the differentially regulated genes, a compar-

ably smaller set of genes was co-regulated by Ascl4 and Id2. 

These genes were mostly associated with JAK-STAT and inter-

feron signaling, which have been associated with axon growth 

and regeneration (10, 80–83). It is, therefore, plausible that dif-

ferently regulated genes control the formation of distinct cir-

cuit motifs, whereas co-regulated genes control the shared 

features of wiring, such as axon growth. The second analysis 

revealed that several of the Ascl4/Id2 co-regulated GC genes 

were similarly regulated by Ascl4 in CA1 PYRs (Fig. 6). Stat1 

was commonly up-regulated, suggesting that STAT activation 

may be a key step in adult wiring. The interferon regulatory 

factor (IRF) Irf1 and chemokine Ccl5 were also up-regulated. 

Irf1 expression is feasibly driven by Stat1, but after it is up- 

regulated, Irf1 may also associate with Stat1 to expand the 

Stat1 genomic-binding profile to IRF-binding sites (38, 84); 

meanwhile, Ccl5 has been shown to mediate retinal develop-

ment and promote optic nerve regeneration (85, 86). In 

contrast, Tle1, a co-repressor of the axon patterning Wnt sig-

naling (87, 88), and Nefl, which determines mature axon struc-

ture and caliber (89), were down-regulated, potentially 

increasing a capacity for axonal plasticity.

Fig. 6. A graphic summary of the effects of AAV–Ascl4 in different adult hippocampal neurons. The diagram depicts AAV–Ascl4-induced transcriptomic 
(commonly regulated TFs and transcriptomic regulators) and axon morphological effects in adult GCs and CA1 PYRs, as well as synaptic changes in their 
output neuronal populations.
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Taken together, our results indicate that adult wiring is 

transcriptionally controlled. Although insights into the post- 

transcriptional regulation of Ascl4- and Id2-controlled genes 

remain scarce, our transcriptomic results corroborate a plausible 

model by which Ascl4 or Id2 induce STAT expression, the down-

stream targets/effectors of which may inhibit Rho/Rock signaling 

to allow axon elongation (1).

Finally, insights into multiple questions remain limited by the 

scope of this current study. First, given that we identified Ascl4 

and Id2 in the KA model and used an AAV approach to study 

them, both leading to exaggerated expression levels, the physio-

logical role of Ascl4 and Id2 in the regulation of wiring remains 

elusive. Second, the question of whether Ascl4 and Id2 are re-

quired only for wiring induction or also for the maintenance of 

new circuits remains open. Addressing these conceptually im-

portant problems will require updated study designs that employ 

conditional inducible and/or knockout transgenic lines and prote-

omic/functional assays.

Hippocampal function after AAV–Ascl4 induction
Although axonal sprouting by GCs (10, 11, 14) and CA1 PYRs 

(26–30) has been characterized in experimental models of tem-

poral lobe epilepsy, their specific contribution to the disorder re-

mains elusive. Our ability to genetically induce wiring in these 

cell types without other epilepsy-associated pathologies, such as 

cell dispersion or death, allowed us to investigate this problem.

Overall, the GCAscl4 and PYRAscl4 mice did not display deficits in 

primary task performance and learned equally well as their con-

trols. Epilepsy-associated learning and memory impairments 

(such as in object location memory, Barnes and Morris water 

maze tests) (47–49) were not apparent. Of note, recurrent GC wir-

ing induced by AAV–Id2 also did not elicit primary task perform-

ance deficits (10). Nonetheless, PYRAscl4, but not GCAscl4, mice 

displayed secondary task performance deficits in the eight-arm 

radial and Morris water maze, which could be potentially inter-

preted as increased memory load in these animals.

Subsequent circuit analyses confirmed lasting neuronal 

changes 5 months after AAV injections: the axon length and 

branch number of GCs and medial CA1 PYRs increased compared 

with controls. In addition, multiple synaptic changes character-

ized the hippocampal circuit (Fig. 6). As a potentially shared con-

sequence of AAV–Ascl4 in different cell types, the synaptic drive 

on certain neuronal output populations decreased. However, the 

synaptic changes were context dependent. In GCAscl4 hilar neu-

rons, the lower frequency of sEPSCs corresponded with decreased 

amplitudes. In PYRAscl4 SO and to a certain extent CA1 PYR neu-

rons, a decreasing shift in the frequency distribution of sEPSCs in-

dicated a decrease in synaptic excitation. In addition, our 

recordings revealed evidence for increased synaptic drive after 

AAV–Ascl4: the GC input strength to GCAscl4 CA3 PYRs has in-

creased by ∼2-fold compared with controls. This powerful synap-

tic phenotype correlated with a ∼2-fold increase in MFB filopodia 

number, which may provide support for the hypothesis that 

they are a key structural determinant of GC to CA3 PYR synapses 

(24, 25). However, alternative scenarios should also be considered, 

such as a potential increase in the number of active zones or read-

ily releasable vesicles, which we did not investigate but could 

feasibly contribute to increase GC to CA3 PYR transmission. 

Furthermore, the increased MFB filopodia number may lead to in-

creased activation of CA3 interneurons, the classically character-

ized targets of filopodia (90), and, as a consequence, increase 

feedforward inhibition of CA3 PYRs.

Overall, our results indicate that the synaptic changes elicited 

by Ascl4 are cell-type specific. It is feasible that different pheno-

types reflect differential transcriptional regulation of synaptic 

molecules in the manipulated neurons. However, our data cannot 

rule out the possibility of homeostatic adaptations either, which 

may appear in response to the altered connectivity and/or excit-

ability of the manipulated neurons. Both GCs and CA1 PYRs in-

nervate multiple different cell types, including different types of 

interneurons, and Ascl4-induced synaptic changes to any of these 

could change information routing in the network. Elucidating the 

specific changes in each synapse type would clearly help to under-

stand the mechanisms of adult wiring. Irrespective of this goal, 

the lack of impairments in the primary task performance of the 

animals suggests that the Ascl4-induced axonal, biophysical, 

and synaptic changes in GCs or CA1 PYRs do not elicit uncom-

promising pathophenotypes, increasing hopes that harnessing 

adult wiring could have beneficial therapeutic value in the future.

Summary
Our results demonstrate reprogrammed wiring in healthy adult 

neurons by a single TF. A more detailed understanding of how 

Ascl4 and the molecules it controls contribute to this process 

could potentially help one to understand how brain connectivity 

is regulated across the lifespan and facilitate the development 

of circuit therapies to alleviate the detrimental consequences of 

brain disorders characterized by the loss of neuronal connections.

Methods

Experimental protocols and husbandry practices were approved 

by the Veterinary Office of Zürich Kanton. For a comprehensive 

description of (i) animals, (ii) plasmids and viruses, (iii) stereotaxic 

injections, (iv) single-cell RNA-seq and bioinformatics, (v) hist-

ology and neuroanatomy, (vi) electrophysiology, and (vii) behav-

ior, see the SI Appendix.
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