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George W. Huntley,1 and Deanna L. Benson1,4,*

SUMMARY

Action-outcome associations depend on prefrontal cortex (PFC) projections to the dorsal striatum. To
assess how these projections form, wemeasured PFC axon patterning, synapse formation, and functional
maturation in the postnatally developing mouse striatum. Using Hotspot analysis, we show that PFC
axons form an adult-like pattern of clustered terminations in the first postnatal week that remains largely
stable thereafter. PFC-striatal synaptic strength is adult-like by P21, while excitatory synapse density in-
creases until adulthood.We then tested how the targeted deletion of a candidate adhesion/guidance pro-
tein, Cadherin-8 (Cdh8), from corticostriatal neurons regulates pathway development. Mutant mice
showed diminished PFC axon targeting and reduced spontaneous glutamatergic synaptic activity in the
dorsal striatum. They also exhibited impaired behavioral performance in action-outcome learning. The
data show that PFC-striatal axons form striatal territories through an early, directed growth model and
they highlight essential contributions of Cdh8 to the anatomical and functional features critical for the for-
mation of action-outcome associations.

INTRODUCTION

Pyramidal neurons in the mature prefrontal cortex (PFC) project to spiny projection neurons (SPNs) in the dorsomedial striatum as part of a

highly adaptive, recurrent circuit required for reinforcement learning and motivated behaviors.1,2 Consistent with this role, altered cortico-

striatal connectivity is a key contributor to pathological symptoms observed in a wide range of human disorders and diseases ranging

from schizophrenia and autism to Huntington’s and Parkinson’s.3–5 Few studies, however, have examined how this pathway develops, and

the absence of this knowledge makes it difficult to distinguish normal from pathological innervation patterns, to quantify the impact of mo-

lecular factors hypothesized to regulate its development, or to measure the effects of strategies designed to ameliorate developmentally

seeded pathologies.

The entire neocortex projects to the dorsal striatum. Deep-layer neurons within each cortical region send axonal projections that terminate

in circumscribed striatal domains or territories. These territories follow a basic topographic pattern and are part of multiple, parallel loops

running from cortex to basal ganglia to thalamus and back.6 Adding complexity, striatal neurons integrate inputs from functionally intercon-

nected, but discrete cortical regions, blurring topographic order within the striatum.7,8 Detailed corticostriatal projection maps have been

generated from large-scale studies conducted in adult animals.8–10 Far less is known about how particular cortico-striatal axon terminal pat-

terns emerge during development or the molecular cues that guide and restrict them.

Here, we asked how prefrontal cortical axons are targeted to their striatal terminal domains during development, examined when they

form synapses, and confirmed the time course of their functional maturation. We then tested the impact of Cadherin-8 (Cdh8) on these pro-

cesses. Cdh8 is a recognition and adhesion molecule that has been hypothesized to contribute to the targeting of PFC to striatal connec-

tions.11–14 To assay the generation of axon terminal territories having poorly defined borders in a structure that is increasing in size over

time, we also developed a tool based on Hotspot Analysis.15 This tool can be used to compare patterns between mice and across time in

a qualitative and quantitative manner. The data support a directed growth model where PFC axons are targeted correctly to medial striatal

territories from the earliest developmental stages examined. PFC axons elaborate locally, generate synapses, and do not undergo an early

period of overgrowth followed by pruning. In the absence of cortical Cdh8, PFC-striatal territories become less clustered, synapse function

declines andmice fail to acquire an instrumental learning task. This suggests that processing in recurrent cortico-striatal loops is disrupted by

the absence of Cdh8 from corticostriatal projection neurons.
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RESULTS

Developing prefrontal cortex corticostriatal axon innervation follows a directed growth model

Corticostriatal projection neurons are generated embryonically between E12.5 and E16.5, and striatal neurons between E12.5 and P2,16–19 but

corticostriatal axons wait until after birth (P3 - P4) to invade the striatum.20 To characterize the emergence of PFC terminal axon territories in

the striatum, we placed injections of anterograde tracer AAV1-hSyn-TurboRFP into the PFC of mice (Figures 1A and 1B) at P0, P14, and P49,

and analyzed projections to the ipsilateral dorsal striatum seven days later (at P7, P21 and P56; Figures 1A–1F). Injections were targeted to

medial areas of the PFC, including infralimbic (IL), prelimbic (PL), and dorsal anterior cingulate cortex (ACC) based on functional character-

izations of these regions in regulating goal-directed behaviors (Figure 1B).21,22

At P7, axon density in the striatum was greatest rostrally, but labeled axons extended the full rostro-caudal extent of the striatum

(Figures 1E and 1F). To capture the extent of axon innervation in relation to the growing striatum, we first measured axon length within

the volume of the striatum. We used the Cavalieri estimator (an unbiased method used to estimate volumes) to measure volumes of PFC,

striatum, and turbo-RFP-labeled cells in the injection sites. A systematically applied, stereological "Spaceballs" probe23 (Figures 1C and

1D) was used to estimate the total axon length within the dorsal striatum excluding bundled internal capsule fibers. The data show that

PFC growth was complete by P21 (Figure 1G), consistent with data in rats,24 while the striatum continued to grow past the third postnatal

week (Figure 1H). Axon length was normalized to injection site volume and advanced primarily between P21 and P56 (Figure 1I). Together,
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Figure 1. PFC corticostriatal terminal axon extension into the dorsal striatum

(A) Experiment overview (generated using BioRender).

(B–I) (B) Tiled, confocal image of DAPI stained section (white) showing injection site (red) in P56 brain adjacent to image from Allen Brain Atlas showing the region

we defined as PFC (ACC + PL + IL, blue line). Examples of the PFC axon terminal field (red) in the dorsal striatum at P56 captured at low magnification using

confocal (C) and at high magnification on a widefield microscope with the Spaceballs circular probe (D) labeling appears in black). Tiled confocal images

from P7 brain showing PFC labeled axons (red) in rostral (E) and caudal (F) striatum. Scatterplot/bar graph (G) of PFC volume over time evaluated using

Cavalieri estimator (ANOVA; p < 0.0028; Tukey’s **p = 0.0011). Similar graph (H) tracks striatal volume assessed with planimetry (ANOVA; p < 0.0001;

Tukey’s: *p = 0.132; **p = 0.0012; ***p < 0.0001). Total axon length (I) in the dorsal striatum normalized to size of PFC injection (ANOVA p = 0.0025, Tukey’s:

**P7 vs. P56 = 0.0025; *P21 vs. P56 = 0.0122). Magnification in F is the same as in E.
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these data show that PFC corticostriatal axons are present throughout the rostral-caudal extent of the dorsal striatum as early as P7 and

continue to elaborate their terminal length contemporaneously with the increasing volume of the striatum.

Inmaturemice, PFC axon projections to the striatum clustermedially.9,10We next askedwhether this pattern results from overgrowth-and-

pruning or directed growth. To visualize and quantify the topographic distribution of PFC axons within the dorsal striatum and to compare the

establishment of adult-like territorial patterns across animals and ages, we generated a Python-based clustering algorithm grounded in Hot-

spot Analysis (Figure 2; Figure S1). We used this approach to identify significantly clustered, spatially discrete data.15 As applied here, this

statistical method’s null hypothesis was that PFC corticostriatal-projecting axons are evenly distributed across the dorsal striatum. Following

a PFC injection, the average intensity of each neighborhood of pixels in the striatum was compared to the null hypothesis and considered a

statistical hotspot if the comparison yielded a high Gi statistic associated with a high z score, and a statistical cold spot if the comparison

yielded a low Gi statistic associated with a low z score.

A B C

D E

F G H I J K

Figure 2. Hotspot analysis for comparing PFC axon territories

(A–E) Tiled confocal images of sections through adult mouse brain showing injection sites for AAV-turboRFP in PFC (A) and AAV-EGFP in S1 stained with DAPI

(white) (Magnification for both images is the same). Tiled confocal image (B) through the rostral striatum showing fine, axon arbors (red) as well as axon fascicles.

Same image (C) with axons displayed in white, fascicles eliminated by thresholding (black) and z score map from Hotspot analysis. Warmer colors have higher z

scores. Images through the rostral (D) and caudal (E) striatum showing terminal labeling patterns for PFC and S1 axons. Approximate rostral-caudal levels are

depicted in cartoons accessed from25 MouseLight https://registry.opendata.aws/janelia-mouselight.

(F–H) show outputs from the Hotspot analysis pipeline (see also text; see Figure S1 for representative LUT for heat map) from section in D with upper panels

displaying data from the actual image and lower panels, from the same image in which pixels have been randomized.

(I–K) show Hotspot outputs from section in E with PFC terminal arbors at the top and S1 terminal arbors at the bottom. Quadrants used in H and K are marked by

the white dotted lines seen in F and I. Abbreviations: DM, dorsomedial; VM, ventromedial; DL, dorsolateral; VL, ventrolateral. S1, somatosensory cortex area 1,

PFC, prefrontal cortex.
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Figure 3. PFC terminal axon innervation in the striatum is targeted and becomes more specific across time

(A) Hotspot z score heat maps for PFC projections to the P7 striatum in sections running rostral to caudal from a single brain. Numbers beneath the sections are

used in subsequent panels to indicate relative rostral-caudal level.

(B and C) P7 z score heat maps, running from rostral to caudal, and mountain plots from a different brain. Mountain plots are aligned for ease of comparison.

Orientation is indicated and the same in relation to Z score heatmap as shown in Figures 2E and 2H).
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To validate the approach, we tested themethod on images of striatal sections frommice that had been injectedwith AAV1-hSyn-turboRFP

into PFC and AAV1-hSyn-eGFP into primary somatosensory cortex (S1) (Figure 2A). Axon bundles in the internal capsule were masked and

excluded from analysis (Figures 2B and 2C), and Hotspot analysis was then applied to the remaining axon terminal labeling patterns using a

neighborhood size of 20 x 20 pixels (33mm2). Neighborhoods were assigned values based on z scores relative to the same image in which all

pixel intensities were scrambled (Figure 2F ‘‘image’’ vs. ‘‘randomized’’). Data from rostral (Figure 2D) and caudal (Figure 2E) striatal sections

are shown in (1) z score-based heat maps where high scores are assigned warmer colors (Figures 2G and 2J; Figure S1); (2) mountain plots

showing the peaks and valleys of mean z scores along the dorsal-ventral or medial-lateral axes of the striatum (Figures 2G and 2J; Figure S1);

and (3) histograms where z score frequency was grouped into dorsomedial (DM), dorsolateral (DL), ventromedial (VM), or ventrolateral (VL)

quadrants10 (Figures 2F, 2H, 2I, and 2K). Hotspot analysis shows that peak z scores corresponding to PFC or S1 terminal fields lie within

completely separate striatal territories (Figures 2F–2K) and occupy domains that are consistent with published projection patterns in adult

mice.9,10

We next usedHotspot analysis to define and compare the striatal territories occupied by PFC afferents as they develop at P7, P21, and P56.

At P7 in rostral sections, PFC axons occupy themedial two-thirds of the striatum, whilemoving caudally, the distribution contracts into a more

restricted, apostrophe-shaped region with a dorsomedial circular zone and a narrower tail extending ventromedially (Figure 3A). The inner-

vation pattern is reflected in the z score heat maps (Figures 3A and 3B). To assess and compare the P7 pattern qualitatively with that seen at

P21 and P56, we aligned heat maps and z score mountain plots running from rostral to caudal and observed relatively similar distributions of

hot and cold spots (Figures 3B, 3C, 3E, 3F, 3H, and 3I). Quadrant plots taken frommid-striatal levels at all three ages confirm that the greatest

frequency of positive z scores fall within the dorsomedial (DM) quadrant, followed by ventromedial (VM) (Figures 3D, 3G, and 3J). To compare

innervation patterns quantitatively between mice and over time we calculated and plotted mean, standard deviation, and skew of the z score

frequency distributions within each quadrant in mid-striatal sections from different animals and compared data from sections (joined by lines)

across quadrant and age using two-way ANOVA (Figures 3K–3M). These metrics would tell us on average how clustered a quadrant was

(mean), how variable the clustering was in each quadrant (standard deviation), and how extreme the z score values in a quadrant were

(skew). The data show thatmean z score is highest in DM and lowest in VL quadrants across ages.Within the DMquadrant z scores are highest

at P7 and decline over time (Figure 3K), while standard deviation rises (Figure 3L). VM distribution is more consistent over time (Figures 3K and

3L), but skew rises sharply across both medial regions and falls across lateral regions over time (Figure 3M). These data suggest that a bias

toward dorsomedial compartments at P7 is reduced over time as variability rises (Figures 3K and 3L) and that dorso- and ventromedial hot-

spots become more extreme (i.e., "hotter") over time (Figure 3M).

Corticostriatal synaptogenesis extends through postnatal development

Corticostriatal synapse densities were estimated by quantifying appositions of presynaptic VGlut1-and postsynaptic Homer1-immunolabeled

puncta imaged at high magnification (Figure 4A). VGlut1 is expressed in all axon terminals from the cortex, amygdala and hippocampus, but

the latter two sources account for only a small fraction of the total26,27 (Figure 4A). Homer1 is common to most excitatory postsynaptic den-

sities. At P7, apposition density in the lateral striatum (Region B) was significantly higher than that observed either dorsally (Region A) or

ventrally (Region C) (Figures 4B–4D), perhaps reflecting its earlier generation.17,28 By P21 this regional difference was no longer evident

(Figures 4C and 4D). Thus, the establishment of sensorimotor synapses laterally appears to precede PFC synapsesmedially. Mean apposition

density across the striatum did not change between P7 and P21 (Figure 4H), suggesting that the pace of synaptogenesis during this time

frame was sufficient only to match the gains in striatal volume. This early period was followed by a surge in apposition density between

P21 and P56 (Figure 4H). Although the density of VGlut1 terminals increased linearly over time (Figure 4F), the rise in Homer1 puncta density

coincided with apposition density (Figure 4G), implying that postsynaptic maturation was rate limiting. The mean area of VGlut1 puncta was

greater at P7 than at the later ages, consistent with previous work showing that vesicles in developing terminals are more loosely packed29

(Figure 4E).

Whole-cell patch-clamp recordings of striatal projection neurons in acute striatal slices were used to compare intrinsic membrane and

spontaneous and evoked excitatory synaptic functional properties of dorsomedial SPNs at P21 and P56. There were no differences between

the two ages in resting membrane potential (Figure 5A), as expected.30 Intrinsic membrane excitability decreased significantly over this

period as shown by a significant increase in rheobase (Figure 5C) and a decrease in membrane resistance (Figure 5D). Excitatory synaptic

properties (frequency and amplitude), however, were not significantly different between P21 and P56. Spontaneous EPSCs (sEPSCs) displayed

similar mean interevent intervals (Figures 5E and 5H) and amplitudes (Figures 5F and 5H) at the two ages, consistent with previous work.30

sEPSCs represent the total aggregate of glutamatergic inputs from several sources and the strengths of any of these could, in theory, be

differentially adjusted over time. To compare the strength of PFC-to-dorsomedial striatal synapses at these two ages, we used an optogenetic

approach. AAVwas used to express channelrhodopsin (CaMKIIa-hChR2(H134R)-eYFP) in PFC striatal projection neurons. PFC terminals in the

dorsomedial striatum (Figure 5G, left panel) were optically stimulated in acute slices with increasing light intensity. The input-output

Figure 3. Continued

(D–J) Quadrant plot (D) of frequency distribution of z scores. (E–G) P21 and (H–J) P56 z score heat maps, mountain plots and quadrant plots show axon

distribution pattern is generally similar across ages.

(K–M) (K) Bar and line graphs show z scoremeans, (L) standard deviation, and (M) skew at different ages and across striatal quadrants. Lines connecting quadrants

link data from the same section. Error bars show SEM. Results from two-way ANOVA are shown beneath each graph.
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Figure 4. Synapse density increases steadily to young adulthood

(A–D) Images of VGlut1 (magenta) and Homer (green) immunolabeling in sections through the dorsal striatum captured on a confocal microscope (A). Diagram in

(B) shows the regions from which images were captured (A: gray, dorsal); B: beige, lateral; C: blue, ventral). Line graph in (C) plots VGlut1 X Homer apposition

density (see STARMethods) for each region examined (2-way ANOVA, age effect p < 0.002; interaction effect p = 0.04; Fisher’s A vs. B at P7 p = 0.0095) and bar/

scatterplots in (D) compare regional densities at P7 (1-way ANOVA, p < 0.0001; Tukey’s test ****p < 0.001). Scatterplot in E compares area of VGlut1 terminals (1-

way ANOVA p < 0.0001; Tukey’s ****p < 0.0001; *p = 0.17), and those in F, G, and H compare densities of VGlut1 terminals, Homer1 puncta and appositions over

time (as shown. For each 1-way ANOVA, p < 0.0001; Tukey’s ****p < 0.0001; *p = 0.03).

(E–H) White (P7); blue (P21); gray (P56).
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relationship of optically evoked synaptic responses was then evaluated by whole-cell recording from SPNs in the dorsomedial striatum (Fig-

ure 5G, right panel). We found that the amplitudes of optically evoked EPSCs (oEPSCs) at P21 were largely similar to those at P56 (Figures 5I

and 5J). Normalized oEPSC amplitudes at the two ageswere virtually identical, suggesting comparable levels of ChR2 protein and densities of

ChR2-labeled corticostriatal terminals31 (Figure 5K). Together, these findings are broadly consistent with the sEPSC analysis (Figures 5E and

5F), but seem at odds with the rise in synapse (apposition) density between P21 and P56 (Figure 4H). It may be that as the number of synapse

appositions increase, homeostatic mechanisms decrease intrinsic excitability (Figures 5A–5D) and reduce the strength of individual cortical

synapses to keep overall neuronal firing within a certain range. Future studies of quantal amplitudes will be required to determine this.

A B C D

E F G

H I J K

Figure 5. SPN intrinsic membrane properties change over time but synaptic properties are largely adult-like by P21

Data are from whole-cell recordings from SPNs in the dorsomedial striatum at ages indicated.

(A) Bar graph/scatterplots showing resting membrane potential (p = 0.3, Mann-Whitney U test).

(B) Bar graphs showing rheobase increases over time (p = 0.0001, t-test).

(C) Representative voltage traces in response to steps of depolarizing current injections showing action potentials generated at rheobase.

(D) Membrane resistance is significantly lower at P56 compared to P21 (p = 0.0007, Welch’s t-test).

(E) Spontaneous excitatory postsynaptic current (sEPSC) interevent intervals (IEIs) are similar at P21 and P56 (p = 0.4875; Mann-Whitney).

(F) sEPSC amplitudes are similar at these ages (p = 0.1643; Mann-Whitney). Data shown in A-F: P21: 17 cells/6 mice; P56: 19 cells/6 mice.

(G) Representative confocal images showing dense AAV1-CaMKIIa-hChR2(H134R)-eYFP-expressing corticostriatal terminals (green, left) in the dorsomedial

striatum following injection in PFC to allow for selective, optical activation of PFC corticostriatal synapses. Alexa 594-labeled SPN (red; filled with biocytin

during whole-cell recording) is shown at higher magnification at right; DAPI (blue); magnification shown in figures.

(H) Sample traces of sEPSCs recorded from SPNs at the ages indicated.

(I) Line graphs show optically evoked EPSC (oEPSC) amplitudes at P21 and P56 measured at increasing light intensities. Inset shows representative oEPSC traces

at P21 (left, blue) and P56 (right, gray) at maximum light intensity (dark blue dot indicates light stimulus) (2-way RMANOVA, Interaction effect p = 0.3432, Stimulus

effect p = <0.0001, Age effect p = 0.7706; n = 8 cells/5 mice at P21 and n = 13 cells/5 mice at P56).

(J) Bar graphs showing that mean amplitude of corticostriatal oEPSCs evoked by maximum light stimulation at P21 are not significantly different than those

evoked at P56 (p = 0.9109, t-test).

(K) Normalized input-output curves from data shown in H suggest that amounts of ChR2 protein and densities of ChR2-labeled terminals are comparable at the

two ages (2-way RM ANOVA, Interaction effect p = 0.3403, Stimulus effect p = <0.001, Age effect p = 0.2435).
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Figure 6. Cdh8-cKO alters corticostriatal axon distribution

(A–O) Images and hotspot analysis data from Rbp4-Cre control (A–C) and conditional Rbp4-Cre;Cdh8fl/fl knockout tissue (D–F) from P21 mice crossed to a

tdTomato Cre-reporter line (Ai9). Tiled confocal images (A, D) show prefrontal cortex (left: DAPI, white; middle: DAPI, blue, tdTomato, yellow), and dorsal

striatum (right). Cortical layers indicated by Roman numerals and magnification for all shown in D. Heatmaps, mountain plots and quadrant plots from
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Cortical Cdh8 confines prefrontal cortex axons to their appropriate striatal territories

Expression of the cell adhesion protein Cdh8 is particularly enriched in the PFC and dorsal striatum as PFC axons are invading and

establishing their territories.13,14 In the retina, Cdh8 plays an instructional role in targeting bipolar cell axon arbors.11 We wondered

whether it might play a similar role in organizing striatal axon terminal territories. To test this, we generated a conditional, loxP-dependent

Cdh8-knockout mouse using a construct that also contained a Frt-flanked LacZ reporter (Figure S2A). Prior to deleting the

reporter cassette, we used LacZ expression to confirm that the construct was inserted appropriately and that Cdh8 is enriched in ACC,

PL, IL, and striatum.13 Consistent with prior work, Cdh8 expression shows a medial (high) to lateral (low) gradient in cortex and a

modest, dorsal (high) to ventral (low) gradient in the dorsal striatum with little expression evident in the ventral striatum (Figure S2B).

To test the efficiency of loxP-mediated recombination, Cdh8fl/fl mice were crossed with Nex(NeuroD6)-Cre+/� mice, in which Cre recom-

binase is expressed by excitatory neocortical neurons but not by striatal neurons (Figure S2C).32 Western blots of regional dissections taken

from littermates show near complete loss of Cdh8 in PFC (the remainder is consistent with low levels of Cdh8 reported in inhibitory

neurons33), but unchanged Cdh8 expression levels in the striatum as expected (Figures S2D and S2E). Blots from the same tissue also

show that levels of N-cadherin and the universal cadherin binding partner, b-catenin, were unchanged by Cdh8 deletion (Figures S2D,

S2F, and S2G).

We next generated a line of conditional Cdh8 knockout mice (Cdh8-cKO) by crossing Cdh8fl/fl mice with Rbp4-Cre+/� expressing mice to

conditionally disrupt Cdh8 expression in amore restricted cortical population thanNex-Cre.34–37Rbp4-Cre is a strong driver that is enriched in

cortical layer 5 intratelencephalic (IT) and pyramidal tract (PT) neurons, each of which project to the striatum,38,39 but is not expressed within

the striatum.36 Adult Cdh8-cKOmice showed no gross anatomical abnormalities by Nissl-staining. When crossed to a tdTomato-Cre reporter

line (Ai9), sections through the forebrain showed that Cdh8-cKOneuronsmigrated to their appropriate laminar positions and send their axons

normally to the striatum in a matrix-like pattern, similar to Rbp4-Cre+/� control mice36,40 (Figures 6A and 6D). At the same time, Hotspot anal-

ysis revealed marked differences in innervation patterns, with Cdh8-cKO axons shifting ventrally relative to controls (Figures 6B, 6C, 6E, 6F,

and 6M).

To distinguish and compare the impact of Cdh8 disruption on PFC axons specifically, a Cre-dependent AAV expressing synaptophysin-

mRuby was injected into PFC of Cdh8-cKO and control mice and striatal terminal fields were compared using Hotspot analysis at P56

(Figures 6G–6L). The distribution of z score heatmaps, alignedmountain plots, and quadrant plots suggest that PFC terminal axon territories

exhibit a ventral shift, with Cdh8-cKO axons more robustly invading ventromedial territories and avoiding dorsomedial zones (Figures 6G–6I

vs.6J–6L). We quantified the mean, standard deviation, and skew of the z score distributions across striatal quadrants and across genotypes

(as in Figures 3K–3M) and compared patterns in Rbp4-Cre control and cKO mice (Figures 6M–6O). The data show that skew is significantly

reduced (or more normally distributed; e.g., Figure S1C) in Cdh8-cKO compared to Rbp4-Cre control (Figure 6O). These results indicate that

Rbp4-Cre-mediated knockout of Cdh8 diminishes corticostriatal axonal targeting.

Cdh8 removal from corticostriatal projection neurons reduces synapse function

Cdh8 is also found concentrated at asymmetric synapses in the dorsal striatum.13 To test whether unilateral removal of Cdh8 regulates

corticostriatal synaptogenesis, we compared VGlut1/Homer1 apposition density in the dorsal striatum in Cdh8-cKO and control (Rbp4-

Cre and wildtype) mice. No differences between genotypes were observed at either P21 or P56 (Figures 7A–7C). Comparisons across

striatal regions (dorsal, lateral, and ventral, Figure 4B), also showed no impact of genotype (Figures 3A and 3B). In contrast, whole-cell

recordings showed a significant increase in sEPSC interevent intervals in SPNs from Cdh8 cKO mice compared to littermate controls at

P21 (Figure 7D). These findings were sustained at P56 (Figures 7F and 7G). A significant increase in amplitude was also observed at

P21 but its small magnitude and absence at P56 suggests it is unlikely to be biologically meaningful (Figures 7E and 7H). Although we

observed no changes in glutamatergic synapse density, cadherins can influence dendritic spine shape in hippocampus.41,42 Likewise,

decreased afferent activity during striatal development might be anticipated to decrease spine density or slow maturation.36 To examine

these possibilities, we labeled biocytin-filled SPNs with Alexa 594, imaged them at high magnification, and analyzed spines using

NeuronStudio (Figure 7I; Figure S3C). Spine density increased between P21 and P56 as expected, but there were no genotype-dependent

differences detected at either age (Figure 7J). There were also no significant differences in head diameter, but a decrease in spine length

was observed at P56 (Figures S3C–S3E). Collectively the data suggest that Cdh8 has a modest impact on synapse maturation and a larger

effect on glutamatergic synapse function.

Instrumental learning

In a final set of experiments, we tested whether Rbp4Cre-mediated Cdh8 deletion altered action-outcome associations that rely on intact

prefrontal-dorsomedial striatal connectivity.43–45 Using touchscreen-based operant chambers, we subjected male mice to a 4-day, instru-

mental learning paradigm in which they learn to associate an action with a reward. In wildtype mice, this instrumental paradigm drives

Figure 6. Continued

control (B, C) and Cdh8-cKO (E, F), reveal a ventral shift in corticostriatal territories. P56 z score heat maps (G), mountain plots (H) and quadrant plots (I) from PFC

injections of Cre-dependent virus in Rbp4-Cre control (G–I) or Rbp4-Cre; Cdh8fl/fl mice (J–L). Notation is as for Figure 3. Bar and line graphs (M–O) plot z score

mean (M), standard deviation (N) and skew (O) in each quadrant in Rpb4-Cre control and Cdh8 cKOmice. Lines connecting data across quadrants are taken from

the same section. Error bars show SEM. Results from two-way ANOVA are shown beneath each graph.
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goal-directed learning and is substantiated by sensitivity to outcome devaluation.46,47 Under a continuous reinforcement (CRF) schedule on

day 1, all mice learned to associate a nose poke to a lit screen with a strawberry milk reward, displaying a similar number of responses

(Figure 8A; CRF). On subsequent days 2–4 under a random interval (RI) reward schedule, control mice progressively increased the number

of responses as the interval extended from 15 to 30 s, as expected46,48 (Figure 8A). In contrast, Cdh8-cKO mice showed no development of

instrumental learning across training sessions (Figure 8A and legend). The failure of the Cdh8-cKO mice to learn this task prevented us

from progressing to reward devaluation experiments that could be used to parse goal-directed from habitual responding. There were

no significant genotype-dependent differences in overall motor activity (inferred by beam breaks) in any of the sessions (Figure 8B), nor

were there significant differences in mean reward collection latencies (Figure 8C). These findings suggest that reduced performance of

Cdh8-cKO mice was neither a function of reduced locomotor activity nor reduced motivation for the reward. Additionally, neither locomo-

tion nor reward collection latencies correlated significantly with performance on the instrumental learning task on the first day of RI-30

testing (Spearman, reward collection latency: R = �0.56, p = 0.13; locomotion, R = 0.20, p = 0.63), supporting that the deficits observed

A
B C

D E

F

G H

I

J

Figure 7. Cdh8 cKO reduces presynaptic function

(A–J) Confocal images of sections through the striatum of P56 control (Rbp4-Cre) and Cdh8 cKOmice immunolabeled for VGlut1 and Homer, shown individually

and as an overlay (A; as shown). Bar and scatterplots in (B) and (C) compare VGlut1/Homer apposition density in the medial striatum assessed using strategy

shown in Figure 5 (1-way ANOVA; p > 0.05). Cumulative frequency plots and traces from whole-cell patch clamp recordings in SPNs from P21 (D, E) or P56

(F–H) control (Cdh8fl/fl) or Cdh8-cKO slices showed significantly longer sEPSC interevent intervals at both ages (D, F, G; Kolmogorov-Smirnov test ***p =

0.0005; ****p < 0.0001) and a very modest increase in sEPSC amplitude (E, H; Kolmogorov-Smirnov test **p = 0.0043, P21 and p = 0.05, P56; n = 15–20 cells/

5 animals per group). Confocal images (maximum intensity projections, deconvolved) of dendritic segments from filled medial striatal projection neurons at

P21 (I). Bar and scatterplot (J) compares spine density at P21 and P56. A two-way ANOVA shows an impact of age (p < 0.0001), but none of genotype; 5–15

cells per group).
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in Cdh8-cKO mice are in instrumental learning. The poor performance of the Cdh8-cKO mice supports that Cdh8 expression in cortico-

striatal projection neurons is required for basic action-outcome learning.

DISCUSSION

We combined circuit-basedmapping andmolecular and functional assessments of synaptogenesis to outline the developmental time course

over which PFC axons establish terminal territories within the striatum. We used the same assessments to show how corticostriatal terminals

A

B

C

Figure 8. Cdh8-cKO mice exhibit reduced performance in an instrumental learning task

(A–C) Line graph (A) shows mean response times during an instrumental learning paradigm in which mice were rewarded every time they touched a screen

(continuous reinforcement, CRF); or at random intervals (RI) within 15 or 30 s windows, as indicated (bars are SEM; n = 5 wildtype control CON; gray and 8

Cdh8 cKO mice; purple). Trace lines show individual animals. Cdh8 cKO mice failed to learn this task (A) two-way ANOVA, all mice: details in graph; 1-way

ANOVA, Cdh8 mice only: p = 0.3; test for a linear trend: p = 0.1785. Bar graph/scatterplots show each session’s beam breaks (B) and reward collection

latencies (C). While there were no genotype dependent differences in collection latencies, both groups showed a decrease over time, supporting that the

mice were motivated to obtain the reward. Details of two-way ANOVA data are reported in each panel.
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are modified by Cdh8 over time. The data show that the adult-like distribution of PFC projections to the medial striatum is largely defined by

P7, with no evidence for widescale axonal or synaptic pruning over this period. The data also show that conditional, Rpb4-Cre-mediated dele-

tion of Cdh8 from corticostriatal axons reduced targeting specificity, diminished synapse function, and produced significant deficits in instru-

mental learning.

One of the key findings is also the simplest: the adult-like topography of PFC projections to the striatum emerges developmentally by a

targeted growthmechanism. Although there are numerous exceptions (e.g.,49,50), the literature is dominated bymodels in which axon growth

is promoted and restrained toward a principal target within which terminal arbors overshoot and then are subsequently pruned to their final

position/s.51 During development, PFC axons grow toward and innervate a defined striatal territory that closely matches adult patterns re-

ported here and in prior work.9,10 Here, Hotspot data shows that z scores in medial regions of the striatum skew positively and more prom-

inently over time, consistent with an active targeting mechanism.

Cdh8, which can bind homophilically and is enriched in cortical projection neurons and striatal SPNs13,52 appears to be part of this mech-

anism. PFC axons lacking Cdh8 were less targeted/more normally distributed in the striatum, consistent with previous work in the retina

showing that retinal bipolar cells lacking Cdh8 extend their axons beyond their normal target layer.11 In most cases, type II cadherins have

been shown to generate a high level of synapse specificity by acting combinatorially,11,53–57 and we predict an even greater impact on

PFC axon targeting with simultaneous manipulation of several cadherins. Likely candidates for Cdh8 collaboration in the dorsal striatum

are N-cadherin56 and Cdh11, the latter of which can bind Cdh8 heterophilically and is expressed in a partially overlapping pattern in the

PFC and striatum.12,14,52,58 We expect these actions to occur in the context of complementary mechanisms driven by other molecules,

such as Pcdh17, which has an expression pattern that overlaps that of Cdh8, andwhichmay be important for cortical neuron development.59,60

Relative positions of cortical projections in the striatum are probably also driven in part by the location, molecular cues, and actions of

other axon populations. In particular, glutamatergic thalamic innervation precedes cortical innervation,61 and medial parafascicular nucleus

axons are confined to amedial zone of the striatum62 that cleaves close to the PFC terminal territory. This lays out the possibility that thalamic

axons could provide cues for cortical axons to follow. In this light, Sema3E, PlexinD1 and Ten-m3, which support thalamostriatal synapse tar-

geting63,64 may also play roles targeting PFC axons.

Our data also support that corticostriatal synapses do not undergo a phase of widescale synapse pruningwhile circuits arematuringduring

early development and adolescence.65,66 Synaptogenesis in the lateral striatum led medial striatum, consistent with the developmental

gradient of SPNgeneration,16,67 and therewas a steady increase in corticostriatal (VGlut1-labeled) pre-andpostsynaptic appositions and den-

dritic spine density that dovetails with prior reports of a steady increase in SPN dendritic spine and asymmetric synapse density in the dorsal

striatum.30,68–71 These events are in keeping with the strong influence of emergent cortical activity on striatal synapse development andmatu-

ration.36,69 They are also consistent with the close relationship between the generation of dendritic arbors and synapse formation.30,72 How-

ever, there was little evidence here or in previous work that cortical inputs to the dorsal striatum undergo a period of significant synapse elim-

ination as part of a process of circuit refinement during the first eight weeks of life.29,30,65,68–70 It may be that use-dependent synapse sculpting

is exerted differentially, as may be the case with different cortical layers,73 or contemporaneously, if increased input from one cortical area is

balanced by loss from another. These are possibilities we would not have detected and could be revealed by activity-based manipulations. It

should be underscored that corticostriatal synapses may be eliminated in adulthood as part of activity-mediated processes and certainly are

under pathological circumstances, as happens in adult rodents in response to 6-OHDA lesion or in humans with Parkinson’s.74–76 However,

such loss in the striatum appears to be motivated by circumstances that lie outside the large-scale pruning commonly associated with circuit

formation during early life.77,78 This absence is also consistent with the idea that corticostriatal territories are largely directed from the outset.

Although corticostriatal synapse density rose between P21 and P56, sEPSC interevent intervals were similar at both ages. While counter-

intuitive, this functional outcome is in line with what has been reported previously in the dorsal striatum.30 This suggests that glutamatergic

inputs from thalamus, cortex, or other regions may be weighted differently over time or that changes in release probability are actively

compensating as new synapses are formed during this epoch.79 Spontaneous EPSC amplitudes were also similar at both ages and selective

stimulation of PFC corticostriatal terminals showed that cortically evoked responses were largely unchanged between P21 and P56, indicating

that adult-like functional properties of corticostriatal glutamatergic synapses are largely established by P21.30,69 Over the same postnatal

period, we observed a significant decrease in intrinsic excitability which has been described previously,30,69 perhaps indicating compensatory

(or homeostatic) adjustments to neuronal output as numbers of synapse appositions increased. Rbp4-Cre-mediated deletion of Cdh8 had no

impact on the generation of corticostriatal synaptic appositions but did produce a lasting reduction in sEPSC frequency. While excitatory

currents in SPNs are dominated by cortical inputs, we did not distinguish their source for this assessment, and based on Rbp4-Cre and

Cdh8 expression, decreased responses could also reflect the loss of Cdh8 from thalamus.62,80

In contrast to the altered targeting of corticostriatal axonal arbors in Cdh8 cKOs, we observed no change in the density of corticostriatal

(VGlut1-expressing) synapse appositions in the striatum or in the density of SPN dendritic spines in Cdh8 cKOs suggesting that the mistar-

geted axons form synapses. These findings are in line with data from Cdh8 knockout mice in which peripheral sensory neurons that normally

express Cdh8 formed synapses but displayed reduced cold sensitivity,81 and mistargeted retinal bipolar cell axons formed synapses that

failed to encodeOFF visual responses.11 These data also support the idea that the impact of Cdh8 loss likely involves losing appropriate con-

nections and gaining inappropriate ones, as evidenced here by the greatly impaired performance of Cdh8 cKO mice on an instrumental

learning task. Since Rbp4-Cre is expressed in brain regions, other than the PFC and striatum, such as hippocampus and parafasicular nucleus

that also express Cdh8, additional sources may contribute to poor task performance. Notably, however, action-outcome association is still

learned normally when either the dorsal hippocampus is silenced or parafascicular nucleus is lesioned.82,83 Additionally, the expression of

ll
OPEN ACCESS

12 iScience 26, 108002, October 20, 2023

iScience
Article



Rbp4-Cre in subpopulations of amacrine and retinal ganglion cell populations important for coding light intensity or motion84 was also un-

likely to have interferedwith performance in the instrumental learning task since light-based cue detection in Cdh8 cKOmice was sufficient for

them to perform at wildtype levels under continuous reinforcement conditions.

Finally, we show that Hotspot analysis can be used to identify and quantitatively track patterns in a brain region containing few anatomical

landmarks and one that is also expanding in size. Key advantages of Hotspot are its simplicity and z score-based readouts that can be used for

detecting altered connectivity, which could serve as a basis for selecting targets or time points worthy of high-resolution approaches requiring

very large datasets and high computational demands.

Limitations of the study

PFC projections to the striatum were analyzed based on the expression and transport of fluorescent reporters that were introduced stereo-

tactically. While coordinates were kept as consistent as possible, injection size and placement varied between animals. In Cdh8 cKOmice our

evaluations were restricted to those populations expressing Rbp4-Cre in the cerebral cortex and did not evaluate those striatal projections

arriving from Rbp4-Cre-negative neurons. Conversely, behavioral outcomes reflect all neurons expressing Rbp4-Cre and Cdh8, a population

that extends beyond the prefrontal cortex. There are strong data to support the relevance of PFC to striatal projections for learning to asso-

ciate action with outcome, but there could have been unexpected consequences arising from the deletion of Cdh8 from layer V in other

cortical areas or from other brain regions. Terminal distribution patterns in the striatum were estimated by systematic sampling, a strategy

that could have missed interesting details. Future analyses will also be improved when brain registration strategies can be readily imple-

mented in the pipeline for developing and adult brains.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

chicken anti-Homer 1 Synaptic Systems 160006; RRID:AB_2631222

anti-chicken Alexa 488 Jackson ImmunoResearch 703-545-155; RRID:AB_2340375

guinea pig anti-VGLUT1 Millipore-Sigma AB5905; RRID:AB_2301751

anti-guinea pig Alexa 647 Jackson ImmunoResearch 706-605-148; RRID:AB_2340476

rabbit anti-ß-catenin Millipore 06734; RRID:AB_310231

goat anti-Cdh8 Santa Cruz sc6461; RRID:AB_2078271

mouse anti-N-cadherin BD Transduction 610921; RRID:AB_2077527

rabbit anti-tubulin AbCam Ab125267; RRID:AB_2210370

Bacterial and virus strains

pENN.AAV1.hSyn.TurboRFP.WPRE.RBG Addgene 105552 (Wilson)

AAV1-hSyn-EGFP Addgene 50465 (Roth)

AAV1 hSyn FLEx mGFP-2A-Synaptophysin-mRuby Stanford Vector Core GVVC-AAV-100 (Luo)

pAAV1-CaMKIIa -hCHR2(H134R)-EYFP Addgene 26969 (Deisseroth)

Chemicals, peptides, and recombinant proteins

Triton-X-100 Sigma T-8787

Vectashield Vector Labs H-1000

GABAzine Sigma SR-95531

dAPV Sigma A-8054

Experimental models: Organisms/strains

C57BL/6J Jackson Labs RRID: IMSR_JAX:000664

B6(129S4)-Cdh8<tm2c(KOMP)Wtsi>/DlbeJ this paper JAX:037592 (projected)

RBP4-Cre MMRC MMRRC_037128; GENSAT

B6. Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J Jackson Labs RRID: IMSR_JAX:007909

NEX-Cre K. Nave Goebbels et al., 2006

B6.129S4-Gt (ROSA)26Sortm2(FLP*) Sor/J Jackson Labs RRID: IMSR_JAX:012930

Oligonucleotides

CSD-lacF (LacZ Cassette) Integrated DNA Technologies GCTACCATTACCAGTTGGTCTGGTGTC

CSD-neoF (Neo Cassette) Integrated DNA Technologies GGGATCTCATGCTGGAGTTCTTCG

CSD-LoxF (LoxP sites) Integrated DNA Technologies GAGATGGCGCAACGCAATTAATG

CSD-Cdh8-R Integrated DNA Technologies AGCCCACCATAAAGTCATCCCATCC

CSD-Cdh8-tTr Integrated DNA Technologies ACCAGCCTCTATAAAGTACTCAAGTTGG

CSD-Cdh8-F Integrated DNA Technologies GCACATACCTTCACATCAAGGCTGC

RBP4(31125)F Integrated DNA Technologies GGGCGGCCTCGGTCCTC

GS Cre R2 Integrated DNA Technologies CCCCAGAAATGCCAGATTACGTAT

Cre Up 2 (Universal Cre) Integrated DNA Technologies GATCTCCGGTATTGAAACTCCAGC

Cre Dn 2 (Universal Cre) Integrated DNA Technologies GCTAAACATGCTTCATCGTCGG

oIMR8052 Integrated DNA Technologies GCG AAG AGT TTG TCC TCA ACC

oIMR8545 Integrated DNA Technologies AAA GTC GCT CTG AGT TGT TAT

oIMR8546 Integrated DNA Technologies GGA GCG GGA GAA ATG GAT ATG

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, DLB (deanna.

benson@mssm.edu).

Materials availability

Cdh8fl/fl line generated in this study has been deposited at Jackson Labs [JAX: 037592].

Data and code availability

All original code and example datasets have been deposited at GitHub and are publicly available. Any additional information required to

reanalyze data in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice of both sexes from the following lines were used to generate data: C57BL/6J (WT) mice (IMSR_JAX:000664); Cadherin-8 floxed mice

(Cdh8fl/fl/; see below); RBP4-Cre mice (MMRRC_037128; GENSAT); Ai9 Cre reporter mice (IMSR_JAX:007909); and NEX-Cre mice (generous

gift from Klaus-Armin Nave, Max Planck, Göttingen.32 All animals were kept with dams until weaning age (P21) and then housed in single-sex

groups of 3 - 5 animals per cage. The care and treatment of all animals were in strict accordance with guidelines of the Institutional Animal

Care and Use Committee of the ISMMS and those of the National Institutes of Health.

The Cdh8fl/fl/ mice were generated through embryonic stem cell germline transmission using a construct obtained from UC Davis, KOMP

Repository: Cdh8tm2aKOMPWtsi.87 ES cells were injected into C57BL/6J blastocysts (Jackson Laboratories) at the ISMMS Mouse Genetics

Core. The Cdh8 construct contains a lacZ cassette adjacent to a Neo cassette that are flanked by FRT sites and exon 3 of Cdh8, flanked

by LoxP sites. Insertion and germline transmission in progeny was confirmed by long-range PCR. Site of insertion was also consistent with

the expression pattern of LacZ staining, which matched published studies of Cdh8 mRNA distribution.13,14 The Neo (and LacZ) cassette

was then removed by crossing the Cdh8fl/fl mice with a Flp recombinase line (IMSR_JAX:012930) and its deletion was confirmed by PCR.

For this and all crosses, genotype was assessed with tail DNA extracted using RED Extract-N-Amp PCR Ready Mix (Sigma-Aldrich) followed

by a polymerase chain reaction (PCR) using the relevant primers (Table S1). Amplicons were then visualized in a 1.5% agarose gel with

ethidium bromide. Mice (Cdh8tm2c have been deposited at Jackson Labs (JAX: 037592).

METHOD DETAILS

Stereotaxic Surgeries

Mice were anesthetized by hypothermia (P0 - P1 pups) or with continuous delivery of isoflurane (P14 or older) and mounted in a stereotaxic

frame (David Kopf Instruments, Tujunga, CA). Mice were injected with AAV1-hSyn-TurboRFP or -mGFP (Addgene or UPenn Vector Core;

105552; gift from James M Wilson); 50465; gift from Bryan Roth) at P0, P14 or P49 (7 days prior to sacrifice). For Rbp4-Cre mice, pAAV1

hSyn-FLEx mGFP-2A-Synaptophysin-mRuby (Stanford Vector Core; gift from Liqun Luo88) was introduced at P7 or P42 (14 days prior to sac-

rifice). For electrophysiological studies, PFC-neurons were transduced with pAAV1-CaMKIIa-hCHR2(H134R)-EYFP (Addgene 26969; gift from

Karl Deisseroth89) 14-days prior to recording. Virus was delivered unilaterally using a Drummond Nanoject III at a speed of 2 nl/sec, into the

PFC using the following coordinates from bregma: P0: A/P= 0.3, M/L=G 0.1, D/V= -0.9; P14: A/P= 1.4, M/L=G 0.3, D/V = - 1.6; P49: A/P=1.9,

M/L= G 0.3, D/V = -2.2 and total volume according to brain size and titer (adapted from90 or S1: A/P = -1.5, M/L = G3.0, D/V = -0.7.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Cdh8(tm2a(KOMP)Wtsi) UC Davis KOMP Repository) CSD42057

Software and algorithms

Image J/FIJI Schindelin et al.85 RRID: SCR_002285

StereoInvestigator; Neurolucida; Neuroexplorer MBF Bioscience RRID:SCR_001775

pClamp10 Molecular Devices RRID:SCR_011323

Autoquant: AutoDeblur/AutoVisualize X MediaCybernetics RRID:SCR_002465

NeuronStudio Rodriguez et al.86 RRID:SCR_013798

Prism GraphPad RRID:SCR_002798

Hotspot Analysis this paper github.com/deannabenson/HotspotAnalysis
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Tissue Preparation

Animals were perfused transcardially with saline (P7) or 1% paraformaldehyde (P21, P56) to clear vasculature, followed by ice chilled 4% para-

formaldehyde in phosphate-buffered saline (PBS), pH 7.2 for 10 min. Brains were post-fixed for 10 - 14 h at 4�C, cryoprotected in 7% sucrose/

PBS, and sectioned coronally using a vibratome (VT1000S, Leica Biosystems) at a setting of 50 mm through the entire extent of the striatum. All

sections were collected and kept in order.

Stereology

For systematic random sampling, every 5th section was sampled beginning at the caudal end of the olfactory bulb to the anterior hippocam-

pus. Tissue was washed in 1X PBS, mounted in VectaShield with DAPI (Vector Labs, H1200), and visualized on a Zeiss AxioImager widefield

microscope using a 100X, 1.4 N.A. objective lens. Using StereoInvestigator (MBF Bioscience), axon length was estimated by counting axons

crossing a virtual spaceball hemisphere (radius: 3 mm) within a guard zone height of 10 mm and a grid size of 200 mm x 300 mm (3 - 5 axons per

grid) mapped in a systematically random fashion across striatum. Bundled internal capsule fibers running through the striatumwere excluded.

The PFC was defined as the anterior cingulate (ACC), prelimbic (PL) and infralimbic (IL) cortex (Figure 1B). Regions of interest (PFC, injection

site, and striatum) were delineated using the Nissl (DAPI) staining pattern and the Allen Brain Mouse Atlas as a reference. Volumes were

measured using the Cavalieri Estimator probe (MBF). With the Cavalieri estimator, one overlays a systematic, random sample of images of

tissue sections (at a knowndistance apart) with a regular grid of points. Points within the region of interest aremarked and volume is calculated

based on numbers of points and distance between sections.91We usedCavalieri_V_estimator (Image J), with gridpoint spacing set at 140 mm,

every 250 mm on stitched tiled images acquired on a Zeiss LSM780 confocal microscope using a 20X objective lens.

Hotspot analysis

Sections were sampled as above and tiled images were captured and stitched using a Zeiss LSM 780 or 980 confocal microscope and a 20X

objective. Eight-bit images were exported as 8-bit tifs to generate ROIs using FIJI. For Hotspot Analysis, we utilized the Getis Ord Gi* Sta-

tistic.15 This statistical method calculates the density of pixel values within a neighborhood, Gi, and the expected density of pixel values under

the null hypothesis, E(Gi). It then uses those two values along with the variance of the dataset to generate a z score, which can be used to

discern the likelihood that the observed level of pixel clustering within a neighborhood has occurred by chance. The Gi statistic is explained

below:

The expected value of a given pixel under the null hypothesis of spatial randomness is the global mean pixel value:

(X) = Sx /n

where:

x are pixel values

n are the number of pixels in an image.

Then, the expected Gi statistic within any given neighborhood is:

(Gi) =Swij(d)E(Xj)/ SXj = Swij(d)/n

where:

wij(d) are all the pixels j within distance d of pixel i.

SXj is the sum of all pixel values j within distance d.

The actual density of pixel values within a neighborhood is calculated as:

Gi =
Xn

j = 1

wijðdÞxj
,X

j

xj

where:

xj represents all the pixels in the neighborhood

The z score comparing the expected and actual Gi statistics is calculated as:

Zi = Gi � (Gi)/ Sqr(Var(Gi))

where:

V(Gi) is the variance of the Gi statistic
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By delineating an ROI, the dorsal striatum, and removing by thresholding the saturated pixels that comprise the bundles of descending

axons in the internal capsule, maps were created by using the Gi statistic associated with a 20 x 20 pixel-sized neighborhood (local mean; size

based on results from pilot studies). The output of this Python script provided a visual representation of axon clustering through the striatum

and the summary statistics representing the z-scores for each pixel neighborhood. The custom scripts used for Hotspot Analysis can be found

at: github.com/deannabenson/HotspotAnalysis.

The center point for each striatal ROI was used to generate four quadrants (DM, VM, DL, VL) and these were used to plot frequency dis-

tribution of z scores in each quadrant (see Figure 2). These divisions were also used to compare z score means, standard deviations and skew

across mice. For this analysis, Hotspot data from striatal sections were taken from approximately level 2 or 3 (see Figure 3) from several

different mice (one to two sections per mouse). Only mice having injections that were confined within PL, IL and ACC were included.

Immunohistochemistry and synapse analysis

Tissue sections that were collected as outlined for stereological studies were permeabilized using 0.25% Triton-X-100 (Sigma) for 5 - 7min (RT)

and blockedwith 5% normal donkey serum (Jackson ImmunoResearch) for 1h, RT, all in PBS. Sections were then incubated sequentially: first in

chicken-anti-Homer 1 (1:500, Synaptic Systems, Cat#160 006)/2% serum/PBS followed by anti-chicken Alexa-488 (1:200, Jackson

ImmunoResearch); and second in guinea pig anti-vesicular glutamate transporter 1 antibody (VGLUT1, 1:1000, Millipore-Sigma,

Cat#AB5905)/2% serum/PBS followed by anti-guinea pig Alexa-647 (1:200: Jackson ImmunoResearch). Sections were coverslipped in Mowi-

wol and sealed with nail polish. Single, optical confocal images were acquired using a 100X, 1.4 N.A. objective set at a zoom factor of 2 using

an upright, fixed-stage Zeiss LSM780 (resolution, 24 pixels per micron). Images were captured across three regions in striatum (dorsal, lateral,

ventral; Figure 5B); five images per section, four sections per mouse, and 3 - 5 mice per group. Images were imported into FIJI, and puncta

were segmented by thresholding and used to generate masks. Puncta size and density (number per area) were assessed using "analyze par-

ticles" function set to exclude puncta below 0.07 mm2, a value determined in pilot studies and maintained throughout. Appositions were as-

sessed by multiplying VGLUT1 and Homer image masks using the "image calculator" function, setting all unmatched pixels to zero. For pre-

sentation, images were processed with a Gaussian blur.

Western Blot

Whole-cell lysates were generated from cortex, striatum, and cerebellum (10 mM HEPES, 2 mM EDTA, 2 mM EGTA, 0.5 mM DTT, phospha-

tase and protease inhibitor cocktails; Sigma) via 3 X 5s pulses using a Kontes pestle gun. Samples were centrifuged 1500 g for 10 mins at 4�C,
and protein concentrations were assessed using a Bradford assay (BioRad). Proteins (25 mg) per lane were separated using 8% SDS-PAGE,

transferred to Immunoblot PVDF membranes (Millipore), blocked with LI-COR Odyssey Blocking Buffer with 0.1% Tween 20 (Thermo), incu-

bated with primary antibodies directed against Cdh8 (sc6461, Santa Cruz), N-cadherin (BD Transduction Labs; 610921), ß-catenin (Millipore;

06734), ß-tubulin (Abcam; Ab125267). Membranes were washed and incubated with DyLight 800 or DyLight 680 conjugated secondaries

(Pierce) and then imaged using a LI-COR Odyssey CLX imager (LI-COR Biosciences).

Electrophysiology

Whole-cell patch-clamp recordings fromCdh8fl/fl or Cdh8 cKO spiny projection neurons (SPNs) in the dorsal medial striatumwere conducted

in acute coronal slices (350 mm-thick) taken after deep anesthesia with isoflurane and rapid decapitation at P21 or P56. After 1h incubation at

37�C, slices were placed in an immersion chamber containing gabazine (GBZ; 10 mM; Sigma) at 31�C, which was used for all electrophysio-

logical experiments. Recordings were made with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Analog signals were low-

pass filtered, digitized, and analyzed with pClamp10 software (Molecular Devices, Sunnyvale, CA). SPNs were visualized with an infrared cam-

era (IR-1000; DAGEMTI) mounted on an upright epifluorescencemicroscope (BX50WI; Olympus).Whole-cell recordings were acquired using

glassmicropipettes with a resistance of 2–4MU and filledwith an intracellular solution containing 124mMK-gluconate, 10mMHEPES, 10mM

phosphocreatine di(Tris), 0.2 mMEGTA, 4 mMMg2ATP, 0.3 mMNa2GTP, and (0.3%) biocytin. SPNs were recorded for 3min following a 5min

equilibration period. After recording sEPSC activity in voltage-clamp mode, SPNs were identified electrophysiologically in current-clamp

mode by observing characteristic patterns of action potentials induced by a series of depolarizing current pulses (10 s interpulse intervals,

500 ms-long pulses, 20 pA current intervals).92–94 Recordings of SPN firing characteristics were used for analysis in Clampfit for properties

of intrinsic excitability. Input-output (I/O) experiments were conducted on acute slices collected from P21 and P56 WT mice that had been

injected with an EYFP-tagged channelrhodopsin-2 virus in the PFC 14 days prior to recordings.95 PFC-terminals surrounding SPNs in DMS

were stimulated utilizing a transistor–transistor logic (TTL)-pulsed microscope objective-coupled LEDs (473 nm, 20 mW/mm2; Prizmatix).

Input-output curves were generated by increasing light intensity in a step-wise manner (�1.2 mW/mm – 2 per step), from the minimal stim-

ulation level 1 at resting membrane potential to evoke glutamatergic mediated responses. The elicited power of light stimuli was measured

using an optical powermeter (Thorlabs). For each stimulus, optically-evoked EPSC (oEPSC) amplitudes were normalized to the evoked ampli-

tude response at maximal stimulation intensity for every individual cell to account for any potential impact of variations in viral expression

levels or terminal densities as described.31
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Morphometric analysis of biocytin-filled neurons

General procedures and spinemorphometric analyses followedour general previously published protocols.93,94 All recorded SPNswere filled

with biocytin (Tocris Bioscience) contained in the patch pipette. After recording, slices were immersed in 4% paraformaldehyde overnight at

4�C, permeabilized with 0.1% Triton X-100 for 2 h at RT, and labeled with streptavidin-conjugated Alexa Fluor 594 (1:300; Jackson

ImmunoResearch) at 4�C for 48 h. SPNs were then imaged on an upright, fixed stage, confocal LSM 780 (Zeiss) using a 63X 1.4 N.A. objective,

and Nyquist sampling to visualize and render dendritic spines (0.067 x 0.067 x 0.474 mm per voxel). Z-stacks were deconvolved using

AutoDeblur/AutoVisualize X (MediaCybernetics). Dendritic spine density and morphology were assessed using NeuronStudio.86 Spines

were defined as shorter than 2 mm and wider than 300 nm.96

Behavior

Instrumental learning was carried out in Bussey Saksida touchscreen-based operant chambers (Lafayette Instruments) using a protocol estab-

lished previously46 in whichmice were trained to nosepoke a single, lit response window to obtain a reward (strawberry milk). The presence of

a reward was cued by the presentation of a tone. Two 60-minute training sessions served to habituate mice to the apparatus, and this was

followed by a 2 h continuous reinforcement schedule (CRF) in which each nose poke was rewarded with a reward. Mice then progressed

to the testing phase which each 60m session was administered over four consecutive days. The first session was CRF, and the remaining three

were random interval (RI) schedules in which the probability of the reward remained constant over a 15 s (day 2), 30 s (day 3), or 30 s (day 4)

intervals. The random interval timer was initiated by the first nose poke. Schedules were controlled and data were collected using ABET II

Touch software (Lafayette) and then exported to Excel.

QUANTIFICATION AND STATISTICAL ANALYSIS

Both sexes were used, and data were analyzed for sex differences. Because no sex-dependent differences were found, data from both males

and females were pooled except for behavior, where only malemice were used. Group sizes were 3 - 5 mice per genotype for anatomical and

synaptic studies (5 images per region; 3 - 5 sections per animal) and �15 cells per condition, from 8 - 15 brain slices, from 5 - 6 mice per ge-

notype/sex. Where relevant, genotype identity was coded and analyzed blind. Data were expressed as mean + SEM. Repeated measures

ANOVA with post hoc Bonferroni or Holm-�Sı́dák corrections for multiple comparisons and 2-way ANOVA or mixed-effects model analysis

were used to delineate impact of the manipulation vs. genotype or age. Unpaired Student’s t-tests and Mann-Whitney U (Wilcoxon’s rank

sum) test were used for comparison between conditions and cell types for electrophysiology experiments. For analysis of dendritic spines,

groups were compared using 1-wayANOVA. Spine-head diameter and spine length cumulative frequency distributions were compared using

two-sample Kolmogorov–Smirnov tests. For all experiments, a minimum criterion of p < 0.05 was used for biological significance. Additional

specifics are given in figure legends.
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