
Article https://doi.org/10.1038/s41467-023-42484-z

Discrete hippocampal projections are
differentially regulated by parvalbumin and
somatostatin interneurons

Daniel J. Lodge 1,2, Hannah B. Elam 1,2, Angela M. Boley 1,2 &
Jennifer J. Donegan 1,3

People with schizophrenia show hyperactivity in the ventral hippocampus
(vHipp) and we have previously demonstrated distinct behavioral roles for
vHipp cell populations. Here, we test the hypothesis that parvalbumin (PV) and
somatostatin (SST) interneurons differentially innervate and regulate hippo-
campal pyramidal neurons based on their projection target. First, we use
eGRASP to show that PV-positive interneurons form a similar number of
synaptic connections with pyramidal cells regardless of their projection target
while SST-positive interneurons preferentially target nucleus accumbens
(NAc) projections. To determine if these anatomical differences result in
functional changes, we used in vivo opto-electrophysiology to show that
SST cells also preferentially regulate the activity of NAc-projecting cells. These
results suggest vHipp interneurons differentially regulate that vHipp neurons
that project to themedial prefrontal cortex (mPFC) and NAc. Characterization
of these cell populations may provide potential molecular targets for the
treatment schizophrenia and other psychiatric disorders associated with
vHipp dysfunction.

The hippocampus has long been recognized for its role inmemory and
spatial navigation1–4. However, over thepast fewdecades it has become
apparent that the hippocampus also mediates reward-seeking5,
anxiety-related behaviors6, and the neuroendocrine response to
stress6,7, leading many to explore the role of the hippocampus in
psychiatric disorders. In patients with schizophrenia, volume loss is
consistently observed in the hippocampus8,9. The decrease in volume
is accompanied by an increase in hippocampal activity, which is cor-
related with the severity of positive symptoms of schizophrenia10–13. In
rodents, hippocampal hyperactivity has beenobserved acrossmultiple
models used to study psychosis14–18 and has been shown to underlie
schizophrenia-related deficits, including dopamine cell hyperactivity,
impaired sensory motor gating, decreased social interaction, and
cognitive inflexibility19–21.

The hippocampus is a highly organized structure, which has been
divided into multiple subregions including the dentate gyrus (DG),
Cornu Ammonis (CA)1, CA2, CA3, and subiculum. More recent work
has also demonstrated variations along the dorsal-ventral axis (pos-
terior-anterior in humans)1,22,23 with differences in connectivity24,25,
electrophysiological properties26–28, gene expression29–32, and beha-
vioral regulation2,7 observed between the dorsal and ventral hippo-
campus. For example, more ventral (anterior) regions of the
hippocampus are highly connected to limbic circuitry24,25 and have
been shown to regulate motivated and emotional behaviors6,33,34.
However, even within the ventral hippocampus (vHipp), further sub-
divisions can bemade29,31,32,35,36. We have shown previously that unique
projections from the vHipp differentially regulate schizophrenia-like
behaviors in a rodent model. Specifically, vHipp →nucleus accumbens
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(NAc) projections regulate the activity of dopamine cells in the ventral
tegmental area and sensory motor gating while vHipp→medial pre-
frontal cortex (mPFC) projections regulate social interaction, cognitive
function37, and the antidepressant response to ketamine38.

Similar functional distinctions between unique cell types have
been demonstrated when using a cell transplantation approach to
examine the role of discrete interneuron subtypes in symptoms
associated with schizophrenia. Specifically, we demonstrated pre-
viously that vHipp transplantation of somatostatin interneurons (SST)
into a rodent model, rescued deficits associated with negative and
cognitive symptoms while vHipp transplantation of parvalbumin (PV)
interneurons reversed deficits across all symptom domains19. This led
to an intriguing hypothesis that PV and SST interneurons may differ-
entially innervate hippocampal pyramidal neurons based on their
projection target.

Therefore, in the current experiments, we aimed to characterize
microcircuits within the vHipp based on their projection target (either
NAc or mPFC). We first used retrograde viral tracing to demonstrate
that NAc- and mPFC-projecting pyramidal cells represent two unique
and anatomically segregated cell populations. Interestingly, these two
cell populations also display unique transcriptional profiles, deter-
mined by flow-cytometry and RNASeq. To examine discrete micro-
circuits regulating NAc- or mPFC- projecting neurons in the vHipp,
enhanced GFP recombination across synaptic partners (eGRASP),
immuno-electron microscopy, and mono-synaptic rabies virus tracing
were used. Finally, opto-electrophysiology, combined with optoge-
netics, was used to confirm that the activity of NAc- and mPFC-
projecting pyramidal cells are differentially regulated by unique
interneuron subtypes. Together, these experiments confirm that
uniquemicrocircuitswithin the vHippdifferentially regulate pyramidal

cell populations that are relevant to discrete schizophrenia-like
behaviors.

Results
vHipp projections to the mPFC and NAc are anatomically
segregated
To determine the anatomical location of vHipp projection neurons,
retrograde viruses expressing either myrGFP or myrScarlet were
injected into either the mPFC or NAc (Fig. 1A) and cell bodies were
identified in the vHipp. Approximately 43% of the labeled cells project
to theNAc, while 56%project to themPFC.Only 1%of cells projected to
both regions (Fig. 1B; NAc = 5.39 ± 1.06 cells per slice, mPFC=6.69 ±
1.09 cells per slice, Both = 0.02 ±0.12 cells per slice). The anatomical
location of the mPFC- or NAc-projecting cells was mapped onto a
schematic of the vHipp (Fig. 1C), demonstrating that the majority of
mPFC-projecting cell bodies are localized to the ventral CA1, while the
majority of NAc-projecting cell bodies are found in the ventral sub-
iculum. A representative image of the vHipp projections to the mPFC
and NAc is shown in Fig. 1D. These results demonstrate that NAc- and
mPFC-projecting neurons are made up of distinct and anatomically
segregated populations of cells.

vHipp projections to the mPFC and NAc have unique tran-
scriptional signatures
To determine the transcriptional profile of mPFC- and NAc-projecting
neurons, RNA Sequencing was performed on retrogradely labeled
neurons separated by flow cytometry (Fig. 2A). NAc-projecting neu-
rons made up 3.22 ± 1.036% of cells sorted while mPFC-projecting
neurons made up 3.610 ± 1.84% of cells sorted. RNASeq identified
99 genes that were differentially expressed between NAc- and
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Fig. 1 | Ventral hippocampal (vHipp) projections to the medial prefrontal
cortex (mPFC) and nucleus accumbens (NAc) are anatomically segregated.
A To identify vHipp projection neurons, retrograde viruses expressing either
myristoylated Scarlet (myrScarlet) or myristoylated Green Fluorescent Protein
(myrGFP) were injected into the NAc or mPFC. B The total number of fluorescently
labeled cells in the vHipp were counted and the percentage projecting to each

region was determined. C The anatomical location of each cell was mapped onto a
cartoon of the vHipp. A representative image of the ventral hippocampus is
depicted in (D). mPFC-projecting cells are depicted in green, NAc-projecting cells
are shown in red. Scale bar is 100 microns. n = 2–4 sections each from 4 mice per
group. Source data are provided as a Source Data file.
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Fig. 2 | Ventral hippocampal (vHipp) projections to the medial prefrontal
cortex (mPFC) and nucleus accumbens (NAc) have unique transcriptional
signatures. A To determine gene expression in vHipp projection neurons, a ret-
rograde virus expressing myrScarlet was injected into the mPFC or NAc. Scarlet-
positive cells in the vHipp were isolated by flow cytometry and RNASequencing
(RNASeq) was used tomeasure gene expression.BRNASeq identified92 genes that
were differentially expressed between mPFC- and NAc-projecting cells. GRN and
NEDD9 are outlined in black. C Gene ontology was used to determine enriched
pathways. n = 5 (mPFC-projecting cells) or 6 (NAc-projecting cells) per group. Scale
bar is 50 µm.D To confirm RNASeq analysis, fluorogold was injected into themPFC
or NAc and RNAScope was used to measure expression of GRN and NEDD9 using

RNAScope. E In line with the RNASeq results, GRN and NEDD9 were increased in
mPFC-projecting cells compared to those that project to the NAc. Data were ana-
lyzed by Two-wayANOVA,p =0.0369. FWhen total number of puncta per cell were
analyzed, GRN and NEDD9 were increased in mPFC-projecting cells compared to
those that project to the NAc. Data were analyzed by Two-way ANOVA, p =0.0319.
Representative images are shown in (G). * signifies a main effect of projection
target. Scale bar is 10 microns. n = 3 cells each from 4 (mPFC-projecting cells,
NEDD9), 5 (mPFC-projecting cells, GRN), or 6 mice (NAc-projecting cells, GRN or
NEDD9) per group. All data are presented as mean values +/- SEM. Source data are
provided as a Source Data file.
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mPFC- projecting neurons (Fig. 2B). Of these genes, 92 showed sig-
nificantly greater expression in mPFC- compared to NAc-projecting
neurons. Gene Ontology (GO) was used to identify the biological
processes associated with these differentially expressed genes
(Fig. 2C). The majority of differentially expressed genes were involved
in immune signaling, including inflammatory response, innate immune
response, and immune system processes. However, GO enrichment
also identified synapse pruning and multiple genes associated with
synaptic plasticity, including the complement pathway proteins C1qa,
C1qb, and C1qc, were differentially expressed between the two neuron
populations. Importantly, neither RNA Integrity Number (RIN) values
nor mapped read counts differed between the two projection path-
ways (NAc-projecting cells RIN = 5.067 ±0.619, mPFC-projecting cells
RIN = 5.160 ± 1.204; NAc-projecting cells mapped reads = 21816520
(71.672%) ± 1297102, mPFC-projecting cells mapped reads = 23663120
(75.514%) ± 690364). A list of differentially expressed genes is included
in Supplementary Data 1.

To confirm that the gene expression differences could not be
explained by differences between anatomical subregions, we used the
Cytosplore Viewer tool (https://viewer.cytosplore.org)39–41 to compare
expression of the identified genes between CA1 and subiculum. Of the
99 genes that were differentially expressed between mPFC- and NAc-
projecting neurons, only 12 also showed differential expression
between hippocampal CA1 and subiculum (Supplementary Data 2).
This suggests that differential gene expression observed inmPFC- and
NAc- projecting neurons is not solely a result of their anatomical
location.

To confirm the RNASeq results, RNAScope was used to measure
the expression of two genes implicated in synaptic plasticity, NEDD9
andGRN, inmPFC- or NAc-projecting neurons (Fig. 2D). In line with the
RNA Sequencing results, we found a main effect of projection target
(Fig. 2E; Two-way ANOVA F(1,17) = 5.13, p <0.05). Specifically, mPFC-
projectingneurons hadgreaterGRN andNEDD9 expression than vHipp
pyramidal cells that project to the NAc (GRN: NAc =0.012 ± 0.003
puncta per μm, mPFC=0.017 ± 0.002 puncta per μm; NEDD9: NAc =
0.010 ±0.001 puncta per μm, mPFC=0.016 ±0.004 puncta per μm).
The sameeffectwas observedwhen the total numberof puncta per cell
was analyzed (Fig. 2F; GRN: NAc = 6.67 ± 0.85 puncta per cell, mPFC =
9.37 ± 1.20 puncta per cell; NEDD9: NAc = 5.36 ±0.71 puncta per cell,
mPFC = 11.75 ± 4.68 puncta per cell; Two-way ANOVA F F(1,17) = 5.46,
p <0.05). Representative images are shown in Fig. 2G. These results
suggest NAc- and mPFC-projecting neurons have distinct transcrip-
tional signatures.

vHipp projections to the mPFC and NAc are differentially
innervated by local interneurons
Next, we aimed to understand the microcircuits associated with
discrete vHipp projection neurons. Therefore, we used eGRASP to
label synaptic connections between inhibitory interneuron sub-
types (parvalbumin (PV)- or somatostatin (SST)-positive inter-
neurons) and pyramidal cells that project to the NAc or mPFC
(Fig. 3A, B). We found an interaction between interneuron subtype
and projection target (Fig. 3C; Shapiro–Wilk Normality Test P =
0.27; Two-way ANOVA F(1,15) = 8.034, p < 0.05; n = 3 cells each from
3–7 mice). Specifically, PV-positive interneurons form a similar
number of synapses on vHipp pyramidal cells that project to the
NAc and mPFC (PV:NAc vs PV:mPFC: Holm-Sidak t = 0.98, p > 0.05;
NAc = 2.89 ± 1.26 synapses per µm, mPFC = 4.2 ± 1.44 synapses per
μm). SST-positive interneurons, however, preferentially synapse
on vHipp neurons projecting to the NAc (SST:NAc vs SST:mPFC:
Holm-Sidak t = 3.22, p < 0.05; NAc = 4.38 ± 0.30 synapses per µm,
mPFC = 0.69 ± 0.35 synapses per µm). A representative image
showing synapses formed between PV interneurons and a NAc-
projecting pyramidal cell is shown in Fig. 3D.

To confirm the eGRASP results, immunogold labeling and electron
microscopy were performed (Fig. 3E). Similar to the eGRASP results, we
found a significant interaction (Fig. 3F; Shapiro–Wilk Normality Test
p=0.08; Two-way ANOVA F(1,13) = 5.04, p<0.05; n=4 slices each from
4-5 mice) and a main effect of interneuron types (F(1,13) = 7.28, p<0.05).
Thus, PV-positive interneurons form a similar number of synapses on
NAc- and mPFC-projecting pyramidal cells (PV:NAc vs PV:mPFC: Holm-
Sidak t=0.66, p>0.05; NAc=0.14 ±0.02 synapses per µm,
mPFC=0.16 ±0.04 synapses per μm). SST-positive interneurons pre-
ferentially synapse on NAc-projecting pyramidal cells (PV:mPFC vs
SST:mPFC: Holm-Sidak t= 3.591, p<0.05; NAc=0.13 ±0.01 synapses per
µm, mPFC=0.05 ±0.01 synapses per μm). A representative image is
shown in Fig. 3G.

To further support the findings above,monosynaptic rabies virus
tracing was used (Fig. 3H, I). Similar to the eGRASP and immuno-
electron microscopy, we found a trend toward a significant interac-
tion (Fig. 3J; Shapiro–Wilk Normality Test p = 0.95; Two-way ANOVA
F(1, 11) = 4.138, p = 0.067; n = 2-23 slices each from 3–4mice). While PV-
positive interneurons are synaptically connected to a similar number
of pyramidal cells that project to the NAc and mPFC (NAc = 9.0 ±
6.14% of GFP+ cells, mPFC = 19.25 ± 6.43% of GFP+ cells), SST-positive
interneurons seem to form fewer connections with mPFC-projecting
pyramidal cells (NAc = 27.0 ± 11.21% of GFP+ cells,mPFC = 5.33 ± 2.67%
of GFP+ cells). A representative image is shown in Fig. 3K.

vHipp projections to the mPFC and NAc are differentially regu-
lated by local interneurons
Finally, to determine if the observed anatomical differences are phy-
siologically relevant, we used opto-electrophysiology to perform
in vivo extracellular recordings from fluorescently labeled cells. To first
confirm the validity of this technique, we expressed the red-shifted
ChannelRhodopsin, C1V1, and YFP in vHipp pyramidal cells (Fig. 4A).
Once aYFP-positive cellwas identified, themicropositionerwas used to
move away from the cell to confirm a decrease in both action potential
magnitude and emitted fluorescence as shown in Fig. 4B. Cells in which
fluorescence increased by at least 130 percent over baseline were
categorized as YFP-positive. YFP-positive cells showed a significant
increase in fluorescence level compared to YFP-negative cells (Fig. 4C;
Unpaired t-test t = 6.09, p <0.05; YFP-negative cells = 100.8 ± 2.49
percent over baseline, YFP-negative cells = 153.8 ± 11 percent over
baseline). Importantly, when the yellow laser was used to activate C1V1,
only the YFP-positive cells increased their firing rate (Fig. 4D; Unpaired
t-test t = 3.77, p <0.05; YFP-negative cells = 85.88 ± 8.60 percent of
baseline, YFP-positive cells = 141.7 ± 12.82 percent of baseline). Repre-
sentative traces and YFP-positive cells are shown in Fig. 4E and F,
respectively.

Next, we used opto-electrophysiology and optogenetics to record
the activity NAc or mPFC-projecting neurons while inhibiting the
activity of PV or SST interneurons (Fig. 4G)42. Differences in baseline
firing rates were observed between the two pyramidal cell populations
(Fig. 4H). Specifically, mPFC-projecting pyramidal cells appear to fire
faster than pyramidal cells that project to the NAc (Unpaired t-test
t = 2.09, g < 0.05; NAc-projecting cells = 0.56 ± 0.11 Hz, mPFC-
projecting cells = 0.89 ± 0.11 Hz). When optogenetics was used to
inhibit interneurons, we found that PV- and SST-positive interneurons
differentially regulate pyramidal cells depending on their projection
target (Fig. 4I, Supplementary Data 3; Shapiro–Wilk Normality Test
p <0.05; Kruskal–Wallis test, H (4) = 14.72, p < 0.05). In line with the
anatomical data, inhibition of PV-positive interneurons produces a
significant increase in the firing rate of vHipp pyramidal cells that
project to either the NAc andmPFC compared to controls that did not
have HaloRhodopsin (Dunn’s multiple comparisons test: Controls vs
PV/NAc Z = 2.87, p <0.05, Controls vs PV/mPFC Z = 2.83, p <0.05;
Controls = 103.4 ± 4.99% of baseline firing, PV/NAc = 168.3 ± 22.33% of
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baseline firing, PV/mPFC = 153.4 ± 16.12% of baseline firing). Inhibition
of SST-positive interneurons also produced a significant increase in the
firing rate of NAc-projecting pyramidal cells compared to controls
(Dunn’s multiple comparisons test: Z = 2.62, p <0.05; SST/NAc =
149.3 ± 15.28% of baseline firing). Inhibition of SST-positive inter-
neurons, however, had no effect on the firing rate of vHipp pyramidal
cells that project to the mPFC (Dunn’s multiple comparisons test:
Z = 0.51, p >0.05; SST/mPFC = 112.4 ± 10.21% of baseline firing).
Representative electrophysiology traces before and during optoge-
netic inhibition of PV interneurons are shown in Fig. 4J. mCherry-
positive PV interneurons are shown in Fig. 4K.

Discussion
The hippocampus is a highly organized structure with dorsal and
ventral regions (in humans, the posterior and anterior regions,
respectively) comprising distinct structures, with unique input,

connectivity, gene expression, physiology, and behavioral
regulation1,22,23. Recent evidence suggests that even within the vHipp,
pyramidal cells are not as homogenous as once believed35,36, rather,
they have unique anatomy, molecular signatures, and behavioral
effects. Indeed, we have previously demonstrated that vHipp projec-
tions to the medial prefrontal cortex (mPFC) and nucleus accumbens
(NAc) differentially regulate schizophrenia-like behaviors37. Here we
demonstrate that unique interneuron subtypes within the vHipp dif-
ferentially regulate pyramidal cell populations based on their projec-
tion target.

Consistent with previous reports32,43–45, vHipp pyramidal cells
projecting to the NAc and mPFC comprise distinct, anatomically seg-
regated cell populations with mPFC-projecting cells primarily located
in the CA1 and NAc-projecting cells mainly in the subiculum. This is in
line with work from others that used retrograde tracing to demon-
strate that vHipp pyramidal cells that project to downstream brain

Fig. 3 | Ventral Hippocampal (vHipp) projections to the medial prefrontal
cortex (mPFC) and nucleus accumbens (NAc) are differentially innervated by
local interneurons. A Schematic demonstrating enhanced GFP Recombination
Across Synaptic Partners (eGRASP) technology.B The pre-eGRASP component was
expressed in mPFC- or NAc-projecting pyramidal cells and post-eGRASP compo-
nent was expressed in vHipp parvalbumin (PV) or somatostatin (SST) cells. C PV-
and SST-positive interneurons differentially connect to vHipp pyramidal cells
depending on their projection target. Data analyzed by Two-way ANOVA,
p =0.0126. * denotes significant difference from NAc-projecting pyramidal cells:
SST interneurons. n = 3 cells each from 3 (mPFC-projecting pyramidal cells: PV
interneurons), 4 (NAc-projecting pyramidal cells: SST interneurons), 5 (NAc-pro-
jectingpyramidal cells: PV interneurons) or 7 (mPFC-projectingpyramidal cells: SST
interneurons) mice per group. Representative image showing NAc-projecting
pyramidal cell: PV interneuron synapses is shown in (D). Scale bar is 50 microns.
E Immunogold labeling of pyramidal cell projections and specific interneuron
subtypes. F PV- and SST-positive interneurons differentially connect to vHipp
pyramidal cells depending on their projection target. Data analyzed by Two-way
ANOVA, p =0.0429. * denotes significant difference fromNAc-projectingpyramidal

cells: SST interneurons. n = 4 dendrites each from 4 (NAc-projecting pyramidal
cells: PVor SST interneurons;mPFC-projecting pyramidal cells: PV interneurons) or
5 (mPFC-projecting pyramidal cells: SST interneurons) mice per group. A repre-
sentative image of mPFC-projecting pyramidal cell (red, arrows denote immuno-
gold labeling of RFP): PV interneuron (blue, arrows denote immunogold labeling of
PV) synapse is shown in (G). Scale bars are 1 µm and 200 nm. H Schematic of
modified rabies virus. ITheTVA receptor andoptimizedGproteinwas expressed in
NAc- ormPFC-projecting pyramidal cells and themodified rabies virus was injected
into the vHipp. J SST-positive interneurons show a trend toward less connectivity
with vHipp pyramidal cells that project to the mPFC. n = 2-23 slices each from 3
(mPFC-projecting pyramidal cells: SST interneurons) or 4 (NAc-projecting pyr-
amidal cells: PV or SST interneurons; mPFC-projecting pyramidal cells; PV inter-
neurons) mice per group. Data analyzed by two-way ANOVA, p =0.0668. A
representative image of vHipp cellsmonosynaptically connected toNAc-projecting
pyramidal cells (green) is shown in (K). SST interneurons shown in red. Scale bar is
100 microns. All data are presented as mean values +/- SEM. Source data are pro-
vided as a Source Data file.
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regions involved in emotional processing, including the mPFC, NAc,
lateral habenula, and basolateral amygdala are made up of anatomi-
cally segregated cell populations35,36. Further, the vast majority of
vHipp pyramidal neurons project to only one brain region, with only a
small percentage of cells sending efferents to multiple downstream
targets35,36. It has been hypothesized that these dual-projecting cells
may play a specialized role in regulating behavior.

In addition to the behavioral and anatomical differences in vHipp
projections, we also demonstrate that mPFC- and NAc-projecting cells
have unique transcriptional profiles. This is perhaps not surprising as
comprehensive analyses of gene expression in the hippocampus have
previously demonstrated differences in gene expression both across
the dorsal-ventral axis29–32 and between hippocampal subfields30,31.
Importantly, using a previously collected dataset, (Cytosplore Viewer),

we determined that the differences in gene expression that we
observed between mPFC-projecting and NAc-projecting cells could
not be explained by anatomical location alone. Further, within indivi-
dual hippocampal subfields, heterogenous cytoarchitecture and gene
expression have suggested even further subdivisions29,30,32. In the
ventral CA1, for example, clear laminar specificity is observed, with
gene expression differences between not only the dorsal and ventral
CA1 but also within superficial, middle, and deep pyramidal sublayers.
Further, strong patterns of co-expression were observed in connected
brain regions, including amygdala, lateral septum, bed nucleus of the
stria terminalis, and hypothalamus, suggesting that discrete hippo-
campal projection pathways may display unique molecular
signatures29. In line with the current findings, TRAP and RNASeq were
recently used to show that vHipp projections, including those to the
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Fig. 4 | Ventral Hippocampal (vHipp) projections to the medial prefrontal
cortex (mPFC) and nucleus accumbens (NAc) are differentially regulated by
local interneurons. A The red-shifted ChannelRhodopsin, C1V1, and yellow fluor-
escent protein (YFP) were expressed in vHipp pyramidal cells and an opto-electric
probe was used to record the electrical activity of fluorescently-labeled pyramidal
cells before and during yellow laser activation. Emitted fluorescence and electrical
activity were simultaneously recorded by the opto-electric probe as the micro-
positioner was used to move through the vHipp as shown in (B). C An increase in
fluorescence was observed in YFP-positive cells. n = 3 (YFP + ) or 5 (YFP-) cells per
group. Data analyzed by unpaired t-Test, p =0.0009. * denotes significant differ-
ence from YFP-negative cells.D A significant increase in firing rate was observed in
YFP-positive cells. n = 3 (YFP + ) or 5 (YFP-) cells per group. Data analyzed by
unpaired t-test, p =0.0093. * denotes significant difference fromYFP-negative cells.
Representative traces are shown in (E). Representative image of YFP-positive cells
are shown in (F). Scale bar is 100microns.Gmyristoylated (myrGFP)was expressed
in NAc- or mPFC-projecting pyramidal cells and halorhodopsin was expressed in

vHipp parvalbumin (PV) or somatostatin (SST) interneurons. An opto-electric
probe shining a blue laser was used to identify GFP-positive pyramidal cells, then a
yellow laser was used to activate halorhodopsin in interneuron subtypes.
H Differential baseline firing rates were observed in vHipp pyramidal cells that
project to the NAc and mPFC. Data analyzed by unpaired t-test, p =0.0418. *
denotes significant difference from NAc-projecting cells. n = 26 (mPFC-projecting)
or 29 (NAc-projecting) cells per group. I PV- and SST-positive interneurons differ-
entially regulate the activity of vHipp pyramidal cells depending on their projection
target. Data analyzed by Kruskal–Wallis test, p =0.0053. * denotes significant dif-
ference from control cells. Representative electrophysiological traces before and
during PV interneuron inhibition are depicted in (J). Representative image of
mCherry-positive PV interneurons in the hippocampus is shown in (K). Scale bar is
100 microns. n = 10 (mPFC projecting pyramidal cell: SST interneuron), 12 (NAc-
projecting pyramidal cell: PV or SST interneuron, Control) or 15 (mPFC-projecting
pyramidal cell: PV interneuron) cells from 5–6 mice per group. All data are pre-
sented as mean values +/- SEM. Source data are provided as a Source Data file.
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mPFC and NAc, display unique transcriptional profiles. Interestingly,
the mPFC-projecting cells had the highest number of differentially
expressed genes compared to the other projections examined, with a
strong enrichment of metabolic genes, including those involved in
oxidative phosphorylation, and in genes associatedwith schizophrenia
and neurodegeneration35.

In the current experiments, gene expression analysis of mPFC-
and NAc-projecting cells revealed differences in genes associated
with synaptic plasticity, and RNAScope confirmed the differential
expression of two specific genes in this pathway, NEDD9 and GRN.
NEDD9 is a member of the CAS family of multidomain docking
or scaffolding proteins that is generally down-regulated in
adulthood46. During development, NEDD9 regulates neuronal
migration47 and neurite outgrowth48. However, NEDD9 remains
highly expressed in the adult hippocampus and NEDD9 knockout
mice show spatial navigation deficits and reduced hippocampal
spine density49. In humans, polymorphisms in the NEDD9 gene have
been associated with neurodegenerative diseases, including Alz-
heimer’s and Parkinson’s disease50–54. Similarly, polymorphisms in
the GRN gene have also been associated with neurodegenerative
diseases, including frontotemporal dementia55,56. The GRN gene
encodes Progranulin, a pleiotropic protein involved in inflamma-
tion, development, and synaptic function. In mice, GRN knock-out
has been shown to produce sex-specific deficits in anxiety-like
behavior, motor coordination, and hippocampal synaptic
plasticity57. Future experiments will explore the role of these pro-
teins in regulating specific hippocampal circuits involved in cog-
nition (i.e. mPFC-projecting neurons) in both health and disease.

In addition to the differences in anatomical localization and gene
expression, the current studies also found a difference in the baseline
activity of vHipp pyramidal cells that project to the mPFC versus NAc.
Similar to patterns of gene expression, electrophysiological properties
of cells also differ between hippocampal regions and along the dorsal-
ventral axis. For example, slice electrophysiology demonstrated that
ventral CA1 neurons are intrinsically more excitable than dorsal neu-
rons, as a result of amoredepolarized restingmembranepotential and
higher input resistance26,28. Further, firing patterns also differ between
hippocampal subregions, with more bursting neurons in the sub-
iculum than the CA158. These differential firing patterns have also been
shown to correspond to projection target, with neurons projecting to
the NAc displaying a more regular firing pattern59. The increase in
baseline firing rate that we observed in mPFC-projecting neurons may
result either from intrinsic properties of the cell or extrinsic inputs to
the cell.

Hippocampal pyramidal cells receive input from ~35 other brain
regions, including the medial preoptic area, posterior amygdala,
nucleus reuniens, and paraventricular nucleus of the thalamus, and it
has been shown that these inputs are dependent on both the spatial
location of cells and their projection target36. However, the vast
majority of inputs to vHipp cells come from local sources36. Dramatic
differences between local inputs to mPFC- and NAc- projecting neu-
rons have been suggested using a cell transplantation approach to
examine the role of discrete interneuron subtypes in symptoms
associated with schizophrenia. Specifically, we previously demon-
strated that transplantation of somatostatin interneurons (SST) into
the vHipp of a rodent model, rescue deficits associated with negative
and cognitive symptoms while transplantation of parvalbumin (PV)
interneurons reverses deficits across all symptom domains19. This
provided the foundation for our hypothesis that PV and SST inter-
neurons may differentially innervate hippocampal pyramidal neurons
based on their projection target. Here, we demonstrate that PV and
SST interneurons differentially target pyramidal cell projections, with
PV interneurons forming a similar number of synapses on pyramidal
cells thatproject to both theNAc and themPFCwhile SST interneurons
primarily target vHipp pyramidal cells projecting to the NAc.

Importantly, this observation wasmade in separate experiments using
distinct anatomical techniques (i.e. eGRASP, immunogold labeling and
electron microscopy). Monosynaptic rabies tracing showed a similar
trend; however, the inability to identify starter cells limits the inter-
pretation of this study as the location of the injection site and rate of
viral transfection can affect the total number of labeled cells. More-
over, these anatomical observations are physiologically relevant as
optogenetic silencing of PV interneurons increased the activity of both
mPFC- and NAc- projecting neurons whereas SST interneuron inacti-
vation only altered the activity of NAc-projecting pyramidal cells.
These findings are in line with our previously collected behavioral data
demonstrating that PV interneuron transplants improve behaviors
associated with both the vHipp-NAc and the vHipp-mPFC pathway
while SST interneuron transplants only attenuate behavioral deficits
associated with the vHipp-NAc pathway, but not those associated with
vHipp-mPFC pathway.

The current experiments demonstrate differential synaptic con-
nectivity and functional regulation of vHipp projection neurons by
specific interneuron subpopulations. While some have suggested that
inhibitory interneurons provide “blanket inhibition” by non-selectively
targeting cells within close proximity60,61, more recent evidence sug-
gests that interneuron subtypes may also provide more targeted reg-
ulation of local cells62. For example, specific interneuron subtypes that
preferentially target other interneurons have been identified in the
hippocampus63,64. Further, specific interneuron subtypes within the
hippocampusmay also differentially target pyramidal cell populations
that project to certain brain regions. In the medial entorhinal cortex,
cholecystokinin and cannabinoid type 1 receptor (CB1R)-expressing
basket cells preferentially target pyramidal cells that project outside of
the hippocampus65. In addition, it has recently been shown that PV-
positive interneurons preferentially innervate hippocampal pyramidal
cells that project to the amygdala66. Together, these results suggest
that vHipp pyramidal cell populations can not only be segregated by
anatomical location, projection target, and transcriptional profile, but
also display distinct connectivity within the hippocampus. Under-
standing these unique vHipp cell populations may help identify novel
targets for the treatment of specific symptom domains of schizo-
phrenia and other psychiatric disorders that involve hippocampal
dysfunction.

Methods
Mice
Male and female mice were purchased from Jackson Laboratories
(C57BL/6, PV-Cre strain #017320, SST-Cre strain #013044,
Ai9#007909) to use as breeders. Male and female pups were weaned
at postnatal day 21, and all experiments included male and female
adult animals (12–24weeks old). Mice were maintained on a 12 h/12 h
light/dark cycle with food and water available ad libitum. The animal
housing rooms were maintained at 75 ± 3 degrees Fahrenheit and
~55–58 percent humidity. All experiments were performed in accor-
dance with the guidelines outlined in the USPH Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee at either the University of Texas
Health Science Center at San Antonio or the University of Texas at
Austin.

Stereotaxic surgeries
To inject viral constructs, mice were anesthetized using Fluriso (1–4%
Isoflurane, USPwith oxygen flow at 1 L/min) and placed in a stereotaxic
apparatus. Guide cannula (22 Gauge, Plastics One) were aimed at the
vHipp (A/P-2.9, M/L ± 2.8, D/V-3.0), mPFC (A/P + 1.8, M/L ±0.3, D/V-
2.0), or NAc (A/P + 1.2, M/L ± 1.0, D/V-3.5)67. The virus was injected
manually at a rate of ~0.5 µl/20 s. through an injector (28 Gauge, Plas-
tics One), which extended 1mm past the cannula tip. The injector was
left in place for 3min after the injection. Mice received one dose of
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peri-operative analgesia (ketaprofen, 5mg/kg, i.p.) and were allowed
6weeks to recover before electrophysiology recordings or tissue
collection.

Projection tracing
To retrogradely label vHipp projections, AAV2retro-myrGFP (pAA-
V[Exp]-EF1A > {myrGRFP}:WPRE, 1 × 1013GC/ml, Vector Builder) or
AAV2retro-myrScarlet (pAAV[Exp]-EF1A > {myrmScarlet-1}:{P2A}:{yel-
low pre-eGRASP(p32)}:WPRE, 4.29 × 1013GC/ml, Vector Builder) were
injected into the mPFC or NAc of wild-type mice (Fig. 1A). After
6weeks, animalswere anesthetized using Fluriso (1–4% Isoflurane, USP
with oxygen flow at 1 L/min), then transcardially perfused with saline
followed by 4% formaldehyde. The brains were removed and a coronal
slice was made through the brain at the level of the optic chiasm.
Coronal sections were made through the anterior portion of the brain
to confirm injection size and location. From the posterior portion of
the brain, 50μmhorizontal sections were cut through the vHipp using
a cryostat. Sections were mounted on slides, and coverslipped using
prolong gold antifade reagent, then imaged on a Zeiss LSM710 con-
focal microscope. The number of GFP- or Scarlet-positive neurons was
determined on 2–4 sections per animal from 4 animals.

RNA sequencing
RNASeq was used to determine the transcriptional profile of vHipp
projection neurons (Fig. 2A). Briefly, a retrograde virus (pAA-
V[Exp]-EF1A > {myrmScarlet-1}:{P2A}:{yellow pre-eGRASP(p32)}:WPRE,
4.29 × 1013GC/ml, Vector Builder) was injected into the mPFC or NAc to
express myrScarlet in vHipp projection neurons of wild-type animals.
After 6weeks, mice were anesthetized using Fluriso (1–4% Isoflurane,
USP with oxygen flow at 1 L/min) and the brain was removed. Then,
vHipp tissue was dissected and minced, placed in Hibernate A (Gibco),
and spun for 2min at 425 x g. Supernatant was replaced with accutase
(Thermo Fisher) and tubes were placed on a shaking platform at 4 °C
for 30min. Tissue homogenates were spun for 2min at 425 x g and the
pellet was resuspended in Hibernate A. Cells were dissociated by tri-
turation with fire polished glass pipettes. Supernatant containing cells
were combined and filtered through a 75μm strainer, then stored on
ice. Cells were sorted using a BD FACSAria III (Franklin Lakes, NJ, USA,
70 µmnozzle, 50psi) and analyzed using FACSDiva 6.1.3 software (BD).
After excluding doublets, Scarlet-positive cells were collected in RNA-
Later (Invitrogen). Gating strategies are shown in Supplementary
Data 4. RNAwaspreparedusingQiagenRNEasyMicro kit and sent to LC
Biosciences for low input RNA sequencing. Briefly, a Poly (A) RNA
sequencing library was prepared using Illumina’s TruSeq-stranded-
mRNA preparation protocol. RNA integrity was determined using Agi-
lent Technologies 2100 bioanalyzer. Poly (A) tail-containing mRNAs
were purified using oligo-(dT) magnetic beads with two rounds of
purification, followed by fragmentation using divalent cation buffer in
elevated temperature. After DNA library construction, quality control
analysis was performed using Agilent Technologies 2100 Bioanalyzer
High Sensitivity DNA chip. Pair-ended sequencing was performed on
Illumina’s NovaSeq 6000 sequencing system. To analyze the data,
Cutadapt and perl scripts were used to remove reads containing
adapter contamination, low quality bases, or undetermined bases.
Then sequence quality was verified using FastQC. HISAT2 was used to
map reads to the mouse genome and mapped reads were assembled
using StringTie. Next, all transcriptomes were merged to reconstruct a
comprehensive transcriptome using perl scripts and gffcompare. After
thefinal transcriptomewas generated, StringTie andedgeRwasused to
estimate the expression levels of all the transcripts. StringTie was used
to perform expression level for mRNAs by calculating FPKM. The dif-
ferentially expressedmRNAswere selectedwith log2 (fold change)>1 or
log2 (fold change) <−1 and with statistical significance (p <0.05) by R
package edgeR.

RNA Scope
RNAScope was used to confirm differential gene expression of NEDD9
and GRN, two genes identified by RNASeq as being enriched in mPFC
projecting neurons (Fig. 2D). Fluorogold (Fluorochrome, 0.3 µl, 2%)
was injected into either the mPFC or NAc to label vHipp projection
neurons in wild-type mice. After 1 week, mice were anesthetized using
Fluriso (1–4% Isoflurane, USP with oxygen flow at 1 L/min), then
transcardially perfused with saline, followed by 4% formaldehyde. The
brain was removed and cryoprotected in increasing concentrations
(10%, 20%, 30%) of sucrose before freezing. Twenty µm horizonal
sections were cut through the vHipp and collected on slides, which
were dried for 1 hr at −20 °C, then stored at −80 °C until testing. Slides
were fixed in 4% paraformaldehyde for 15min at 4 °C. RNAScope was
performedaccording tomanufacturer’s instructions (ACDBio). Briefly,
tissuewas dehydrated in increasing concentrations of EtOH, incubated
in protease solution for 30min, then washed. NEDD9 and GRN probes
were hybridized at 40 °C for 2 hr before washing. Four amplification
steps were performed before slides were coverslipped with prolong
gold. Slides were imaged on a Zeiss LSM710 confocal microscope and
IMARIS image analysis software was used to determine the number of
GFP-positive puncta per fluorogold-labeled cell. At least 3 cells were
analyzed per animal from4-6miceper group by an experimenter blind
to the experimental condition.

eGRASP
Detection of synapses between genetically defined cell populations
wasperformedusing the enhancedGFP recombination across synaptic
partners (eGRASP) technique, which requires the complementation of
two non-fluorescent GFP fragments (Fig. 3A)68. To specifically identify
synaptic connections between vHipp projection neurons and local
interneurons using eGRASP, a retrograde virus (AAV2retro) expressing
myrScarlet (pAAV[Exp]-EF1A > {myrmScarlet-1}:{P2A}:cyan pre-
eGRASP(p32)}:WPRE, 9.02 × 1013GC/ml, Vector Builder) was injected
into either themPFC or NAc of PV- or SST-Cremice. Concomitantly, an
AAV-DJ/8 containing the floxed post-eGRASP component (pAAV[-
FLEXon]-EF1A > LL:rev({post-eGRASP}):rev(LL):WPRE, 2.63 × 1013GC/
ml, Vector Builder) was injected into the vHipp. Six weeks later, mice
were anesthetizedusing Fluriso (1–4% Isoflurane, USPwithoxygenflow
at 1 L/min), then transcardially perfused with saline, followed by 4%
formaldehyde. The brain was removed and 200μm sections were cut
through the vHipp using a vibratome (Leica). Sections were mounted
on slides and coverslipped using prolong gold antifade reagent. A
Zeiss LSM710 Confocal microscope was used to identify and image
myrScarlet-positive pyramidal cells in 3 dimensions. IMARIS image
analysis software was used to reconstruct themyrScarlet-positive cells
and to identify GFP-positive synapseswithin 3 µmof the pyramidal cell.
At least 3 cells per animal from 3-7mice per groupwere analyzed by an
experimenter blind to the experimental condition.

Immunogold labeling and electron microscopy
Electron microscopy and immunogold labeling were used to confirm
the eGRASP data in wild-type mice (Fig. 3E). To identify synaptic con-
nections between vHipp projection neurons and local interneurons, a
retrograde virus expressing myrScarlet label (pAAV[Exp]-EF1A > {
myrmScarlet-1:{P2A}:yellow pre-eGRASP(p32)}:WPRE, 4.29 × 1013GC/
ml, Vector Builder)was injected into either themPFCorNAc. Sixweeks
later, mice were anesthetized with Fluriso (1–4% Isoflurane, USP with
oxygen flow at 1 L/min), then perfused with saline, followed by 4%
paraformaldehyde/1% glutaraldehyde. The mouse brain was removed
and the vHipp was dissected and stored in fixative. Ultrathin (90 nm
thick) sections were prepared and immunohistochemistry was used to
label RFP-positive pyramidal cells and PV- or SST-positive inter-
neurons. Briefly, grids were washed, then incubated in blocking buffer
(5%BSA/5%NGS) followed by primary antibodies for RFP (Chicken anti-
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RFP, Synaptic Systems Catalog #409006, 1:50) and PV (Rabbit anti-PV,
Abcam Catalog #11427, 1:50) or SST (Rabbit anti-SST, Abcam Catalog
#183855, 1:50). After washing, grids were then incubated in secondary
antibodies (Goat anti-chicken 6 nm immunogold, EMSDiasumCatalog
#25587, 1:25; Goat anti-rabbit 25 nm immunogold, EMSDiasumCatalog
#25116, 1:25). Uranyl Acetate (2%) was used to increase contrast stain-
ing. Grids were imaged using a JEOL 1400 Transmission electron
microscope. RFP-positive dendrites adjacent to PV- or SST-labeled
interneurons were identified, and the length of the dendrite and the
number of synapses formed between the two cells was determined.
Only synapses containing synaptic vesicles, mitochondria, and a clear
synaptic cleft were included in the analysis. At least 4 sections per
animal from 4–5 mice per group were analyzed by an experimenter
blind to the experimental condition.

Monosynaptic rabies virus tracing
To further confirm the pattern of connectivity between hippocampal
projection neurons and specific interneuron subtypes, a modified
rabies viruswas used inPV-Ai14 or SST-Ai14mice (Fig. 3H, I)69,70. Briefly,
herpes virus (hEF1a-TVA950-T2A-oG, 2.5 × 109GC/ml, Mass General
Hospital Vector Core) was injected into the NAc or mPFC to express
the avian TVA950 receptor, required for the EnvA-coated rabies virus
to access the cell, and optimized rabies G protein, an envelope protein
required for transneuronal transfer of rabies virus, in pyramidal cells
that project to these regions (starter cell). Fourweeks later, rabies virus
(EnvA + RV-delG-GFP, 5.0 × 107GC/ml, Salk Institute), modified by the
addition of an envelope protein from avian ASLV type A, deletion of
rabies G protein, and addition of GFP to the viral genome, was injected
into the vHipp in order to infect starter cells expressing the TVA
receptor. Importantly, the G expressed in trans results in rabies virus
particles that express the G in their viral envelope and can bud out
from the starter cells and infect synaptically connected neurons (input
cells). One week later, mice were anesthetized with Fluriso (1–4% Iso-
flurane, USP with oxygen flow at 1 L/min), then transcardially perfused
with saline, followed by 4% formaldehyde. The brain was removed and
50μm sections were cut through the vHipp using a vibratome (Leica).
Sectionsweremounted on slides and coverslipped using prolong glass
antifade reagent. Slides were imaged on a Nikon Ni-E Upright Motor-
ized fluorescent microscope and the number of GFP-positive (mono-
synaptically connected to pyramidal cell projections), tdTomato-
positive (specific interneuron subtypes), and colocalized cells we
quantified. Up to 23 sections per animal from 3-4mice per group were
analyzed by an experimenter blind to the experimental condition.

Opto-electrophysiologic recordings
To perform in vivo extracellular recordings from fluorescently labeled
cells, opto-electrophysiology was used as previously described in42. To
first confirm the validity of this technique, an AAV2 (rAAV2/CamKIIa-
C1V1(E122T/E162T)-Ts-EYFP, 4.9 × 1012GC/ml, UNCGeneTherapyCenter
Vector Core) was used to express the red-shifted Channel Rhodopsin,
C1V1, in vHipp pyramidal cells (Fig. 4A). After a 4-week recovery period,
animals were anesthetized with Fluriso (1–4% Isoflurane, USP with
oxygen flow at 1 L/min) and placed in a stereotaxic apparatus. To
identify fluorescently labeled cells while simultaneously recording their
electrical activity, an opto-electric probe (Doric, SCRT_10) was made of
adual coreopticalfiber,with a 500μmoptical core anda250 µmhollow
core for electrolytefilling, andpulled toa 10μmdiameter tip at oneend.
The probe was connected to a 5 ports fluorescence mini cube (Doric,
FMC5) and lowered into the vHipp using a hydraulic microdrive (Nar-
ishige, Model MO-10). A 50-mW 488nm laser (Doric) was used to pass
blue light through an optical fiber and into the optical core of the opto-
electric probe, in order to excite the YFP fluorophore. Emitted fluor-
escence was collected by the opto-electric probe and passed in the
opposite direction through the same optical fiber to a photomultiplier
tube (PMT, Hamamatsu Model C10709). The PMT output was

converted to a digital signal using AD Powerlab and analysis was per-
formed using LabChart Software (AD Instruments). Once a YFP-positive
cellwas identified, themicropositionerwas used tomove away from the
cell to confirm a decrease in both firing rate and emitted fluorescence.
After moving back to the cell, the 488 nm laser was turned off and the
hollow core of the opto-electric probe, which was filled with 2M NaCl
and connected to a traditional headstage and electrophysiology
recording system, was used to record baseline firing rate for at least
5min. Previous studies have confirmed that the optical and electrical
signals originate from the same cell by demonstrating that the axial
position of the two signal peaks are less than the diameter of the
neuron42. Then, a 50mW 561 nm laser (Coherent OBIS Laser Systems)
was used topass yellow light through theopto-electric probe to activate
C1V1while thefiring ratewas recorded for an additional 5min. Upon the
completion of recordings, animals were rapidly decapitated and the
brain was removed to confirm fluorescence. The percent change in
fluorescence and the percent change in firing rate from baseline were
analyzed using LabChart Software. Data was analyzed from at 3-5 cells
per group from 2 mice.

Next, opto-electrophysiologywas used todetermine the functional
regulation of vHipp pyramidal cells by PV- or SST-positive interneurons
(Fig. 4G). Briefly, AAV2retro-myrGFP (pAAV[Exp}-EF1A > {
myrGRFP}:WPRE, 1 × 1013GC/ml, Vector Builder) was injected into either
themPFCorNAc to label vHippprojectionneurons inPV-Creor SST-Cre
mice. At the same time, a virus expressing a floxed version of halorho-
dopsin (rAAV2/EF1a-DIO-eNpHR3.0-mCherry-WPRE, 5.1 × 1012 GC/ml,
UNC Gene Therapy Center Vector Core) was injected into the vHipp.
Control animals received the AAV2 retro virus to label vHipp projection
neurons but no halorhodopsin. After a 6-week recovery period, opto-
electrophysiology was performed essentially as described above.
Briefly, a 100-mW 473nm DPSS laser (OEM Laser Systems) was used to
pass blue light into the optical core of the opto-electric probe, in order
to excite the GFP fluorophore. Once a GFP-positive cell was identified,
the 473nm laser was turned off and the baseline firing rate was recor-
ded for at least 5min. Then, a 100mW 593nm DPSS laser (OEM Laser
Systems) was used to pass yellow light through the opto-electric probe
to activate HaloRhodopsin while firing rate was recorded for an addi-
tional 5min. Upon the completion of recordings, animals were rapidly
decapitated and the brain was removed to confirm fluorescence.
Baseline firing rate and the percent change frombaselinewere analyzed
using LabChart Software. Only pyramidal cells displaying GFP fluores-
cence and a firing rate <2Hz (Ranck Exp Neurol 1973) were included in
the analysis. Cells that experienced>20percentdecrease infiring rate in
the presence of the 593 nm laser were excluded. Data was analyzed
from at least 10 cells from 5–6 mice per group.

Data analysis
RNAScope, eGRASP, electron microscopy, and rabies data were ana-
lyzed using a two-way ANOVA (projection target x interneuron sub-
type). When significant main effects were detected, the Holm-Sidak
test was used for post-hoc comparisons. Baseline firing rates were
analyzed using an unpaired t-test. Firing rate changes from baseline
were analyzed using the Kruskal–Wallis test and Dunn’s multiple
comparison post-hoc analysis. All data are represented as themean +/-
SEM, unless otherwise stated, with n values representing the number
of mice per group. Significance was determined at p < 0.05. All data
were analyzed and graphed using SPSS (IBM) or Prism version 9
(GraphPad Software Inc.).

Data availability
The RNASequencing Data is freely available online at the GEO (Gene
Expression Omnibus) public functional genomics data repository
(accession number GSE244159). Source data are provided with this
paper. Raw data will be available via email upon request. Source data
are provided with this paper.

Article https://doi.org/10.1038/s41467-023-42484-z

Nature Communications |         (2023) 14:6653 9



References
1. Fanselow, M. S. & Dong, H. W. Are the dorsal and ventral hippo-

campus functionally distinct structures? Neuron 65, 7–19
(2010).

2. Moser, M. B., Moser, E. I., Forrest, E., Andersen, P. & Morris, R. G.
Spatial learning with a minislab in the dorsal hippocampus. Proc.
Natl Acad. Sci. USA 92, 9697–9701 (1995).

3. Jung,M.W.,Wiener, S. I. &McNaughton, B. L. Comparison of spatial
firing characteristics of units in dorsal and ventral hippocampus of
the rat. J. Neurosci. 14, 7347–7356 (1994).

4. Pothuizen, H. H., Zhang, W. N., Jongen-Rêlo, A. L., Feldon, J. & Yee,
B. K. Dissociation of function between the dorsal and the ventral
hippocampus in spatial learning abilities of the rat: a within-subject,
within-task comparison of reference and working spatial memory.
Eur. J. Neurosci. 19, 705–712 (2004).

5. Sun, W. & Rebec, G. V. Lidocaine inactivation of ventral subiculum
attenuates cocaine-seeking behavior in rats. J. Neurosci. 23,
10258–10264 (2003).

6. Kjelstrup, K. G. et al. Reduced fear expression after lesions of the
ventral hippocampus. Proc. Natl Acad. Sci. USA 99,
10825–10830 (2002).

7. Henke, P. G. Hippocampal pathway to the amygdala and stress
ulcer development. Brain Res. Bull 25, 691–695 (1990).

8. Nelson, M. D., Saykin, A. J., Flashman, L. A. & Riordan, H. J. Hippo-
campal volume reduction in schizophrenia as assessed by mag-
netic resonance imaging: a meta-analytic study. Arch. Gen.
Psychiatry 55, 433–440 (1998).

9. Steen, R. G., Mull, C., McClure, R., Hamer, R. M. & Lieberman, J. A.
Brain volume in first-episode schizophrenia: systematic review and
meta-analysis of magnetic resonance imaging studies. Br J Psy-
chiatry 188, 510–518 (2006).

10. Heckers, S. et al. Impaired recruitment of the hippocampus during
conscious recollection in schizophrenia. Nat. Neurosci. 1,
318–323 (1998).

11. Schobel, S. A. et al. Anterior hippocampal and orbitofrontal cortical
structural brain abnormalities in association with cognitive deficits
in schizophrenia. Schizophr. Res. 114, 110–118 (2009).

12. Malaspina, D. et al. SPECT study of visual fixation in schizophrenia
and comparison subjects. Biol. Psychiatry 46, 89–93 (1999).

13. Medoff, D. R., Holcomb, H. H., Lahti, A. C. & Tamminga, C. A.
Probing the human hippocampus using rCBF: contrasts in schizo-
phrenia. Hippocampus 11, 543–550 (2001).

14. Lodge, D. J. & Grace, A. A. Aberrant hippocampal activity underlies
the dopamine dysregulation in an animalmodel of schizophrenia. J.
Neurosci. 27, 11424–11430 (2007).

15. Drew, L. J. et al. Evidence for altered hippocampal function in a
mouse model of the human 22q11.2 microdeletion. Mol. Cell. Neu-
rosci. 47, 293–305 (2011).

16. François, J. et al. Selective reorganization of GABAergic transmis-
sion in neonatal ventral hippocampal-lesioned rats. Int. J. Neu-
ropsychopharmacol. 12, 1097–1110 (2009).

17. Gilani, A. I. et al. Interneuron precursor transplants in adult hippo-
campus reverse psychosis-relevant features in a mouse model of
hippocampal disinhibition. Proc. Natl Acad. Sci. USA 111,
7450–7455 (2014).

18. Steullet, P. et al. Oxidative stress-driven parvalbumin interneuron
impairment as a common mechanism in models of schizophrenia.
Mol. Psychiatry 22, 936–943 (2017).

19. Donegan, J. J. et al. Stem cell-derived interneuron transplants as a
treatment for schizophrenia: preclinical validation in a rodent
model. Mol Psychiatry 22, 1492–1501 (2017).

20. Perez, S. M., Carreno, F. R., Frazer, A. & Lodge, D. J. Vagal nerve
stimulation reverses aberrant dopamine system function in the
methylazoxymethanol acetate rodent model of schizophrenia. J.
Neurosci. 34, 9261–9267 (2014).

21. Perez, S. M. & Lodge, D. J. Hippocampal interneuron transplants
reverse aberrant dopamine system function and behavior in a
rodentmodel of schizophrenia.Mol. Psychiatry 18, 1193–1198 (2013).

22. Moser, M. B. & Moser, E. I. Functional differentiation in the hippo-
campus. Hippocampus 8, 608–619 (1998).

23. Strange, B. A., Witter, M. P., Lein, E. S. & Moser, E. I. Functional
organization of the hippocampal longitudinal axis. Nat. Rev. Neu-
rosci. 15, 655–669 (2014).

24. Swanson, L. W. & Cowan, W. M. An autoradiographic study of the
organization of the efferent connections of the hippocampal for-
mation in the rat. J. Comp. Neurol. 172, 49–84 (1977).

25. Risold, P. Y. & Swanson, L. W. Structural evidence for functional
domains in the rat hippocampus. Science 272, 1484–1486 (1996).

26. Dougherty, K. A., Islam, T. & Johnston, D. Intrinsic excitability of CA1
pyramidal neurones from the rat dorsal andventral hippocampus. J.
Physiol. 590, 5707–5722 (2012).

27. Royer, S., Sirota, A., Patel, J. & Buzsáki, G. Distinct representations
and theta dynamics in dorsal and ventral hippocampus. J Neurosci.
30, 1777–1787 (2010).

28. Malik, R., Dougherty, K. A., Parikh, K., Byrne, C. & Johnston, D.
Mapping the electrophysiological and morphological properties of
CA1 pyramidal neurons along the longitudinal hippocampal axis.
Hippocampus 26, 341–361 (2016).

29. Dong,H.W., Swanson, L.W., Chen, L., Fanselow,M. S. & Toga, A.W.
Genomic-anatomic evidence for distinct functional domains in
hippocampal field CA1. Proc. Natl Acad. Sci. USA 106, 11794–11799
(2009).

30. Thompson, C. L. et al. Genomic anatomy of the hippocampus.
Neuron 60, 1010–1021 (2008).

31. Cembrowski, M. S., Wang, L., Sugino, K., Shields, B. C. & Spruston,
N. Hipposeq: a comprehensive RNA-seq database of gene expres-
sion in hippocampal principal neurons. Elife 5, e14997 (2016).

32. Bienkowski, M. S. et al. Integration of gene expression and brain-
wide connectivity reveals the multiscale organization of mouse
hippocampal networks. Nat. Neurosci. 21, 1628–1643 (2018).

33. Maren, S.&Holt,W.G.HippocampusandPavlovian fear conditioning
in rats: muscimol infusions into the ventral, but not
dorsal, hippocampus impair the acquisition of conditional freezing to
anauditory conditional stimulus.Behav.Neurosci. 118, 97–110 (2004).

34. Ruediger, S., Spirig, D., Donato, F. & Caroni, P. Goal-oriented
searchingmediated by ventral hippocampus early in trial-and-error
learning. Nat. Neurosci. 15, 1563–1571 (2012).

35. Gergues, M. M. et al. Circuit andmolecular architecture of a ventral
hippocampal network. Nat. Neurosci. 23, 1444–1452 (2020).

36. Wee, R. W. S. & MacAskill, A. F. Biased connectivity of brain-wide
inputs to ventral subiculum output neurons. Cell Rep. 30,
3644–3654.e3646 (2020).

37. Donegan, J. J., Boley, A. M., Yamaguchi, J., Toney, G. M. & Lodge,
D. J. Modulation of extrasynaptic GABAA alpha 5 receptors in the
ventral hippocampus normalizes physiological and behavioral
deficits in a circuit specific manner. Nat. Commun. 10,
2819 (2019).

38. Carreno, F. R. et al. Activation of a ventral hippocampus-medial
prefrontal cortex pathway is both necessary and sufficient for an
antidepressant response to ketamine. Mol. Psychiatry 21,
1298–1308 (2016).

39. Bakken, T. E. et al. Comparative cellular analysis of motor cortex in
human, marmoset and mouse. Nature 598, 111–119 (2021).

40. Hodge, R. D. et al. Conserved cell types with divergent features in
human versus mouse cortex. Nature 573, 61–68 (2019).

41. Tasic, B. et al. Shared and distinct transcriptomic cell types across
neocortical areas. Nature 563, 72–78 (2018).

42. LeChasseur, Y. et al. Amicroprobe for parallel optical and electrical
recordings from single neurons in vivo. Nat. Methods 8,
319–325 (2011).

Article https://doi.org/10.1038/s41467-023-42484-z

Nature Communications |         (2023) 14:6653 10



43. Jay, T. M. & Witter, M. P. Distribution of hippocampal CA1 and
subicular efferents in the prefrontal cortex of the rat studied by
means of anterograde transport of Phaseolus vulgaris-
leucoagglutinin. J. Comp. Neurol. 313, 574–586 (1991).

44. Floresco, S. B., Todd, C. L. & Grace, A. A. Glutamatergic afferents
from the hippocampus to the nucleus accumbens regulate activity
of ventral tegmental area dopamine neurons. J. Neurosci. 21,
4915–4922 (2001).

45. Todd, C. L. & Grace, A. A. Modulation of ventral tegmental area
dopamine cell activity by the ventral subiculum and entorhinal
cortex. Ann. N. Y. Acad. Sci. 877, 688–690 (1999).

46. Kumar, S., Tomooka, Y. & Noda, M. Identification of a set of genes
with developmentally down-regulated expression in the mouse
brain. Biochem. Biophys. Res. Commun. 185, 1155–1161 (1992).

47. Aquino, J. B. et al. The retinoic acid inducible Cas-family signaling
protein Nedd9 regulates neural crest cell migration by modulating
adhesion and actin dynamics. Neurosci. 162, 1106–1119 (2009).

48. Sasaki, T. et al. Nedd9 protein, a Cas-L homologue, is upregulated
after transient global ischemia in rats: possible involvement of
Nedd9 in the differentiation of neurons after ischemia. Stroke 36,
2457–2462 (2005).

49. Knutson, D. C., Mitzey, A. M., Talton, L. E. & Clagett-Dame, M. Mice
null for NEDD9 (HEF1α) display extensive hippocampal dendritic
spine loss andcognitive impairment.BrainRes. 1632, 141–155 (2016).

50. Beck, T. N., Nicolas, E., Kopp, M. C. & Golemis, E. A. Adaptors for
disorders of the brain? the cancer signaling proteins NEDD9,
CASS4, and PTK2B in Alzheimer’s disease. Oncosci. 1,
486–503 (2014).

51. Fu, Y. et al. NEDD9 gene polymorphism influences the risk of Alz-
heimer disease and cognitive function in Chinese older persons.
Alzheimer Dis. Assoc. Disord. 26, 88–90 (2012).

52. Xing, Y. Y. et al. NEDD9 is genetically associated with Alzheimer’s
disease in a Han Chinese population. Brain Res. 1369,
230–234 (2011).

53. Tedde, A. et al. Different implication of NEDD9 genetic variant in
early and late-onset Alzheimer’s disease. Neurosci. Lett. 477,
121–123 (2010).

54. Li, Y. et al. Evidence that common variation in NEDD9 is associated
with susceptibility to late-onset Alzheimer’s and Parkinson’s dis-
ease. Hum. Mol. Genet. 17, 759–767 (2008).

55. Baker, M. et al. Mutations in progranulin cause tau-negative fron-
totemporal dementia linked to chromosome 17. Nature 442,
916–919 (2006).

56. Cruts, M. et al. Null mutations in progranulin cause ubiquitin-
positive frontotemporal dementia linked to chromosome 17q21.
Nature 442, 920–924 (2006).

57. Petkau, T. L. et al. Synaptic dysfunction in progranulin-deficient
mice. Neurobiol. Dis. 45, 711–722 (2012).

58. Jarsky, T., Mady, R., Kennedy, B. & Spruston, N. Distribution of
bursting neurons in the CA1 region and the subiculum of the rat
hippocampus. J. Comp. Neurol. 506, 535–547 (2008).

59. Kim, Y. & Spruston, N. Target-specific output patterns are predicted
by the distribution of regular-spiking and bursting pyramidal neu-
rons in the subiculum. Hippocampus 22, 693–706 (2012).

60. Packer, A. M. & Yuste, R. Dense, unspecific connectivity of neo-
cortical parvalbumin-positive interneurons: a canonical micro-
circuit for inhibition. J. Neurosci. 31, 13260–13271 (2011).

61. Fino, E. & Yuste, R. Dense inhibitory connectivity in neocortex.
Neuron 69, 1188–1203 (2011).

62. Krook-Magnuson, E., Varga, C., Lee, S. H. & Soltesz, I. New dimen-
sions of interneuronal specialization unmasked by principal cell
heterogeneity. Trends Neurosci. 35, 175–184 (2012).

63. Acsády, L., Görcs, T. J. & Freund, T. F. Different populations of
vasoactive intestinal polypeptide-immunoreactive interneurons are

specialized to control pyramidal cells or interneurons in the hip-
pocampus. Neurosci. 73, 317–334 (1996).

64. Gulyás, A. I., Hájos, N. & Freund, T. F. Interneurons containing cal-
retinin are specialized to control other interneurons in the rat hip-
pocampus. J. Neurosci. 16, 3397–3411 (1996).

65. Varga, C., Lee, S. Y. & Soltesz, I. Target-selective GABAergic control
of entorhinal cortex output. Nat. Neurosci. 13, 822–824 (2010).

66. Lee, S. H. et al. Parvalbumin-positive basket cells differentiate
among hippocampal pyramidal cells. Neuron 82, 1129–1144 (2014).

67. Franklin, G. P. a. K. The Mouse Brain in Stereotaxic Coordinates 5
edn, Vol. 1 (Elsevier, 2019).

68. Choi, J. H. et al. Interregional synaptic maps among engram cells
underlie memory formation. Science 360, 430–435 (2018).

69. Callaway, E. M. & Luo, L. Monosynaptic circuit tracing with
Glycoprotein-deleted Rabies viruses. J. Neurosci. 35,
8979–8985 (2015).

70. Wickersham, I. R. et al. Monosynaptic restriction of transsynaptic
tracing from single, genetically targeted neurons. Neuron 53,
639–647 (2007).

Acknowledgements
This work was supported by R00-MH121355 to J.J.D, a Young Investigator
Award supported by The Pfeil Foundation, Inc. and the Brain & Behavior
Research Foundation to J.J.D.,Merit Awards #BX004693 and #BX004646
from the United States Department of Veterans Affairs, Biomedical
Laboratory Research and Development Service and National Institutes of
Health grants R01-MH090067 to D.J.L, and T32-NS082145 and F31-
MH127890 to H.B.E. Cell sorting was performed by the Flow Cytometry
Shared Resource Facility, which is supported by UT Health San Antonio,
NIH-NCI P30CA054174-20 (CTRC at UT Health) and UL1 TR001120 (CTSA
grant). Confocal images were generated in the Core Optical Imaging
Facility which is supported by UT Health San Antonio and NIH-NCI P30
CA54174. Electronmicroscopy imagesweregeneratedusing theElectron
Microscopy Core at UT Health San Antonio. Light microscopy was per-
formed at the Center for Biomedical Research Support Microscopy and
Imaging Facility at UT Austin (RRID# SCR_021756). Figures 1a, 1c, 2a, 2d,
3a, 3b, 3e, 3h, 3i, 4a, 4g, and 4j were created with BioRender.com.

Author contributions
D.J.L and J.J.D.—conceptualized the studies; D.J.L, H.B.E., A.M.B. and
J.J.D.—performed the experiments; J.J.D. and H.B.E.—analyzed the data;
J.D.—wrote the manuscript; D.J.L, H.B.E., A.M.B. and J.J.D.—edited the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42484-z.

Correspondence and requests for materials should be addressed to
Jennifer J. Donegan.

Peer review informationNature Communications thanks Dennis Kaetzel
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-42484-z

Nature Communications |         (2023) 14:6653 11

https://doi.org/10.1038/s41467-023-42484-z
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-42484-z

Nature Communications |         (2023) 14:6653 12

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Discrete hippocampal projections are differentially regulated by parvalbumin and somatostatin interneurons
	Results
	vHipp projections to the mPFC and NAc are anatomically segregated
	vHipp projections to the mPFC and NAc have unique transcriptional signatures
	vHipp projections to the mPFC and NAc are differentially innervated by local interneurons
	vHipp projections to the mPFC and NAc are differentially regulated by local interneurons

	Discussion
	Methods
	Mice
	Stereotaxic surgeries
	Projection tracing
	RNA sequencing
	RNA Scope
	eGRASP
	Immunogold labeling and electron microscopy
	Monosynaptic rabies virus tracing
	Opto-electrophysiologic recordings
	Data analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




