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Psychostimulant use is an ever-increasing socioeconomic burden,
including a dramatic rise during pregnancy. Nevertheless, brain-wide
effects of psychostimulant exposure are incompletely understood.
Here, we performed Fos-CreER™-based activity mapping, correlated
for pregnant mouse dams and their fetuses with amphetamine,
nicotine, and caffeine applied acutely during midgestation. While
light-sheet microscopy-assisted intact tissue imaging revealed drug-
and age-specific neuronal activation, the indusium griseum (IG)
appeared indiscriminately affected. By using GAD679'* mice
we subdivided the IG into a dorsolateral domain populated by
vy-aminobutyric acidergic interneurons and a ventromedial segment
containing glutamatergic neurons, many showing drug-induced
activation and sequentially expressing Pou3f3/Brn1 and secretagogin
(Scgn) during differentiation. We then combined Patch-seq and circuit
mapping to show that the ventromedial IG is a quasi-continuum of
glutamatergic neurons (IG-Vglut1™) reminiscent of dentate granule
cells in both rodents and humans, whose dendrites emanate perpen-
dicularly toward while their axons course parallel with the superior
longitudinal fissure. IG-Vglut1* neurons receive VGLUT1" and
VGLUT2* excitatory afferents that topologically segregate along
their somatodendritic axis. In turn, their efferents terminate in the
olfactory bulb, thus being integral to a multisynaptic circuit that
could feed information antiparallel to the olfactory-cortical path-
way. In 1G-Vglut1* neurons, prenatal psychostimulant exposure
delayed the onset of Scgn expression. Genetic ablation of Scgn was
then found to sensitize adult mice toward methamphetamine-induced
epilepsy. Overall, our study identifies brain-wide targets of the
most common psychostimulants, among which Scgn*/Vglut1*
neurons of the IG link limbic and olfactory circuits.
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rug abuse is a major socioeconomic burden which affects

many age groups and both genders (1, 2). Psychostimulants
are among the most widely used drugs, and besides illicit sub-
stances like amphetamine and its derivatives include caffeine
(coffee) and nicotine (tobacco). Molecular and structural deter-
minants mediating the action of these drugs on neurons differ
fundamentally. Amphetamine is excitatory by increasing extracel-
lular dopamine levels through inhibition (or even reversal) of
dopamine transport for cellular reuptake (1, 3, 4). Caffeine an-
tagonism at the adenosine A,A receptor (5) (and less so at A; and
Aj) is a catalyst for catecholamine (particularly dopamine) and
acetylcholine release (6). Nicotine activates ionotropic nicotinic
acetylcholine receptors to stimulate synaptic neurotransmission,
particularly in the dopaminergic reward circuitry (7). Despite dif-
ferences in their mechanism of action, a common denominator of
psychostimulant action is their ability to prime the brain’s reward
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circuitry to trigger addiction (2). Therefore, any brain region that
receives significant dopamine input is at risk upon excess exposure
to psychoactive substances.

The consumption of illicit or legal drugs during pregnancy is a
primary health concern. Besides counteracting medical condi-
tions, such as hyperemesis gravidarum by cannabis and canna-
binoids (8), the use of psychostimulants is reasoned by improving
forgetfulness, mood, and stress. Nevertheless, the efficient cross-
placental transfer of these structurally distinct compounds (9-11)
prompts caution for their direct, indiscriminate, and likely
adverse effect, particularly if used repeatedly. Mechanistically,
dopaminergic neurons and their long-range projections to the
forebrain form during the first trimester of human brain devel-
opment (12), thereby being poised to modulate the migration
and neuritogenesis of telencephalic neurons over long periods
(13, 14). Nevertheless, the brain-wide distribution of fetal neurons
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that are particularly sensitive to psychostimulants and differences
between neural foci of fetal vs. maternal drug sensitivity remain
ambiguous.

Here, we used immediate early gene-based mapping of tran-
sient cellular activity (15) to mark cell contingents (particularly
neurons and endothelial cells) that were activated by amphet-
amine, nicotine, or caffeine during the period when neurogenesis
peaks in the mouse prosencephalon (that is, embryonic days [E]
14 to 16) (16, 17) and reconstructed their distribution by quan-
titative light-sheet microscopy (18). Besides finding critical dif-
ferences in the regional density of genetically tagged cell
contingents, the medial preoptic area (MPN), arcuate nucleus
(ARC) of the hypothalamus, and the indusium griseum (IG), all
receiving dense dopamine afferentation or containing dopami-
nergic neurons themselves (19), emerged as invariably affected
fetal brain regions. This genetic model also revealed substantial
differences in brain-wide cell activation patterns between dams
and their fetuses. We have then conceptually linked previous
(20) and present findings on neuronal heterogeneity of the IG to
show that glutamatergic neurons expressing the POU class 3
Homeobox 3 (Pou3f3/Brnl) transcription factor and many
showing migratory morphology respond to amphetamine, caf-
feine, and nicotine at the doses used. Once arriving to their final
location in the ventromedial IG, an area dominated by excitatory
neurons (20), postnatal neuronal differentiation is delayed by
transient intrauterine psychostimulant exposure: we identified
secretagogin (Scgn) as a psychostimulant-sensitive molecular
mark for excitatory corpus callosum (CC)-associated neurons,
which exhibit bipolar morphology in both the fetal and adult IG
in mice and humans. This is significant since the human IG was
earlier claimed to be exclusively made up by glial cells (21). Next,
we used Patch-seq to define cell type-specific marks for these
regular-spiking (RS) Scgn™ neurons, such as Vglutl expression.
By bidirectional connectivity mapping we also showed that Scgn*
1G-Vglutl neurons preferentially innervate y-aminobutyric acid
(GABA)-containing interneurons locally, while reciprocally con-
necting to one another more sporadically. Moreover, long-range
IG-Vglutl projections link limbic to olfactory circuits. Finally,
we generated Scgn™~ mice, in which IG-Vglutl neurons exhibited
reduced intrinsic excitability. At the organismal level, the lack of
Scgn triggered neuronal sensitization to methamphetamine (Meth)
in the form of epileptic seizures, a major adverse condition ex-
perienced by adolescent Meth users (22, 23).

Results

Brain-Wide Activity Mapping of Prenatal Drug Exposure. Even
though detailed knowledge using immediate early genes as cel-
lular marks reflecting neuronal activation in response to psy-
choactive drugs exists (24-27), brain-wide and comparative
activity mapping of psychostimulant drug effects in developing
and adult brains has not been performed to date. Here, we in-
duced Fos-CreER"::ZsGreen ™ P-floxed/stop-floxed qamq (15) with
tamoxifen on E14.5. This was 24 h prior to administering am-
phetamine (10 mg/kg) (28, 29), nicotine (2 mg/kg) (11), or caf-
feine (6 mg/kg) (30), the most widely used psychostimulants in
general (31) and during pregnancy (32), on E15.5 with 48-h
survival (Fig. 14 and SI Appendix, Fig. S1A4) to allow sufficient
loading of tamoxifen-primed, drug-activated cells by ZsGreenl
(81 Appendix, Fig. S1 B and C). By using c-Fos histochemistry, we
confirmed the efficiency and specificity of Fos-driven Cre-
mediated recombination in the fetal cerebrum (Fig. 1B).
Thereafter, reconstructive light-sheet microscopy for brain-wide
cell activation at E17.5 (Movies S1-S4) showed that all drugs
increased ZsGreenl expression relative to vehicle-treated con-
trols (Fig. 1C). ZsGreenl was seen in fetal and adult neurons
and perivascular (endothelial) cells (SI Appendix, Fig. S1D) but
neither astroglia nor micro/oligodendroglia (Fig. 1 D and E),
even though a subclass of astroglia (“immediate-early astrocytes”),
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can express c-Fos in response to glutamate and inflammatory
stimuli (26, 33). The preferential labeling of neurons in the fetal
brain is also compatible with the late onset of astrogliogenesis,
peaking neonatally, in rodents (34).

ZsGreenl* activity mapping in serial coronal sections of the
fetal forebrain from saline-injected dams at E17.5 (Fig. 1F and S/
Appendix, Figs. S2 and S3) revealed basal Fos-CreER™* activity
in motor and sensory cortices, hippocampus proper, and supra-
chiasmatic nucleus (SCN) of the hypothalamus. Considering that
pacemaker systems of the SCN, including both neurons and
astroglia (33, 35), can diurnally up-regulate Fos messenger RNA
(mRNA) expression, we interpreted ZsGreenl labeling in this
hypothalamic area as an innate biological control, particularly
because of the uniform (treatment-independent) size of the
ZsGreenl* cell cohort (suggesting a ceiling effect due to rhyth-
mic transcriptional activity; Fig. 1G and SI Appendix, Figs. S3
and S4). All drugs induced ZsGreenl expression in the ventral
tegmental area (SI Appendix, Fig. S2), which we have taken as
another positive control, showing the drug-induced activation of
the reward circuitry. Specifically, amphetamine increased the
number of ZsGreenl™ cells in cingulate, motor, and somato-
sensory cortices, IG (Fig. 1 G and H), tenia tecta (TT; Fig. 1]),
striatum, hippocampus, choroid plexus, and ARC (SI Appendix,
Fig. S3). Nicotine induced ZsGreenl expression in cingulate,
motor, and pyriform cortices, medial septum (which harbors
cholinergic neurons expressing nicotinic acetylcholine receptors)
(36), hippocampus, MPN, ARC, and supraoptic nucleus (SI
Appendix, Fig. S3). Besides substantial overlap with the effects of
the other dugs, caffeine triggered notable ZsGreenl expression
in the lateral diagonal band of Broca (27), MPN, and ARC (25)
(Fig. 1 F and G) but not TT (Fig. 17). These data demonstrate
that prenatal psychostimulant exposure drives widespread and
drug-specific neuronal and endothelial activation with the cin-
gulate cortex/IG identified as a convergence point of drug action.

Next, we repeated ZsGreenl mapping in the dams to charac-
terize regional differences, if any, between fetal and adult brains.
We found significant psychostimulant-induced cell activation in
cortical, thalamic, and hypothalamic areas of which the cingulate
cortex/IG and ARC invariably contained ZsGreenl™ cells (SI
Appendix, Fig. S4). Thereby, we were able to reliably capture,
using heat map-based checkerboard analysis (Fig. 1G), regional
and age-associated differences in psychostimulant sensitivity in
fetal vs. adult brains.

Neuronal Targets of Psychostimulant Action in the Fetal and Adult IG.
Neuroanatomical studies separate the IG from the overlying
anterior cingulate cortex (ACA) in adult brain by it being neg-
ative for calbindin-D28k and, conversely, positive for Scgn or
neurotrophin-3 (20, 37). Earlier studies suggest that Scgn, an
EF-hand Ca**-sensor protein showing significant sequence ho-
mology to calbindin-D28k and calretinin, marks a prominent group
of IG neurons whose biophysical signature resembles that of
dentate granule cells (20). Therefore, Scgn is appealing as a
marker of putative excitatory IG neurons. In addition, the IG
receives dense monoaminergic and GABAergic innervation (38,
39). Its particularly prominent monoaminergic afferentation (S7
Appendix, Fig. S5 A and B) that sets it apart from other cortical
areas by midgestation might be a reason for its sensitivity to
psychostimulant-induced perturbations.

Immunofluorescence histochemistry in combination with Fos-
CreER™ based genetic probing suggested that ZsGreenl™ neurons
in the fetal IG could arise from the cortical ventricular zone: we have
seen many fusiform ZsGreenl* neurons with ramifying local pro-
cesses in the CC and entering the IG and lining its callosal (ventral)
surface (Fig. 24). At E17.5, many ZsGreenl* neurons were immu-
noreactive for the Pou3f3/Brml transcription factor (Fig. 24), which
broadly marks glutamatergic neurons, particularly pyramidal cells
destined to cortical layers 2 to 4 (40). Notably, none of the neurons
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[C], 30 pm [D, Lower], 20 pm [B and E], 10 um [D, Upper].)

populating the prospective 1G expressed Scgn at E17.5, irrespective
of them being eventually ZsGreen1*. This unexpected feature dis-
tinguishes the IG from other forebrain areas in which Sc%n expres-
sion usually precedes that of other neuron-specific Ca™*-binding
proteins (20). The lack of Scgn together with preferential D1 dopa-
mine receptor expression (SI Appendix, Fig. S54) in CC-associated
glutamatergic neurons could explain, at least in part, their prefer-
ential psychostimulant sensitivity in the fetal IG. This hypothesis is
also supported by the finding that in the adult brain ZsGreenl*
neurons in the IG are small to medium-sized in diameter, multi-
polar, Scgn™, and positioned relatively distant from the pial surface
(Fig. 2B). These cellular features suggest nonexcitatory identity. The
fact that Scgn™ glutamatergic neurons were invariably ZsGreenl~ in
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the IG of the dams corroborates earlier observations on neuro-
protection mediated by Ca®*-binding and sensor proteins (41-46).
Scgn/ZsGreenl coexistence in the ARC served as positive (bi-
ological) control (Fig. 2B and SI Appendix, Fig. S1 D and E), which is
compatible with their expression of nicotinic acetylcholine receptors
and cocaine and amphetamine-regulated transcripts (47). Here,
we have specifically mapped the developmental trajectory and
psychostimulant sensitivity of Scgn* excitatory IG neurons.
First, we find Scgn be gradually enriched in the IG from
postnatal day (P) 12 and reaching adult levels by P25 (Fig.
20C). Likewise, neuropeptide Y expression was transient in IG
and detectable only on P5 (SI Appendix, Fig. S5 B-D). These
observations suggest that excitatory neuron development is a
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Fig. 2. Psychostimulant sensitivity and ontogeny of Scgn™ neurons in the IG.
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Pou3f3/Brn1 (arrowheads; open arrowhead shows the lack of colocalization),
a transcription factor for cortical pyramidal cells (40), and coincidently lack
Scgn. (B) In contrast, in the adult DG, IG and AHC (Top), psychostimulant-
induced ZsGreen1 expression (solid arrowheads) did not label Scgn* neurons
(open arrowheads). However, Scgn* neurons of the ARC showed coincident
ZsGreen1 expression (solid arrowheads). (C) Scgn localization in the mouse
1G during postnatal development with P12 taken as the earliest time point at
which Scgn was successfully detected. (D) Prenatal amphetamine exposure
significantly reduces Scgn expression in the IG on P16. Data were expressed
as means + SEM from n = 3 per treatment; *P < 0.05. (E) Scgn* neurons line
the IG in the human fetal brain. Left to right: Coronal section of a 236-d-old
human fetal brain at the level of the anterior horn of the lateral ventricle.
Arrowheads indicate Scgn expression in the rostral migratory stream. Open
rectangle denotes the position of high-magnification inset 1 on the dor-
sal surface of the genu/truncus corporis callosi. Arrowheads identify the
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protracted process in the IG, likely limiting the excitability of this
neuronal contingent during fetal development. Next, we argued
that intrauterine psychostimulant exposure might perturb Scgn
gene expression in IG neurons if Scgn itself is a critical and
activity-dependent differentiation mark. To test this hypothesis,
we have treated pregnant mice with amphetamine (10 mg/kg) as
above and sampled their male offspring on P16, a time point
when Scgn level is substantial yet submaximal (Fig. 2D). As such,
prenatal amphetamine application resulted in a significantly
delayed Scgn expression in the IG (Fig. 2D). These data directly
link Scgn expression to psychostimulant sensitivity in excitatory
neuronal progenies of the developing IG.

Considering that neither cellular nor detailed network features
of Scgn* IG neurons are known [beyond some rudimentary
biophysical characteristics (20)], we have molecularly charac-
terized Scgn™ IG neurons using the Patch-seq workflow (48).
Subsequently, we addressed if genetic ablation of Scgn increases
neuronal sensitivity to Meth.

Scgn Marks both the Mouse and Human 1G. The supracallosal do-
main of the IG resides in 2 parallel narrow stripes of gray matter
situated rostrocaudally on the dorsal surface of the CC (Fig. 3 4
and B). Once stretching over the genu of the CC, a small
descending dorsoventral line of IG neurons forms the anterior
hippocampal continuation (AHC) (Fig. 3B). Earlier, we have
shown that Scgn marks the IG and AHC, which share most
microanatomical characteristics, in both lower primates and ro-
dents (20). These data are recapitulated here (Fig. 3 A-F) with
an alternative antibody (Materials and Methods and SI Appendix,
Fig. S5F) and extended by CUBIC (clear, unobstructed brain
imaging cocktails and computational analysis)-based tissue
clearing and intact tissue imaging to show that Scgn also labels
the axonal bundles emanating from the IG and AHC and turning
under the genu of the CC (Fig. 3G). Moreover, our localization
of Scgn® neurons in the pyramidal layer of the CAl and CA2
subfields of the mouse hippocampus (Fig. 3C), as well as the
dentate gyrus (DG) and fasciola cinerea (FC), visualizing the
extrahippocampal formation (Fig. 3C), reconciles data from
postmortem human hippocampal CA1, where Scgn was implicated
in conferring resistance to neurodegeneration (49).

While the rodent and primate IG are known to contain neurons
(20), the cellular organization of the human IG is considered
different with glial cells recognized as its building blocks (21). This
notion prevails despite the fact that, at the gross anatomy level, the
IG in humans is reminiscent of its mouse equivalent by being
adherent to the lamina terminalis and extending between the genu
and splenium of the CC. When using Scgn as a molecular marker
(Fig. 3 H and I), we find bipolar neuron-like cells with fusiform
perikarya and long processes in both the fetal (third trimester; Fig.
2E) and adult human IG (Fig. 3 H and I). The neuronal identity of
these cells is supported by their expression of either calretinin
(Fig. 3H) or microtubule-associated protein 2 (MAP2; Fig. 3I),
even though these markers seem abundant in nonoverlapping cell
cohorts. Thus, we suggest that Scgn* neurons with morphological
features reminiscent of relay or dormant migratory neurons earlier
found in the olfactory tubercule of humans (45) also exist in the
human IG.

Long-Range Connectivity of Scgn* FC/IG Neurons. The extrahippocampal
pathway with its continuum of Scgn* neurons is a complex in-
tegration loop caudally exiting the hippocampus through the
subiculum toward the FC. To map if long-range connections

position of Scgn® neurons shown at high resolution; 2 and 3: Scgn* neuro-
blasts in the lateral part of the IG. caff., caffeine; sc, sulcus centralis. (Scale
bars: 1 cm [A], 120 pm [B, Bottom Left and D], 50 pm [B, Top Left], 30 pm [A and
B, Top Right and C], and 12 um [B, Bottom Middle and Right and E, 1 and 2].)
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Fig. 3. Anatomy of the mouse and human IG. (A) Brain scheme with orange and green lines indicating the cutting planes at 0.12 mm and 0.24 mm from the
midline. (B) Sagittal scheme of the mouse extrahippocampal formation, including 1G. Gray dashed rectangles indicate the location of panels in C. (C) Scgn
immunoreactivity (magenta) in the anatomical regions of the extrahippocampal formation defined by the Allen Brain Atlas. (D) Coronal scheme of the mouse
extrahippocampal formation. Gray dashed lines (equally spaced for illustration) and coordinates relative to bregma indicate the coronal cutting planes shown
in E. (E) Brain scheme with coronal planes of tissue sampling. (F) Scgn immunoreactivity at the anterior-posterior coordinates indicated. (G) Three-
dimensional image of optically cleared IG with Scgn immunostaining. A 500-um sagittal block is shown. Magenta arrow indicates the point of view. (H)
Human IG with a Scgn™ IG neuron close to the pial surface (ps) expressing calretinin (CR) but not MAP2. (/) Scgn™/CR™ bipolar neurons (arrowheads) in human
IG. Both Scgn*/MAP2* and Scgn*/MAP2™ neurons could be found. CA1-3, cornu ammonis 1 to 3 subfields; df, dorsal fornix; DP, dorsal peduncular cortex; LSc/r,
lateral septal nucleus caudal/rostroventral; mo, straum moleculare; RSP, retrospinal area (ventral); sc, sulcus centralis; SH, septohippocampal nucleus; sg,
stratum granulosum; so, straum oriens; sp, stratum pyramidale; sr, stratum radiatum; tcc, truncus corporis callosi; VL, lateral ventricle; V3, third ventricle. (Scale

bars: 100 pm [F, 2 through 4], 50 um [C, 1 through 5, E, and F, 4, and G], 20 pm [F, 1 and 5], and 10 pm [H and E].)

exist between the FC and IG, biotinylated dextran amine (BDA)
was injected into the FC and used to anterogradely trace FC ef-
ferents (SI Appendix, Fig. S64). BDA™ axons traveled around the
splenium of the CC and split into parallel tracts at its ventral and
dorsal surfaces (SI Appendix, Fig. S6B). BDA™ axons either ter-
minated on the dendrites of Scgn® IG neurons (SI Appendix, Fig.
S6 C and D) or eventually ran parallel with those (S Appendix, Fig.
S6F). Next, we tested if Scgn* neurons receive synaptic inputs from
the olfactory bulb, an experiment prompted by the notion that
Scgn™ neurons also line the rostral migratory stream (as “shell
cells”) (45) and populate the olfactory bulb. Here, cholera toxin B
was used as retrograde tracer and injected into the main olfactory
bulb. Indeed, populations of Scgn™ neurons along the IG were seen
colabeled for cholera toxin B and Scgn (SI Appendix, Fig. S6F).
These anatomical features suggest that Scgn™ neurons can relay
information along the FC-IG-olfactory bulb circuit (Fig. 44).

Synaptic Inputs to and Local Circuits of Scgn™ IG Neurons. Neuronal
computation in the IG summates the activity of subcortical
cholinergic and midbrain monoaminergic territories, which is
supported by the accumulation of afferent inputs harboring choline
acetyltransferase, dopamine f$-hydroxilase, tyrosine hydroxylase
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(TH), D2 dopamine receptors (SI Appendix, Fig. S5B), or 5-HT
receptors (5-HTR;) (38, 39). This anatomical complexity sug-
gests that IG neurons might read out source network information
for feedback to the hippocampus. The diversity of inputs is test-
able by, for example, histochemistry given the dichotomy of ve-
sicular glutamate transporters (VGLUTs), with VGLUT1 and
VGLUT?2 segregating to cortical and thalamic sources (Fig. 4B),
respectively (50, 51). We find VGLUT1" or VGLUT2* synaptic
terminals on Scgn® IG neurons organized by a strict topography
(Fig. 4 C and D), with VGLUT1" boutons targeting dendritic
compartments, whereas VGLUT2" terminals arrive to neuronal
somata (Fig. 4 C and D). VGLUT3" terminals were found scat-
tered along the somatodendritic axis (Fig. 4D). GABAergic in-
terneurons populate the dorsolateral domain of the IG (Fig. 4 C
and E) and are recruited to local circuits. The lack of colocali-
zation between Scgn and GFP in GAD678™* mice in intact,
CUBIC-cleared tissues (52) reinforces that large-diameter Scgn™
IG neurons are non-GABAergic (Fig. 4E) and instead are
entrained by local GABA sources.

Besides their macrocircuit constellation, little is known about
the local microcircuitry in which Scgn* IG neurons are embedded.
Hence, we probed local connectivity using triple whole-cell
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Fig. 4. Local networks in the IG. (A) Sagittal scheme of the mouse extrahippocampal formation with the CC and IG and putative connectivity between the
olfactory bulb (OB) and FC indicated. (B) Predicted glutamatergic connections, including the integration of excitatory afferents containing VGLUT1 and
VGLUT2. (C) Coronal scheme of the IG with the cellular positions of VGLUT1" and VGLUT2" synaptic puncta (Left), the location of excitatory Scgn* vs.
GAD679%+ GABAergic neurons (Middle), and reconstruction of a biocytin-filled Scgn™ neuron (Right). (D) Distribution of VGLUT1, VGLUT2, and VGLUT3 in the
IG. Note the predominance of VGLUT1* innervation. Sections were at the level of +0.6 mm from bregma. (E) Spatial distribution of excitatory Scgn* and
GAD679P* GABAergic neurons in IG. (F) Expression of neurotransmitter modality-related genes identified with Patch-seq. Log, expression of genes coding
for glutamatergic (magenta) and GABAergic (green) neurotransmitter synthesis, vesicular loading, and degradation. Numbers indicate possible connected
neurons. (G, Top Left) Setting of ex vivo triple whole-cell electrophysiology recordings. (G, Middle) Representative firing patterns of Scgn* (magenta) and
GAD679* (green) neurons (G, Top), with rheobasic spikes in gray; 1, 2, and 3 show combinations of possible connections with representative examples of
paired recordings. (H) Bar graphs depict the connection probability (Left) and amplitudes of recorded postsynaptic potentials (PSPs) (Right). Data were
expressed as means + SEM. (/) Neuropeptide and neuropeptide receptor gene expression in IG neurons, revealed by Patch-seq. ACAv, anterior cingulate area

(ventral); AHC, anterior hippocampal extension; CA1, cornu ammonis subfiled 1; sc, sulcus centralis. (Scale bars: 15 um [D], and 20 um [E].)

patch-clamp recordings in GAD678* mice (Fig. 4G and SI
Appendix, Fig. S7), where we visually distinguished fast-spiking
(FS) GABA interneurons and GFP™ IG neurons, the latter being
RS (Fig. 4G). We used triplets consisting of 1 GAD678™* and 2
GFP7/RS IG neurons to test if excitatory IG neurons (post hoc
identified as Scgn™) are densely interconnected for local ampli-
fication and summation of neural information. We used the
electrophysiological profile described by Mulder et al. (20) to
identify Scgn* neurons. This setting was also advantageous to
assess reciprocal connectivity of Scgn™/FS and RS IG neurons
(tested 72 putative connections; Fig. 4 G and H). We found ~27%
connection probability from RS-to-FS neurons (9 out of 32 tested,
Fig. 4H) with an average amplitude of 4.1 + 0.7 mV. Reciprocal
connections between FS-and-RS neurons were not found. De-
termination of Scgn® IG neuron interconnectivity revealed the
presence of excitatory connections in ~10% of the cases (2 out of
20; Fig. 4H), with an amplitude of 2.7 + 1.1 mV. Thereby, we
hypothesize that activation of the excitatory component of the IG
is primarily achieved by cortical and subcortical synaptic inputs
(38, 39) rather than through self-amplification loops locally.

Patch-seq Profiling of Scgn* Neurons. The only existing dataset on
Scgn™ neurons posits similarities between DG and IG neurons
on the basis of biophysical similarities, which is compatible with a
broader view of the IG being an anterior extension of the DG
(53). However, molecular analysis is required for this hypothesis
to stand. Therefore, we have fed RNA samples from all neurons
that had undergone electrophysiological recordings into our
Patch-seq workflow (48) to achieve precise gene expression
profiling (Fig. 4 F and I and SI Appendix, Fig. S8).

Fuzik et al.

The analysis of genes associated with inhibitory or excitatory
neurotransmission in RNA aspirates of IG neurons revealed the
predominance of glutamate-synthetizing and -degrading enzymes
(Fig. 4F). In contrast, the enzymatic machinery for GABA syn-
thesis (e.g., Gadl and Gad2) was not expressed (detection
threshold = >2 counts in >5/30 IG neurons) (Fig. 4F). To use
precise molecular mapping to predict (and support) how IG
neurons are synaptically wired in the IG, we extracted single-cell
RNA-sequencing (RNA-seq) data for neuropeptides and re-
ceptors (Fig. 41). We find Scgn as a marker gene at low transcript
levels, an observation compatible with its slow protein turnover
(54). Therefore, homogeneity of the electrophysiological signa-
tures and molecular parameters of non-GAD678%"+ IG neurons
was used as cellular classifier (Fig. 47). Excitatory IG neurons
expressed endothelin receptor type B (Ednrb), neurotensin re-
ceptor 2 (Ntsr2), melanin-concentrating hormone receptor 1
(Mchrl), cannabinoid receptor 1 (Cnrl), and parathyroid hormone
receptor 2 (Pthr2), indicating the physiological role of these neu-
rons in distinct hormonal responses, particularly embedding 1G
neurons into hormonal feedback networks. In addition, mRNA
transcripts for many classical and other neuropeptides were also
seen, including cholecystokinin (Cck), somatostatin (Sst), neuro-
peptide FF (Npff), neuropeptide Y (Npy), natriuretic peptide C
(Npcc), neuromedin B (Nmb), chromogranin B/secretogranin B
(Chgb), and calbindin D28k (Calbl at detection threshold = >2
counts in >5/30 IG neurons; Fig. 41).

Even though mRNA expression is taken broadly to be indicative
of neuronal identity, mRNA-to-protein translation does not nec-
essarily occur, which can bias the biological interpretation of single-
cell RNA-seq data. Here, we show that despite the presence of Npy
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mRNA in all of the Patch-Seg-recorded neurons, neuropeptide Y
(NPY) immunoreactivity was not detectable in adult IG. Instead,
we find NPY-expressing neurons at P5 (SI Appendix, Fig. S5C),
indicating a putative and transient developmental role for NPY,
equivalent to other neuropeptides in the neonatal period (55).
Similarly, the presence of Cck mRNAs in IG was reported in our
earlier work on a CCKPAYPsRe:GADE7EP* composite mouse
line (18, 48), even though conventional histochemistry fails to vi-
sualize CCK protein. Furthermore, lower levels of Drdl mRNA
were also detected and confirmed by genetic labeling in the cor-
responding D1R-GFP mouse line (SI Appendix, Fig. S54).

Finally, we aimed to identify cell type-specific markers of ex-
citatory IG neurons by using a contrast analysis between our
dataset and cortical single-cell RNA-seq data (56). We filtered
the set of cortical genes with zero or low expression [low-pass-
filtered by the interquartile range of expression values, ie.,
lowest 25% of the expressed genes identified by Tasic et al. (56)]
and compared these to highly expressed genes in IG from our
Patch-seq dataset (high-pass-filtered to extract the highest 25% of
expressed genes). This intersectional analysis returned interleukin-
16 (Il-16), aggrecan (Acan), FERM domain-containing protein
2 (Frmpdl), hepatocyte growth factor (Hgf), and Ca®*-binding
protein-7 (Cabp7) as preferentially expressed in excitatory I1G
neurons (vs. cortical ones; SI Appendix, Fig. S8B). Interestingly,
we found neither ProxI nor Prox2 expression, which identify both
fetal and adult dentate granule cells (57), thus suggesting the
molecular demarcation of IG neurons at least at specific seg-
ments of their transcriptional control. These data establish the
precise molecular makeup of excitatory IG neurons, set them
apart from their cortical counterparts, and allow testing of both
neuronal connectivity and hormone signaling.

Adult Scgn~'~ Mice Are Sensitive to Meth. Meth, a derivate of
amphetamine, is known to obstruct neuronal excitability (58, 59).
Therefore, we first confirmed that acute superfusion of Meth
(50 pM) directly affects RS IG neuron excitability during ex vivo
whole-cell current clamp recordings. Indeed, Meth suppressed
action potential (AP) formation in IG neurons, leading to a
maximum of a single AP on a stimulus step (Fig. 54), which
showed a smaller amplitude and significantly increased half-width
(Fig. 5B). The Meth effect was instantaneous, robust, and re-
versible (SI Appendix, Fig. S94) and also occurred in Scgn ™ slices
(SI Appendix, Fig. S9B).

High-dose or repeated Meth administration triggers extensive
neuronal apoptosis and astrogliosis in the IG in vivo (28, 29, 60).
As a behavioral effect downstream, Meth can either trigger ep-
ileptic seizure-like activity (23, 61, 62) or enhance those that
preexisted. Given the insensitivity of Scgn™ limbic (including IG)
neurons to psychostimulants, we asked if genetic deletion of this
Ca®* sensor would alter the sensitivity of the IG circuit to Meth,
demonstrated by increased seizure activity. This hypothesis rests
on the knowledge that the loss of other Ca®* sensors and buffers
perturbs neuronal excitabilit}y (44, 63, 64). Here, we injected both
wild-type (n = 10) and Scgn™™ mice (n = 11) with Meth (15 mg/kg,
intraperitoneally, 3 times at 90-min intervals; Fig. 5C) and scored
animal behavior by the SHIRPA protocol (65, 66) 60 min after
each Meth cycle (T1 through T3; Fig. 5 C and E). Among the
parameters scored, gait, tremor, licking behavior, and clonic
convulsions were significantly different between the genotypes,
and Scgn™~ mice showed significantly worsened signs toward
Meth acutely (Fig. 5E). Clonic convulsions in Scgn ™~ mice at T2
were particularly notable (Fig. 5D). Scgn™~ mice (54, 67) also
produced more severe symptoms as fragmented locomotion and
increased wall/floor licking, which often coincided with contin-
uous reversing (Fig. SE and Movies S5 and S6). These data show
that Scgn gene ablation increases Meth vulnerability.

Next, we asked if Scgn is critical in determining pathophysio-
logical changes in the biophysical characteristics of IG neurons
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by comparative analysis of wild-type vs. Scgn™~ mice (54, 67)
using whole-cell patch-clamp recordings. For wild-type IG neu-
rons, we have identified the rheobasic AP threshold (APy,,) by
applying 1- to 2-pA incrementing current steps. All cells showed
a prepotential when reaching the APy, and continued spiking
thereafter (Fig. 5 F, Top). Herein, an after-depolarization phase
following a fast after-hyperpolarization phase was sufficient to
evoke a second AP immediately after the first rheobasic AP (Fig.
5 F, Middle). In contrast, Scgn™~ neurons did not produce a
prepotential along with a reduced number of APs on their
rheobasic responses (Fig. SF and SI Appendix, Fig. S10). Their
after-depolarization amplitudes were also significantly reduced.
In sum, quantification of all AP parameters and firing pat-
terns revealed significant differences between wild-type (n = 19)
and Scgn™'~ (n = 21) RS IG neurons in, for example, resting
membrane potential (V,es), number of APs on the rheobasic
step, and double-threshold firing frequency (2x freq) (Fig. 5
F, Bottom).

Finally, we sought to determine if in vivo Meth administration
differentially affects the excitability of IG neurons in wild-type
vs. Scgn™™ mice. To this end, we performed patch-clamp re-
cordings in ex vivo brain slices 24 h after behavioral testing (Fig.
5C). A history of Meth exposure significantly lowered the firing
rate on rheobasic responses (to levels similar to those in
Scgn™~ neurons at baseline) and eliminated the after-depolarization
in wild-type IG neurons (Fig. 5G). In turn, Scgn”~ IG neurons
expressed a bursting rheobasic response (yet no change in fre-
quency) 24 h after Meth exposure, which appeared with considerable
time lag upon rheobasic stimuli (Fig. 5G). Post hoc morphological
reconstruction confirmed that the same subtype of RS neurons
at comparable locations in the ventromedial IG were probed (S7
Appendix, Fig. S10). Their lesser Meth responses upon Scgn knock-
out (SI Appendix, Fig. S11) define the biophysical footprint of Meth
administration. Thus, Meth is identified as a psychostimulant that
retunes basic biophysical properties (e.g., Vyesr) and capacity to
fire AP trains in a Scgn-dependent manner (Fig. 5G). Cumula-
tively, these data provide a sufficiently broad set of indications to
suggest that Scgn ablation compromises IG neurons in their level
of excitability and sensitizes them to Meth-induced maladaptation,
which might be relevant to scaling psychostimulant sensitivity
along the DG—-FC—IG-olfactory circuit.

Discussion

Parcellation of cortical areas through the correlated molecular,
cellular, and circuit-level interrogation of their (primarily neu-
ronal) constituents revolutionized modern neurobiology by dis-
tinguishing a kaleidoscope of cellular subtypes [or modalities (68,
69)]. However, studies which assign select neuronal contingents
as function determinants to brain-state changes upon environ-
mental stimuli (irrespective of these being adverse or benign) are
at their infancy. Here, we combined psychostimulant-induced
brain-wide genetic activity mapping (15) with Patch-seq interro-
gation of neurons (48) to capitalize on the advantages of the most
powerful neuronal phenotyping techniques available to date. Our
studies pinpoint the IG as the limbic area containing neurons ul-
timately activated by amphetamine (or Meth), nicotine, and caffeine.
A plausible reason for such sensitivity is the unique developmental
trajectory, molecular/neurochemical identity, and circuit complexity
of excitatory IG neurons, including the late postnatal expression of
Scgn, a Ca™-sensor protein. Moreover, the IG receives dense in-
nervation from monoaminergic and cholinergic subcortical
afferents (38, 39), which we view as a molecular underpinning for
its selective sensitivity to psychostimulants. The neurochemical
complexity of long-range afferentation together with the hier-
archical distribution of glutamatergic afferents along the soma-
todendritic axis of excitatory IG neurons produces a strict
organizational layout for the integration of synaptic inputs
from cortical/hippocampal (VGLUTI1"; arriving to dendrites),
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Fig. 5. Scgn ablation sensitizes to Meth. (A) Meth superfusion acutely inhibits AP discharges in IG neurons in wild-type (WT) mice (n = 2/n = 4). (B) Significant
AP half-width increase during bath application of Meth. (C) Experimental design of Meth administration, behavioral testing, and ex vivo electrophysiology.
(D) Convulsions in WT vs. chn"‘ mice during test 2 (green lines represent 60 s). (E) Summary of behavioral scores (gait, tremor, lick, and convulsion) in TB and
T1 through T3 of Meth-injected WT (n = 10) and Scgn™'~ mice (n = 11). Data were evaluated by 2-way ANOVA using a repeated-measures design [gait: Fijme =
39.26, Fgenotype = 14,13; tremor: Fiime = 30,09, Fyenotype = 60,45; lick: Fiime = 56.93, Fgenotype = 71.12; convulsion: Fime = 77.86, Fgenotype = 165.24; dF = (1, 19), in

all cases P < 0.001]. Post hoc (group) comparisons are shown. (F) Excitability and intrinsic discharge properties of IG neurons from WT (n = 7/n = 19) and

Segn™'~

mice (n = 7/n = 21). Rheobasic responses in purple (WT) and pink (Scgn~'") with raster plots showing firing rates in blue. Note the reduced firing rate,

and the lack of a prepotential (red dashed circle) in Scgn™~ IG neurons (insets show after-depolarization [ADP] kinetics). Comparison of biophysical pa-

rameters from WT vs. chn"‘

neurons (Bottom). (G) Excitability and intrinsic properties of IG neurons from WT (n = 4/n = 6) and chn"‘ mice (n=3/n=6)24h

after Meth exposure. Note the reduced firing rate and decreased ADP in WT, as well as bursting in Scgn™~ IG neurons (red dashed circles). (Bottom) Com-

parison of intrinsic parameters from WT vs. Scgn™'~

neurons 24 h after Meth exposure and their statistical comparison to naive state measures (F; labeled with #).

Data were expressed as means + SEM (whisker plots show minimum-to-maximum distribution). *#P < 0.05, **#*P < 0.01, ***###p < 0.001; 2-sample t test.
TB, test at baseline; T1 through T3, tests 1 through 3; 2x freq, firing frequency at 2x rheobase stimulation.

subcortical/olfactory (VGLUT2™; arriving to somata), and mid-
brain monoaminergic inputs (VGLUT3*, TH*/DAT" targeting
perisomatic domains).

By textbook definition, the IG is referred to as a glia-laden area.
This view is in part supported by developmental biology data from
rodents and humans associating the IG with callosal development,
which relies on glia-derived guidance cues (34, 70, 71): Pioneer
axons of the CC are spatially organized by the IG and the glial
wedge dorsally, with the subcallosal sling positioned ventrally (72).
This opinion is further strengthened by the cellular anatomy of the
human IG, which is perceived as a glial plate (21), probably due to
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the lack of neuronal markers, particularly those helpful to visualize
fine neuronal morphology. The “glial dominance hypothesis”
persists despite detailed knowledge on the existence of immature
neurons in the IG at birth, which reach mature neuronal mor-
phology by P15 in rodents (including receptor expression) (70, 71).

Notably, the subcallosal sling was recently redefined as a
neuron-enriched territory (72). Likewise, we make an effort to
reclassify the IG as a neuronal domain given the existence of
functionally specialized and CC-associated glutamatergic neu-
rons to reside ventrally, while GABA cell populations accumu-
late dorsolaterally. By relying on Scgn and neuropeptides, we

PNAS | December 17,2019 | vol. 116 | no.51 | 25965

NEUROSCIENCE



show that excitatory IG neurons are immature at P5 and become
neurochemically specialized by P12 to P16, by which time Scgn
immunolocalization fully resolves the principal circuit design of
both the IG and AHC. In fact, Scgn alone is sufficient to outline
a DG—-FC—IG—olfactory bulb loop, in which tract tracing
distinguishes FC neurons to project to the IG that, in turn,
innervate the olfactory bulb. Morphologically, Scgn™ IG neurons
in rodent and human brains are similar, with uniquely long
processes running parallel with the callosal surface. Our data
on the existence of Scgn-only vs. Scgn*/calretinin* neuronal
subsets suggest essential heterogeneity or the activity-dependent
regulation of Scgn (or calretinin) expression in human IG neurons.
However, the use of Patch-seq itself carries sufficient precision
to show that all Scgn® neurons are glutamatergic and express,
for example, Cck, Npy, Adcyapl, Cnrl, and secretogranins (that is,
neuropeptides, receptors, and SNARE components) and tran-
scription factors (SI Appendix, Fig. S84) in unique constellations.

We then increased understanding on how the IG integrates
synaptic information by studying local connectivity: Local GABA
interneurons receive significant innervation from Scgn™/VeglutI™
neurons. In contrast, Scgn*/Vglutl™ neurons themselves receive
spatially segregated glutamatergic innervation along their den-
drites. Interestingly, excitatory IG neurons are only sparsely
interconnected, highlighting GABA interneurons as critical cir-
cuit organizers. This model of circuit organization is compatible
with the finding that non-Scgn neurons (likely interneurons) are
primary drug responders in the adult IG, likely precipitating
significant circuit breakdown by impairment of cellular “hubs”
upon psychostimulant administration. The finding that IG neu-
rons project to the olfactory bulb is significant when considering
that they express receptors for endothelin, melanin-concentrating
hormone, neurotensin, and other hormones/neuropeptides, stressing
that IG neurons differentially activated by a variety of brain-states
could critically entrain olfactory circuits by delivering information
antiparallel to olfactory output. Thus, a multimodal and reciprocal
circuit emerges between olfactory and limbic areas.

Even though Scgn is a “pure” Ca** sensor given its low affinity
to Ca>* (73), its functional significance is only partially understood
in, for example, hypothalamic neurons (47). In the IG, it is con-
ceivable to hypothesize that Scgn postnatally can protect against
runaway excitation induced by psychostimulant exposure. This
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