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Summary

Investigations of memory mechanisms have been, thus far, neuron-centric, despite the brain
comprises diverse cell types. Using rats and mice we assessed the cell type—specific contribution
of hippocampal insulin-like growth factor 2 (IGF2), a polypeptide regulated by learning and
required for long-term memory formation. The highest level of hippocampal IGF2 was detected
in pericytes, the multi-functional mural cells of the microvessels that regulate blood flow, vessel
formation, blood-brain barrier, and immune cell entry into the central nervous system. Learning
significantly increased pericytic /g2 expression in the hippocampus, particularly in the highly
vascularized stratum lacunosum moleculare and stratum moleculare layer of the dentate gyrus.
lgf2increase required neuronal activity. Regulated hippocampal /g72knockout in pericytes but
not in fibroblasts or neurons impaired long-term memories and blunted the learning-dependent
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increase of neuronal immediate early genes. Thus, neuronal activity-driven signaling from
pericytes to neurons via IGF2 is essential for long-term memory.

E-TOC BLURB

Pandey, Bessieres et al. report that /g2 expression in hippocampal pericytes but not neurons,
astrocytes, microglia, endothelial cells, or fibroblasts is increased by learning and required for
long-term memory. Pericytic /gf2expression is driven by neuronal activity and controls neuronal
mechanisms. Thus, pericyte-neuron cooperation plays a key role in memory.
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Introduction

Insulin like growth factor 2 (IGF2 or IGFII) is a small protein that is upregulated in

the hippocampus following learning and required for long-term memory formation®. The
specific source of the hippocampal IGF2 that is critical for memory formation remains to
be determined. In adult mammals, IGF2 is synthesized by the liver and choroid plexus

but is also found in several other tissues including the brain stroma?. Endogenous /972
MRNA levels in the rat dorsal hippocampus (dHC) increase following episodic learning,
and injection of antisense oligodeoxynucleotides (AS-ODN) against IGF2 into the dHC
disrupts the formation of long-term memory?, suggesting that the synthesis of IGF2 critical
for long-term memory takes place in cells of the hippocampal stroma. The identity of these
cells, however, remains unknown.

Investigations of the biological bases of memory formation have thus far focused mainly on
neurons and neuronal networks. Likewise, the development of new research technologies
and computational modeling aiming at elucidating the biology of cognitive functions,
including memory, has been strongly neuron-centric. However, memory is a function of

the brain working as a system, i.e., a complex tissue comprising many cell types in
multiple brain regions. The cell types that constitute the brain include neurons, various
subpopulations of glial cells, and a well-regulated system of vasculature formed by
endothelial cells, pericytes, and smooth muscle cells, and fibroblasts in the perivascular
space. Together, these cell populations form a neurovascular tissue that supports brain
functions®#. Coordinated communication among neurons, glial, and vascular cells is
required for the regulation of cerebral blood flow, which ensures that blood supply is tightly
matched with the metabolic demand of the brain—a process known as “neurovascular
coupling”3".,

In this study, we assessed the cell type—specific expression of IGF2 in the dHC of rats

and mice and found that its highest expression occurs in pericytes and fibroblasts. We also
found that learning significantly increases /g2 in pericytes but not in neurons, astrocytes or
fibroblasts. The pericytic /g72increase required neuronal activity. The regulated deletion of
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1gf2in pericytes, and particularly in hippocampal pericytes, but not in fibroblasts or neurons,
impaired long-term memory without affecting short-term memory. Pericytic IGF2 ablation
also blocked the learning-dependent increase of immediate early genes (IEGS) in neurons.
Therefore, our data provide evidence for a fundamental role of hippocampal pericytes and
their cooperation with neurons in long-term memory.

Expression of Igf2 in the hippocampus is highly enriched in vascular cells, where it is
induced by learning

By using RNAscope fluorescence in situ hybridization and confocal microscopy8, we
compared /g2 mRNA concentrations in various rat dHC subregions and cell types.
RNAscope signal is revealed as a punctate staining, and previous studies demonstrated
that each punctum corresponds to one molecule of the intended target mMRNA. Hence,
quantification of the number of puncta per cell offers a direct measurement of expression
levels of a certain target’.

Previous northern and western blot data reported that IGF2 mRNA and protein level,
respectively, significantly increases in the dHC of rat 20 hours (h) following inhibitory
avoidance (1A) learning. The training-dependent increase at the protein level was shown
to be selective for associative learning as unpaired control rats (exposed to the context and
one hour later to the footshock in a different context) did not exhibit any IGF2 change
relative to untrained (naive) animals®. This non-associative context and shock experience
does not elicit IA memory, thus controlling for non-associative effects®. Here we employed
quantitative polymerase chain reaction (QPCR) to confirm whether training increases the
dorsal hippocampal levels of /g2 mRNA at 20 h after |A training relative to untrained

and unpaired control conditions. We found that training significantly increased /g2 mRNA
levels relative to both untrained and unpaired conditions, whereas no /g2 difference was
detected in the unpaired relative to the untrained controls (Figure S1A).

Next, we validated the /g2 RNAscope technique by including the choroid plexus, a
structure known to highly express /gf2 (Figure S1B). We also performed a relative
quantification analysis of /gfZ2mRNA in the dHC subregions of rats (Figure 1A); we

found that, relative to the CA1, CA3 and dentate gyrus (DG) subregions, the area of the
stratum lacunosum moleculare and the stratum moleculare layer of the upper blade of the
DG had significantly more /g2 mRNA puncta (Figure 1A; also see Figure S1C,D for
larger panels and higher magnification images). /g2 puncta were associated with markers
of excitatory (CamKlla)) and inhibitory (Gad1) neurons, astrocytes (Aldh1l1), and vascular
cells (Pecam1l) (Figure 1B; also see Figure S1E for larger panels and higher magnification
images), but vascular cells had by far the highest number of /g2 puncta (Figure 1B).

Because /g2 mRNA levels significantly increased in the rat dHC 20 h following IA
learning®-®, we employed the same species and learning paradigm combined with RNAscope
to assess the learning-dependent, cell type-specific changes in /g2 expression. We found
that /g2 mRNA levels increase significantly in the CA1 and SLM subregions following
training (Figure 1C). We observed that 30-40% of cells in each dHC subregion (CA1, CA3,
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DG, and SLM) expressed /g7Z; while this proportion did not change following training
(Figure 1D), a significant increase in the number of /g2 mRNA puncta was detected in
vascular cells, but not in excitatory or inhibitory neurons, or astrocytes of the CA1, SLM
(Figure 1E, F), and DG (Figure S1G) subregions. /gf2mRNA puncta did not change after
training in CA3 vasculature cells (Figure S1F). We concluded that the significant /gf2
induction elicited by learning mainly takes place in vascular cells.

Igf2 is highly expressed in pericytes where it is upregulated following learning

To more clearly identify which types of brain vascular cells express /g2 mRNA, we
employed RNAscope in combination with immunohistochemical staining. The vascular

cell types of the brain include endothelial cells, pericytes, astrocytes, and smooth muscle
cells®. Because astrocytes had low levels of /g2 mRNA (Figure 1B), we assessed the
colocalization of /g2 mRNA with Lycopersicon esculentum agglutinin, a tomato lectin
protein (hereafter lectin) that labels vascular endothelial cells1®. We also determined the
colocalization of /gf2with platelet derived growth factor receptor-beta (PDGFRB), a protein
highly expressed in pericytes, but also present in smooth muscle cells and fibroblasts!
(Figure 1G, H; also see Figure S2A). Fluorescence intensity analyses revealed that 34+7%
of /gf2puncta colocalized with PDGFRB, while only 2.3 + 0.3% of /g2 puncta colocalized
with lectin (Figure 1H). The remaining 63.8 + 7.3% of /g72puncta could not be assigned

to either cell type (undetermined) due to their intertwined histological organization and the
limitations of imaging resolution (Figure 1H). The cell type distribution of /g72did not
change significantly following training (Figure 1H).

Next, we employed mice to better define the cell type expression of /g72in vascular cells
and other cell types by using fluorescence activated cell sorting (FACS). One advantage of
transitioning to mice was the availability of mouse genetic tools for behavioral testing. The
experiments across species and hippocampus-dependent learning paradigms also provided
validation of the fundamental role of 1gf2 in memory formation. We isolated cell populations
enriched in pericytes or endothelial cells from the mouse dHC using, respectively, an
anti-CD13 antibody, which targets a zinc metallopeptidase expressed on pericytes'2 and

an anti-CD31 antibody, which recognizes a glycoprotein also known as platelet endothelial
cell adhesion molecule (PECAM-1) that is expressed by endothelial cells'3. We confirmed
the enrichment of pericytic and endothelial cell populations by performing gPCR on the
RNAs isolated from the sorted cell population RNAs using two pericytic markers, the
Pdgfrband ATP binding cassette subfamily C member 9 (Abcc9, an ATP-binding cassette
transporter4), and the endothelial marker solute carrier family 2 member 1 (S/c2al, also
known as G/ut1®). The results validated the cell population sorting as they confirmed that
the CD13+ and CD31+ cells selectively expressed the pericyte or endothelial cell markers,
respectively (Figures 2A, B).

QPCR for /gf2mRNA using two distinct sets of primers revealed that the level of /g2 was
5-7 fold enriched in the CD13+ cells (pericyte marker) compared to total dHC, but it was
negligible in CD31+ cells (endothelial cell marker) (Figure 2C).

To further determine which cell populations express /gf2and their learning-dependent
regulation, we investigated additional cell-specific markers. In the central nervous system,
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PDGFRB is highly expressed in pericytes but also in smooth muscle cells and fibroblasts
found in the meninges and perivascular spacel617. To dissect which of these cell
populations express /gf2, we used gPCR to quantify /g2 mRNA levels in FACS-purified
hippocampal CD13+ cells (pericytes) and collagen type | alpha 1 chain (COL1A1)+

cells (fibroblasts)1’ (Figure 2D). We assessed these markers in untrained conditions and

20 h following contextual fear conditioning (CFC), an aversive, hippocampus-dependent,
contextual learning. The timepoint of 20 h after learning was chosen based on rat | A studies
showing that 1gf2 mRNA and protein levels significantly increase 20 h post-training?.
Western blot confirmed that IGF2 significantly increases 20 h after CFC in the dHC of

mice (Figure S2B). Furthermore, the FACS purified cell population using anti-CD13 was
validated as pericytes based on high enrichment of two other markers of pericytes, Abcc9
and Pdgfrb (see Figures 2A and 2D), relatively low levels of markers of endothelial cells i.e,
Slc2al (see Figure 2B) and of fibroblasts, i.e., Collal (see Figure 2D). This array of markers
supported the conclusion that the CD13+ cells were highly enriched in pericytes and not in
fibroblasts.

FACS with CD13 and COL1A1 antibodies followed by gPCR showed that the two cell
populations have similar levels of /g2 mRNA in untrained conditions. However, only the
CD13+ cells had a significant increase in the level of /g2 mRNA after CFC training
(Figure 2D). The levels of Pdgfrband Collal did not change following training in either
cell population (Figure 2D). The /gf2mRNA increase in CD13+ cells did not occur in
control mice that received an immediate shock (IS) relative to untrained conditions (for IS
see methods), a procedure that does not elicit an associative contextual fear memory and
therefore controls for non-associative behavioral effects'8 (Figure 2E). Pdgfrb mRNA levels
did not change across groups of CD13+ isolated cells, validating the increase in /g2 mRNA
with training (Figure 2E).

To determine whether the learning-dependent increase in pericytic /g£2requires neuronal
activity, we bilaterally injected the dHC of mice with an adeno-associated virus (AAV)
expressing the inhibitory Designer Receptor Exclusively Activated by Designer Drugs
(DREADDs) hM4Di along with the fluorescent reporter mCherry under the human synapsin
(hSyn) neuronal promoter (AAV-hSyn-hM4Di-mCherry). To silence neuronal activity in the
dHC, two weeks after viral injection, the mice were injected intraperitoneally (/.p.) with
either vehicle (VEH) or compound 21 (C21, a ligand that activates the hM4Di receptorl9) 30
minutes (min) before CFC. Control groups of mice received AAV expressing only mCherry
(AAV-hSyn-mCherry) and were injected /p. with vehicle or C21 to control for off-target
effects. As shown in Figure S2C, C21 injection in hM4Di-expressing mice, but not in
controls, impaired CFC memory at 1 day after training.

In parallel groups of mice that underwent similar treatments /g2 mRNA level was
determined 20 h after CFC in RNA extracts obtained from the whole dHC (total) and

dHC CD13+ cells (pericytes) enriched via FACS. /g2 level was significantly increased in
vehicle-injected trained mice relative to vehicle-injected untrained controls, both in the total
as well as CD13+ cell extracts (Figure 2F). Chemogenetic inhibition of neuronal activity
with C21 completely blocked the increase of /g2 mRNA in both total and CD13+ cell
extracts (Figure 2F). The levels of Pdgfrb, which were enriched in CD13+ cells, did not
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change with training in any of the groups (Figure S2D). Collectively, these data suggest that
the learning-induced increase in pericytic /gf2requires neuronal activity.

The contribution of pericytes to brain functions is still poorly understood. Pericytes, which
are vascular mural cells located at the abluminal surface of microvessels, are embedded

in a common basement membrane with endothelial cells in blood microvessels, a site

of the blood-brain barrier (BBB)20. Thus, pericytes are uniquely positioned within the
neurovascular unit to communicate with endothelial cells, astrocytes, and neurons?L. These
cellular communications are believed to regulate neurovascular functions including BBB
formation and maintenance, vascular stability and angioarchitecture, capillary blood flow,
clearance of toxins, and acquisition of stem cell-like properties1922:23 Recent studies
showed that pericytes play important roles in a wide range of diseases that are characterized
by cognitive impairments such as cerebral small vessel disease, acute stroke, Alzheimer’s
disease, and other neurological disorders?3-22, Yet, the role of pericytes in healthy cognitive
functions remains unknown.

In order to further characterize the selective expression and learning-dependent upregulation
of IGF2 in pericytes we employed an /gf2-reporter mouse that carries a knock-in of histone
H2B in tandem with the fluorescent protein tdTomato downstream of the endogenous

1gfZ promoter (tdTomato-H2B) (Figure 3A). By assessing the tdTomato fluorescence
targeted to the nucleus via H2B, we therefore quantified the distribution of /gf2-expressing
cells. As expected, the tdTomato fluorescent signal in the /gf2-reporter mouse brain was
highly expressed in choroid plexus and leptomeninges (Figure S3A). Consistent with the
RNAscope analysis in rats, the total number of cells (tdTomato-positive nuclei) in the dHC
of mice did not change with CFC training (Figure 3B); however, the intensity of tdTomato
fluorescence increased significantly, as revealed by a shift in the cumulative frequency
distribution of tdTomato fluorescence (Figure 3C) with a significant increase particularly
in the low-fluorescence intensity cell population (Figure 3D). The quantifications of the
number of tdTomato positive nuclei in the dHC subregions revealed a significant increase
following CFC training in CA1 and SLM/stratum moleculare layer of DG (Figure 3E).

Because in rats SLM had the highest level of /g72, we quantified the number of tdTomato
positive cells that co-expressed markers of pericytes, endothelial cells, fibroblasts, or
microglia in the SLM subregion of mice. Double staining immunohistochemical analysis of
tdTomato with PDGFRB or CD31 revealed that /g72in the vasculature is found in pericytes
and not in endothelial cells (Figure 3F, G, also see Figure S3B, C). These results were also
confirmed by the “bump on a log” morphology of the tdTomato/PDGFRB staining, which
is typical of pericytes?® (Figure 3F, also see Figure S3B, C). Specifically, in untrained mice,
92.7 + 5.6% of tdTomato-labeled nuclei colocalized with the pericytic marker PDGFRB
(Figure 3F). This colocalization increased slightly following training, to 97.7 £ 1.1%,
although the effect was not statistically significant (Figure S3C). The remaining 7.4 + 5.6%
of tdTomato-positive cells in untrained mice and 2.3 £ 1.1% of tdTomato positive cells in
trained mice could not be assigned to any cell-type identity, as they did not clearly colocalize
with either PDGFRB or CD31 (Figure S3C), possibly due to imaging limitations or the
orientation of cells within the tissue section.

Neuron. Author manuscript; available in PMC 2024 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pandey et al.

Page 7

Furthermore, in the SLM/stratum moleculare layer of DG, the number of tdTomato positive
nuclei significantly increased following CFC (Figure S4A) and did not colocalize with the
fibroblast marker COL1A1 in either untrained conditions or following CFC training (Figure
3H and S4A). Finally, tdTomato-labeled nuclei did not colocalize with cells labeled with
the microglia marker ionized calcium binding adaptor molecule 1 (IBA1, also known as
Allograft inflammatory factor 127) (Figure 31; also see Figure S4B) in any dHC subregions
in either untrained controls or following CFC training [IBA1+/tdTomato+ cells in untrained:
7.0+ 1.7% of in CAL,4.3+1.8%in CA3,7.5+1.7% in DG, and 5.5 + 1.4% in SLM/
stratum moleculare layer of DG; in trained: 5.0 £ 1.9% in CA1,4.5+ 1.7% in CA3,6.0 +
1.8% in DG, and 5.5 + 1.5% in SLM (Figure S4B)].

In sum, the /gf2-reporter mouse, like wild-type rats and mice, showed that dHC /g2
expression is higher in vasculature cells and particularly in pericytes, relative to endothelial
cells. Pericytic /gf2was significantly upregulated following CFC learning. Furthermore,
dHC fibroblasts expressed /gf2but learning did not change /g72 level. The expression level
of /gf2was low in microglia and it did not change following learning.

IGF2 in pericytes is required for long-term memory formation

We next proceeded to test the functional contribution of cell type-specific expression of /gf2
in memory formation.

Given the selective pericytic upregulation of /gf2following training, we started by targeting
pericytes. For this purpose, we generated a mouse line harboring an inducible knockout of
Igf2in pericytes by crossing mice carrying /oxPsites flanking exons 4-6 of /gf228:29 with
mice expressing the Cre-ERT2 recombinase under the control of the pericyte murine Pdgfrb
promoter (PDGFRB-P2A-CreERT230) (Figure 4A).

Induction of the knockout by 7 p. injections of tamoxifen (TAM, 40 mg/kg) once a day

for 5 consecutive days significantly decreased /g72 levels in the pericytes of Igf2flox/flox;
PDGFRB-P2A-CreERT2*/~ mice (Igf2/Peri-KO) relative to the pericytes of vehicle-injected
Igf2flox/flox/pDGFRB-P2A-CreERT2*/~ mice (Igf2/Peri-Control) (Figure 4B). The selective
decrease of /gf2in pericytes was shown by qPCR quantification of Abcc9, SlcZal, Collal,
and /gr2in FACS-purified cell populations obtained with anti-CD13 (pericytes), anti-CD31
(endothelial cells), and anti-COL1A1 (fibroblasts) derived from dHC of mice (Figure 4B).
As shown in Figure 4B, /g72level was knocked down by 98% in CD13+ cells two weeks
after tamoxifen treatment in 1gf2/Peri-KO mice relative to Igf2/Peri-Control; in contrast, the
levels of /gf2in CD31+ and COL1A1+ cells remained unchanged. In addition, the levels
of the control markers Actb and Gapdh did not change in the RNA extracts from the whole
dHC or from CD13+ cells obtained from either 1gf2/Peri-KO or Igf2/Peri-Control mice
(Figure S4C).

Notably, the selective knockdown of pericytic /gf2led to a small but significant increase in
vascular and/or BBB permeability of the dHC, as shown by extravasation of Evans Blue dye
in dHC (Figure S5A). However, learning did not affect the level of extravasation of Evans
Blue dye in dHC (Figure S5B) and the pericytic /gf2knockdown did not change the number
of dHC PDGFRB+ cells (Figure S5C).
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We next examined the effect of pericyte-specific /g72 knockout on memory formation using
novel object location (nOL) and CFC, two hippocampus-dependent tasks that model spatial
and contextual types of memory, respectively31:32, To this end, we performed sequential
behavioral assessments starting with open field, which measures locomotor activity and
anxiety behavior33, followed, 2 days later, by nOL and 7 days later by CFC (Figure 4C). For
these behavioral experiments, in addition to Igf2/Peri-Control and 1gf2/Peri-KO mice, we
added another control group, which consisted in I1gf2floX/flox mice injected with tamoxifen
(1gf2/NoCre-TAM), to account for the effect of tamoxifen injections.

We observed no significant difference in velocity, distance traveled, or time spent in the
open field arena center between Igf2/Peri-Control, 1gf2/Peri-KO mice or 1gf2/NoCre-TAM
(Figure 4D). In contrast, in comparison with the Igf2/Peri-Control and 1gf2/NoCre-TAM
groups, 1gf2/Peri-KO mice were significantly impaired in long-term nOL memory tested 4
hours post-training (Figure 4E). Short-term nOL memory, tested 5 minutes after learning
(Figure 4E), was not affected, indicating that pericytic IGF2 is required for memory
consolidation but not for learning or short-term memaory. No effect was observed on the
total object exploration times in all groups (Figure 4E), supporting the conclusion that the
impairment at 4 h post-training was indeed due to memory disruption. Similarly, compared
to Igf2/Peri-Control and Igf2/NoCre-TAM mice, 1gf2/Peri-KO mice had normal short-term
CFC memory 1 h after training (Figure 4F) but a significant impairment in long-term CFC
memory at 1 or 7 days after training (Figure 4F). To verify that the persistence in memory
impairment at 7 days after training was not the result of the previous testing (for example an
effect of extinction), an independent experiment was conducted in which 1gf2/Peri-KO mice
were tested only at 7 days after CFC training. The results confirmed that 1gf2/Peri-KO mice
had an impaired long-term memory (Figure S6A, B).

Knockout of 1gf2 in dHC pericytes impairs long-term memory formation

To test whether IGF2 derived from pericytes of the dHC plays a role in long-term memory
formation, Igf2floX/flox/pDGFRB-P2A-CreERT2*/~ mice and control Igf2flox/flox mice were
injected with 4-hydroxytamoxifen (4-OHT) (dHC-1gf2/Peri-KO and dHC-Igf2/NoCre-TAM,
respectively) for 3 days into the dHC, and underwent behavioral testing 2 weeks later
(Figure 5A). The dHC-Igf2/Peri-KO mice had a significant impairment in long-term nOL
memory tested 4 hours post training (Figure 5B) as well as in long-term CFC memory tested
at 1 and 7 days after training (Figure 5C), confirming that IGF2 derived from hippocampal
pericytes is required for long-term memory formation. In addition, compared to dHC-1gf2/
NoCre-TAM mice, dHC-1gf2/Peri-KO mice had normal short-term CFC memory, tested at 1
h after training (Figure S6C, D), indicating that dHC pericytic IGF2 is required for memory
consolidation but not for learning or short-term memory. To confirm the selective knockout
of /gf2in dHC pericytes, the dHC and primary somatosensory cortices (S1) of the mice as
well as FACS-purified pericytes (CD13+) and endothelial cells (CD31+) from both regions
underwent gPCR analyses to determine /g2 mRNA levels. As shown in Figures 5D and

5E, there was a significant decrease of pericytic /gf2mRNA in the dHC but not in S1 of
dHC-1gf2/Peri-KO relative to dHC-1gf2/NoCre-TAM mice.
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Selective knockout of I1gf2 in fibroblasts or neurons did not affect memory formation

To determine whether selective deletion of /gf2in other cell types affect long-term memory
formation, we induced /g2 knockout in fibroblasts or neurons of the dHC and tested the
effects on contextual fear memory.

DHC injections of lentivirus expressing Cre-recombinase under Co/lal promoter
significantly decreased /g2 levels in the COL1A1+ cell-sorted population, (i.e, fibroblasts)
of Igf2flox/flox mjce (dHC-Igf2/Fibro-KO or F-KO) relative to fibroblasts obtained from
control mice (1gf2floX/flox mice that were injected with control lentivirus containing GFP
under ColZal promoter; dHC-Igf2/Fibro-Control or Con) (Figure 6A,B). This selective
decrease of /gf2in fibroblasts was demonstrated by FACS of fibroblasts from the dHC of
mice using an anti-Collal antibody, and assessment by qPCR of Collal1, Pdgfrb, and Igf2
levels (Figure 6B). /g2 level was reduced by 86% in COL1AL+ cells of dHC-Igf2/Fibro-KO
mice relative to dHC-Igf2/Fibro-Control. The level of /g72did not change in the dHC

total RNA extracts obtained from either dHC-I1gf2/Fibro-KO or dHC-1gf2/Fibro-Control
mice (Figure 6B). The knockout of /gf2in dHC COL1A1+ cells had no effect on CFC
memory tested at 1 and 7 days after training (Figure 6C), indicating that IGF2 expressed by
hippocampal fibroblasts does not play a critical role in long-term memory formation.

DHC injection of AAV expressing Cre-recombinase under hSyn promoter, which targets
neuronal cells, decreased /g72levels in NeuN+ FACS-purified cells, i.e., neurons, of

dHC, obtained from Igf2flox/flox mice (dHC-Igf2/Neuro-KO or N-KO) relative to neuron

of Igf2flox/flox mice injected with control AAV containing GFP under hSyn promoter
(dHC-Igf2/Neuro-Control or Con) (Figure 6D and Figure S6E). Validation was performed
using qPCR for NeuN, Pagfrb, Collal, and /gf2 (Figure 6D). /gf2 level was decreased

by 99% in NeuN+ cells of dHC-1gf2/Neuro-KO mice relative to dHC-1gf2/Neuro-Control.
The /gf2level did not change in the dHC total RNA extracts obtained from either dHC-1gf2/
Neuro-KO or dHC-Igf2/Neuro-Control mice (Figure 6D). Selective knockout of /g/2in dHC
NeuN+ cells did not affect CFC memory tested at 1 and 7 days after training (Figure 6E),
showing that IGF2 produced by hippocampal neurons is not critical for long-term memory
formation.

Pericytic IGF2 is required for learning-dependent induction of neuronal immediate early

genes

Given the selective pericytic role of IGF2 in memory, we next investigated whether

IGF2 knockout in pericytes decreased the expression of IGF2 or changed the levels of
IGF2 receptor (IGF2R, also known as cation-independent mannose-6-phosphate receptor or
CIMG6PR), and whether it affected neuronal activation mechanisms, such as the induction
of IEGs evoked by learning34. Toward this end, we performed western blot analyses on
dHC extracts obtained from Igf2/Peri-Control and 1gf2/Peri-KO mice, untrained or trained
in CFC, to measure the levels of pro-IGF2, IGF2, IGF2R, and of the IEGs ARC, FOS, and
EGRL1. Mice that underwent CFC were euthanized 1 h after training, an optimal timepoint
for detecting learning dependent IEG induction3®. Untrained control groups received either
vehicle or tamoxifen injections, remained in the home cages, and were euthanized at
matched time points.
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As expected for a pericyte-specific /g2 knockout, the levels of both pro-1GF2 and IGF2
protein were significantly reduced in the Igf2/Peri-KO mice (Figure 7A); however, the
level of IGF2R was significantly upregulated (Figure 7B). The mechanism underlying this
increase requires further investigation, but we speculate that it may reflect an attempt to
compensate for the loss of IGF2 signal.

Igf2/Peri-Control mice trained in CFC exhibited the expected significant increase in the
levels of ARC, FOS, and EGR1 (Figure 7C—F). This increase was completely blunted by
pericytic knockdown of /gf2 (Figure 7C—F, also see Figure S7), indicating that pericytic
IGF2 is required for the induction of neuronal plasticity mechanisms evoked by learning.
Thus, pericytic induction of IGF2 controls neuronal plasticity mechanisms required for
long-term memory formation, underscoring the essential cooperation of vasculature and
neuronal cells in the brain to support cognitive functions.

Discussion

Pericytes, a cell type still understudied, located on capillaries, play essential roles

in microvascular functions?%:2223, Recent studies have implicated pericytes in several
neurological diseases such as epilepsy, spinal cord injury, stroke, traumatic brain injury,
diabetes, Huntington’s disease, Alzheimer’s disease, multiple sclerosis, and amyotrophic
lateral sclerosis?3-25; however, their roles in healthy cognitive functions were unknown. This
study demonstrated the key role of pericytes and their functional cooperation with neurons
in hippocampus-dependent long-term memory. It also revealed a hovel mechanism of action
of pericytes in brain functions, because it showed that, in addition to meeting the energy
demands of the brain, pericytes interact with neurons via the neuropeptide IGF2.

Pericytic Igf2 seems to have a relatively selective role in long-term memory. In fact, despite
a relative high level of /gf2in the dorsal hippocampus was detected also in fibroblasts,

only pericytes increased /gf2expression following learning. Several other types of cells.

i.e., neurons, astrocytes, endothelial cells, and microglia had low levels of Igf2 and did

not significantly change it upon learning. Moreover, only pericytic /gf2, but not /gf2from
fibroblasts or neurons, selectively contributed to long-term memory formation. Whether
IGF2 engages other cell types of the brain, that were not yet investigated and whether

the neuronal-pericytic-neuronal cooperation occurs in other brain regions remain to be
understood. Another question that shall be investigated is whether specific subpopulations of
pericytes vs. all are responsive to neuronal activity.

Our RNAscope and immunohistochemistry studies in rats and an /g72-driven reporter mouse
extend previous findings showing that IGF2 in adult rodent brain is expressed in endothelial
and perivascular cells of the neuropil microvasculature, in addition to the known sites of
high IGF2 expression choroid plexus and meninges36-38. Our data also agree with RNA-seq
analyses showing that /g72is expressed in pericytes in mice3%40 and that IGF2 is expressed
in human brain pericytes*L,

1gf2 expression was found enriched particularly in the pericytes of the area SLM/stratum
moleculare of the DG, a layer close to the hippocampal fissure and DG, which connects
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the entorhinal cortex and the CA1 subregion and is crucial for many aspects of spatial

and episodic memory*#2. These data suggest that vascular reactivity in this brain area might
be particularly dynamic following hippocampus-dependent learning. Notably, the SLM is
the first area to degenerate in Alzheimer’s disease*3, a disease recently associated with
disruption of pericyte functions2®. IGF2 significantly ameliorates deficits in Alzheimer
disease mouse models*4:45 and reverses aging-related memory impairment#®, a condition
linked to BBB breakdown in the hippocampus*’, supporting the conclusion that pericytes
in specific brain areas play important roles in cognitive functions. The SLM is an area of
integration because it contains not only the terminals of fibers originating from layer 111

of the entorhinal cortex*8 but also from other brain areas, such as the nucleus reuniens of
the midline thalamus??, the amygdaloid complex®C, and the inferotemporal cortex®L. Thus,
the SLM and DG stratum moleculare are well positioned to serve as a control node for
hippocampal network activations, and their pericytic regulation upon learning may exert
critical control over the hippocampus-dependent memory system.

Pericytes are a heterogeneous cell populationZ0:52:53 whose pleiotropic functions are still
poorly understood. Our studies raise several important questions on the specific source and
functional contributions of pericytic IGF2. For example, further studies should seek to define
whether IGF2 is expressed by all types of pericytes or by one or more subpopulations.

As IGF2 expressed by pericytes, and particularly by dHC pericytes, is required for
contextual and spatial memories, and regulates neuronal changes elicited by learning,

such as the induction of the IEGs ARC, FOS and EGR1, we conclude that a functional

link between pericytes and neurons in support of cognitive functions must exist. The
mechanisms underlying such link are unknown. As IGF2 acts in both an autocrine and
paracrine manner29:>4, we speculate that IGF2 from pericytes may affect blood flow and/or
angiogenesis via autocrine mechanisms or act paracrinally on IGF2 receptors expressed on
neurons or other intermediate cell types, which in turn may regulate neuronal responses.

In support of a possible role of pericytic IGF2 on blood flow regulation, our data showed
that knockout of /g72in pericytes increases vascular and/or BBB permeability, suggesting
that IGF2 acts as metabolic provider and/or promoters of capillary health®*55, As increased
permeability is linked to brain injury and inflammation, we also speculate that the learning-
dependent production of IGF2 may exert protective or rebalancing effects on the changes
evoked by experience. ldentifying and characterizing these BBB/blood flow regulation
mechanisms shall be an important next research step. Given the fact that /g72 knockout

in pericytes affected memory consolidation but not learning, short-term memory, open field
behavior or total object exploration, we conclude that IGF2 produced by pericytes provides
an active BBB-dependent functional contribution to long-term memory, rather than playing
a non-specific role. These BBB functions, together with neuronal effects, which likely occur
via IGF2 receptor (IGF2R) (highly expressed by neurons3®), may constitute a coordinated
neurovascular response critical for memory formation.

IGF2, which is part of the complex insulin/IGF-system®® and has been mainly studied
for its role in development, is relatively poorly characterized, and particularly little is
known about its roles in the brain. Previous studies from our lab identified the role

of hippocampal IGF2 in memory consolidation and enhancement via the activation of
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IGF2R!. Through the activation of diverse types of receptors, IGF2 serves multiple and
diverse functions in embryonic development, cell growth and carcinogenesis, memory,

and neuroprotection1:57-60; further investigations are needed to determine whether distinct
sources of IGF2 support distinct functions. The sources of IGF2 include liver, choroid
plexus, and brain cells2 among which, as indicated by this study, in the hippocampus
pericytes are major contributors. Little is known about the selective contributions of

the different IGF2 sources to various tissues and functions. Previous studies showed

that supplying recombinant IGF2 either intracerebrally or systemically during learning

or memory retrieval significantly increases memory strength and persistencel:°8.61.62 gng
reverses multiple core deficits of autism in mouse models#6:63 as well as in aging-related
memory impairments*6. Where tested, these effects were found to be mediated by the
selective activation of IGF2R146 whose expression was found highly enriched in neurons
but not detected in astrocytes or microglia®®. Together, these findings suggest that the IGF2/
IGF2R pathway plays critical roles in the regulation of mechanisms and circuitry implicated
in a variety of brain functions, whose underlying mechanisms of action however remain to
be fully elucidated®4,

In sum, the results of this study underscore the importance of the cooperative outcome of
the neurovascular brain tissue in cognitive functions. Further understanding of the regulation
of IGF2 expression in pericytes, the mechanisms underlying the neuronal activity that drives
IGF2 expression in pericytes, and the effects of pericytic IGF2 on neurons and cognitive
functions is likely to contribute to the development of novel therapeutic approaches for
neuropsychiatric diseases, including cognitive impairments and neurodegenerative diseases.

STAR Methods

Resource Availability

Lead contact: Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Cristina M. Alberini (ca60@nyu.edu).

Materials availability: This study did not generate new unique reagents.

Data and code availability

. All data reported in this study will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

Experimental Models and Subject Participant Details

Rats: Adult male Long-Evans rats weighing 200-250g were purchased from Envigo. Rats
were group housed (2/cage) and maintained on a 12-hour light/dark cycle. Experiments
were performed during the light cycle. All animals were allowed ab /ibitum access to food
and water and were handled for 3 minutes per day for 5 days prior to any procedure.

All protocols complied with the National Institutes of Health Guide for the Care and Use
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of Laboratory Animals and were approved by the New York University Animal Welfare
Committee.

Mice: Adult male C57BL6 (stock 000664) and PDGFRB-P2A-CreERT2 (stock 030201)30
mice were purchased from Jackson Laboratories. /gf2-floxed mice were generated and
kindly provided by Drs. Miguel Constancia and lonel Sandovici, University of Cambridge.
These mice were described previously28:29, jgf2-floxed mice were bred in house and crossed
with PDGFRB-P2A-CreERT2 mice (Jackson Laboratories, stock# 030201). Genotyping was
conducted by Transnetyx (Memphis, TN). Both male and female mice were used in all
experiments except for establishing cell sorting for pericytes and endothelial cells (Figure
2A) and confirming the learning-induced increase in IGF2 (Figure S2B). Mice were

group housed (2-4/cage) and maintained on a 12-hour light/dark cycle. Experiments were
performed during the light cycle. All animals were allowed ab /ibitum access to food and
water and were handled for 3 minutes per day for 5 days prior to any procedure. For
lgf2knockout in pericytes (PDGFRB-P2A-CreERTZ: |GF2floX/flox mice), Cre-recombinase
activity was induced by 7p. injections of tamoxifen (Sigma) 40 mg/kg mouse/day in corn
oil (Sigma) solution once a day for 5 consecutive days®®. All protocols complied with

the National Institutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by the New York University Animal Welfare Committee. Experiments with
IGF2-tdTomato-H2B mice were conducted at Cold Spring Harbor Laboratories (CSHL);
these experiments were approved by the Cold Spring Harbor Laboratory Animal Care and
Use Committee. Animals were randomly assigned to treatment or behavioral groups for all
experiments.

Method details

Inhibitory Avoidance (IA) and unpaired context and shock procedure (Un) in
rats—IA was carried out as described previouslyl. The IA chamber (Med Associates. Inc.,
St. Albans, VT) consisted of a rectangular Perspex box divided into a safe compartment and
a shock compartment. Foot shocks were delivered to the grid floor of the shock chamber
via a constant current scrambler circuit. The apparatus was located in a sound-attenuated,
non-illuminated room. During training sessions, each rat was placed in the safe (white,
illuminated) compartment with its head facing away from the door. After 10 seconds (s), the
door separating the compartments was automatically opened, allowing the rat access to the
shock (black, dark) compartment. The door closed 1 second after the rat entered the shock
compartment, and a brief foot shock (0.9 mA for 2 seconds) was administered. Controls
consisted of rats that remained in their home cage (Untrained). Animals were euthanized 20
h after training and brain tissue was collected for biochemical or molecular assessments. The
unpaired context and shock paradigm (Un) consisted of exposing rats first to the training
context and, one hour later, to a foot shock in the same intensity as that received during
training but delivered immediately after placing the rat on a grid. This unpaired exposure
does not evoke IA memory?.

Cannula implants and 4-OHT injections in mice—Mice were anesthetized with
ketamine (75 mg/kg) mixed with xylazine (10 mg/kg), and stainless-steel guide cannulas
(C313GS-5/SP; 22-gauge, P Technologies, Roanoke, VA) were implanted bilaterally using
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a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) through holes drilled in the
overlying skull to target the dHC (-2.0 mm anterior, £1.4 mm lateral, —0.8 mm ventral

from bregma). The guide cannulas were fixed to the skull with dental cement. At the end of
the surgery, mice were administered meloxicam (3 mg/kg, subcutaneous) and let recover for
14 days before undergoing prior to further experimental manipulations. 4-hydroxytamoxifen
(4-OHT; Sigma, H6278) was dissolved at 20 mg/ml in ethanol by shaking at 37°C for 30
minutes and was then aliquoted and stored at —20°C for up to one month. Before use,
4-OHT was redissolved in ethanol by shaking at 37°C for 15 minutes, diluted in 1X PBS
(pH 7.4) to give a final concentration of 10 mg/ml 4-OHT, then the ethanol was evaporated
by vacuum under centrifugation. The final 10 mg/ml 4-OHT solutions were always used on
the day they were prepared and kept at 37°C until injection. Hippocampal 4-OHT injections
were conducted using a 28-gauge needle, extending 1.0 mm beyond the tip of the guide
cannulas, and connected via a polyethylene tubing (PE50) to a 1 ul Hamilton (Reno, NV)
syringe controlled by an infusion pump (Harvard Apparatus. Holliston, MA). 0.3 ul of
4-OHT were delivered per brain hemisphere at a rate of 0.1 pl/minute once a day during
three consecutive days. The injection needle was left in place for 2 minutes after injection to
allow complete diffusion of the solution. Mice were euthanized at the end of the behavioral
experiments and the dHC and the primary somatosensory cortex (S1) were collected to
assess levels of /gf2expression.

Virus and compound 21 (C21) injections in mice—Muice were anesthetized with
isoflurane mixed with oxygen, and. their skull was exposed, and holes were drilled in the
skull bilaterally above the dHC. A Hamilton syringe with a 33-gauge needle mounted onto

a nanopump (KD Scientific, Holliston, MA) was stereotactically inserted into the dHC
(dHC, —-1.7 mm posterior to bregma, + 1.5 mm lateral from midline, —2.3 mm ventral from
the skull surface). Adeno associated virus (AAV)8-hSyn-hM4Di-mCherry or AAV8-hSyn-
mCherry (2.3 x 1013 genomic copies/ml, 1 ul per side; Addgene), lentivirus (LV)-Collal-
Cre-EGFP or LV-Col1al-EGFP (>10° TU/ml, 1 pl per side; constructed and packaged by
VectorBuilder), AAV8-hSyn-Cre-EGFP or AAV8-hSyn-EGFP (> 1013 genomic copies/ml,

1 pl per side; Addgene), were microinjected at a rate of 0.2 pl/min. The needle was left in
place an additional 6 min following microinjection to ensure complete diffusion of the AAV
and then slowly retracted. The scalp was sutured. After recovery from the surgery, mice were
returned to the homecage for 2 weeks prior to experimental manipulations. C21 (HelloBio,
cat# HB6124) was dissolved in PBS pH 7.4 and 0.5 mg/kg injected intraperitoneally,

30 min prior to experimental manipulations. This dosage of C21 is known to activate

both DREADDs (hM4di/hM3dq) receptors and not cause any off-target effectsl9. After
behavioral experiments, the mice were euthanized, and proceeded for Fluorescence-activated
cell sorting (FACS) as described below.

Contextual Fear Conditioning (CFC) and immediate-shock (IS) paradigm in
mice—The conditioning chamber consisted of a rectangular Perspex box (30.5 x 24.1 x
21.0 cm) with a metal grid floor (Model ENV-008 Med Associates, St Albans, Vermont,
USA) through which foot shocks were delivered via a constant current scrambler circuit.
CFC was carried out as described3>. An unsignalled 2-second (s) 0.7 mA foot shock was
delivered after 2 minutes in the chamber, after which the mouse remained for one more
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minute before being returned to the home cage. Animals were tested 1 day and 7 days after
training. During testing, animals were placed back in the conditioning chamber for a total

of 3 minutes before being returned to the home cage. No shock was delivered during the
testing session. Freezing, defined as lack of movement besides heartbeat and respiration,
was recorded every tenth second by a trained experimenter blind to the experimental
conditions. The percentage of time spent frozen across the total number of observations was
calculated®. The IS paradigm was used to control for non-associative memory effects of the
CFC training paradigm and consisted of placing the mice in the CFC box and immediately
delivering a footshock of the same intensity as that used in training. The mice were then
returned to their homecage. This IS experience does not evoke CFC memory18.

Novel object location (nOL) in mice—One and two days before training, mice were
subjected to habituation sessions, each lasting 5 minutes, in an open arena (21 x 21 x 15
cm) free of bedding, lit at 110-130 lux (the first habituation session was used for open

field analysis, see below for details). The walls of the arena were covered, each wall

having a different color and/or high contrast pattern. For training, mice were placed into
the arena with two identical objects (Mega Bloks, Quebec, Canada), freely exploring for 5
minutes. For testing (5 minutes or 4 hours later), one object remained in a constant location
while the other object was moved to a new location. Mice were returned to the arena

and freely explored for 5 minutes. Memory was measured as the percentage of time spent
interacting with the object in the new location over the 5-minutes session. Animal behavior
was video-recorded and analyzed off-line by an experimenter blind to the genotypes and
drug treatments.

Open field in mice—Mice were allowed to freely explore an open field arena (21 x 21 x
15 cm) for 5 minutes, and their movements were automatically tracked using EthoVision-XT
software. Locomotion was assessed using measures of total distance travelled (in cm), and
average velocity (in cm/s). The arena was divided into 16 quadrants, and the time spent (s) in
the four center quadrants were taken as time spent in the center, which is used as a measure
of anxiety®’.

RNAscope in situ hybridization

Tissue Processing: Rats were euthanized, and their brains were rapidly dissected and
flash frozen in isopropanol pre-cooled on dry ice. Twenty pm cryosections were mounted
onto SuperFrost® Plus slides. Slides were stored at —80°C until processing for RNAscope
hybridization.

RNAscope Probes: We used probes against rat insulin-like growth factor 2 (/gf2),

and mRNA probes specific for excitatory neurons (Calcium/calmodulin-dependent protein
kinase 11 alpha, Camk22)®8, inhibitory neurons (Glutamate decarboxylase 1, Gad1)®,
astrocytes (10-formyltetrahydrofolate dehydrogenase, A/dh1/1)70, endothelial or vascular
cells (Platelet endothelial cell adhesion molecule, Pecami)’L. A highly conserved enzyme
involved in regulating protein folding and maturation (Peptidylprolyl Isomerase B, Ppib)’?
and a bacterial enzyme involved in lysine synthesis (dihydrodipicolinate reductase, dapB)’3
were used as positive and negative controls, respectively. Details of the probes (i.e., NCBI
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Reference Sequence, segment of sequence targeted by probes, catalog number) can be found
in Table S2. For a given tissue section, probes against /g2 and two cell-type markers were
used, to allow for the identification of the cells expressing /gf2.

RNAscope hybridization: Tissue sections were processed as per manufacturer’s
instructions (ACD). Brain sections were removed from —80°C and were immediately
immersed in 4% paraformaldehyde in 1x PBS pH 7.4 for 15 minutes at 4°C for fixation.
Slides were washed three times, 5 minutes each, with 1x PBS pH 7.4, to remove the
fixative solution, and then immersed in 50%, 70%, and 100% ethanol for 5 minutes each
to dehydrate the tissue. Sections were air dried at room temperature, and a hydrophobic
barrier was drawn with the Immedge™ hydrophobic barrier pen. Sections were pre-treated
with Pretreatment 4 solution (ACD, 320513) for 30 minutes at room temperature. Sections
were washed twice with 1x PBS pH 7.4. Target probes were applied to the brain sections
and incubated at 40°C for 2 hours in a humid chamber. Following probe hybridization,
amplification and detection steps were performed using the RNAscope® 2.5 Fluorescent
Multiplex Kit for Fresh Frozen Tissue (ACD, 320293). Following the last amplification
and wash step, slides were cover-slipped with ProLong™ Diamond Antifade Mountant with
DAPI (Life Technologies, P36962).

RNAscope and Immunohistochemistry: After the last amplification and wash step, slides
were washed with 1x PBS pH 7.4, and incubated with blocking solution comprising of 10%
donkey serum and 0.1% Triton X-100 in 1x PBS pH 7.4 for 1 hour at room temperature.
Slides were incubated overnight with anti-PDGFRB (R&D Systems, AF1042; 1:100) diluted
in blocking buffer. Slides were washed three times, 5 minutes each, with 1x PBS pH 7.4,
and incubated with donkey anti-goat 647 (Invitrogen, A21447; 1:800) and Dylight 594
labeled Lycopersicon esculentum (Tomato) lectin (Vector Laboratories, DL-1177; 1:300)
diluted in 1x PBS pH 7.4 with 0.1% Triton X-100 for 2 hours at room temperature. Slides
were then washed three times, 10 minutes each, with 1x PBS with 0.1% Triton X-100, and
cover-slipped using ProLong™ Diamond Antifade Mountant with DAPI (Life Technologies,
P36962).

Image Analysis: Images were acquired on a Leica Microsystems inverted TCS SP8 X
confocal microscope as z-stacks at 63x magnification (glycerol immersion, HC PL APO
63x/1.30 objective) with 0.3 um steps, 8-bit image depth. All microscope and camera
settings (i.e., laser power, gain, offset, etc.) were kept constant for all images. Images
were analyzed in ImageJ software using a custom macro. Maximal projection images were
prepared from the z-stacks. Using the Region of Interest (ROI) Manager, cells expressing
1gf2were manually identified and classified based on whether one of the cell-type mRNA
markers was also present. Puncta of different probes appearing in the area of DAPI-stained
nuclei in the same z-stack plane were considered to belong to the same cell. After ROIs were
identified and classified, images were split into individual channels. The channel showing
/g2 puncta had a threshold set such that puncta were highlighted, while minimizing
background signal. The same threshold was used across all images in all experiments.
After applying the threshold settings, the “Analyze particle” function was used (pixel size:
0-00, circularity: 0-1.0), on the whole image and on each of the ROIs identified previously.
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Puncta counts and total puncta area (i.e., total number of pixels comprising the puncta) were
obtained. The channel containing DAPI signal underwent contrast enhancement to 0.1%
saturated pixels, Gaussian blur, and background subtraction. A binary mask was created,
and the “Fill Holes” and “Watershed” functions were run sequentially to delineate individual
nuclei. The “Analyze particle” function was used (pixel size: 100-1000000, circularity:
0-1.0) on the whole image and on each of the ROIs identified previously. In areas of high
cell density, such as the dentate gyrus, the Watershed and Analyze particles functions were
not sufficient to fully delineate individual cells. To estimate total cell numbers, the total
DAPI area was divided by the average area per cell (calculated from cells that were clearly
delineated). All images were analyzed by an investigator blinded to behavioral conditions.

Fluorescence-activated cell sorting (FACS) of hippocampal cells in mice—
Mice were euthanized by cervical dislocation. The dorsal hippocampi were rapidly dissected
on wet ice in 2% fetal bovine serum in 1x PBS pH 7.4. The choroid plexus membrane

was carefully removed before preparing the tissue for FACS purification as previously
described by Bowyer et al., 201274, For total dorsal hippocampal samples, tissue was

snap frozen on dry ice and stored at —80°C until processing for RNA extraction. For

FACS of pericytes and endothelial cells, dHC from 4-5 mice were pooled together per
sample, labeled with cell-specific surface markers (CD13 or CD31), and processed without
permeabilization, as described by Crouch and Doetsch (2018)23. For sorting COL1A1* and
NeuN* cells, dHC from 2-3 mice were pooled to generate sample, permeabilized using

a Ebioscience™ Intracellular Fixation & Permeabilization Buffer Set (Thermo Scientific,
88-8824-00) according to the manufacturer’s instructions, and labeled with rabbit anti-
Collagenl antibody (Thermo Fisher Scientific, 600-402-103) or mouse anti-NeuN antibody
(Millipore Sigma, MAB377). FACS was conducted at the Genomics Core facility at the
Center for Genomics and Systems Biology at New York University. Gating strategies for
pericytes and endothelial cells were set as described by Crouch and Doetsch (2018)13 and
gating strategies for neuronal cells were set as described by Guez-Barber et al., (2012)7°.
CD13*, CD31*, COL1AI" and NeuN* cells were collected in 1x PBS pH 7.4.

RNA extraction, reverse transcription, and real time quantitative PCR (qPCR)
from mouse hippocampal tissue and FACS-purified cells—Mice were euthanized
by cervical dislocation. Their brains were quickly extracted; dorsal hippocampi were
rapidly dissected on wet ice in cortical dissection buffer (in mM: 2.6 KCI, 1.23 sodium
phosphate monobasic, 26 sodium bicarbonate, 5 kynurenic acid, 212 sucrose, 10 dextrose,
0.5 CaCly, and 1 MgCl,) and snap frozen on dry ice and stored at —80°C until ready

for total hippocampal RNA extraction. Hippocampal total RNA was extracted using

the RNeasy Universal Plus Mini Kit (Qiagen, 73404), and FACS-purified cell fractions
were processed using the RNeasy Micro kit (Qiagen, 74004), following manufacturer’s
protocol. Eluted total RNA (500 ng from total dHC, up to 50 ng from FACS-purified cell
fractions) was reverse-transcribed using the QuantiTect Reverse Transcription Kit (Qiagen,
205311), according to the manufacturer’s protocol. PCR amplification consisted of: initial
denaturation at 95°C for 5 minutes, followed by 40 cycles of 94°C for 30 seconds,

60°C for 30 seconds, 72°C for 20 seconds, and a final extension step at 72°C for 10
minutes. Quantitative real-time PCR analysis was done using CFX96 Touch Real-Time PCR
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Detection System (Bio-Rad, Hercules, CA, USA) with iQ SYBR Green Supermix (Bio-Rad,
107-8882). Three technical replicates were run for each sample, and the average cycle
threshold (Ct) value was used for quantification using the relative quantification method.

Ct values for genes of interest were normalized against the corresponding values for beta
actin (Actb). Glyceraldehyde-3-phosphate dehydrogenase (Gapah) was used as additional
loading control. Values for each sample were expressed as fold change over the average Ct
value for the total dHC extract (dHC total). Primer sequences used for q°PCR were described
previously for Actb, Abcc9, Slc2al and Pdgfrbin Crouch et al., 201513, /gf2in Schmeisser
etal., 201250 and Abraham et al., 201176, Co/1az in Sokolov et al., 199577, NeuN in Wang
etal., (2015)78, and Gapah in Pandey et al., 20207°. Primer sequences are listed in Table S3.

Igf2-tdTomato-H2B immunostaining and cell type-specific protein
colocalization analyses—For tdTomato immunostaining and cell type-specific protein
colocalization analyses following CFC and untrained conditions CFC was conducted at CSH
laboratories in a rectangular Perspex box (18 cm x 18 cm x 30 cm) with a metal grid

floor connected to a H13-15 shock generator (Coulbourn Instruments) through which foot
shocks were delivered via a constant current scrambler circuit. CFC protocol was carried

out as described under the section Contextual Fear Conditioning (CFC) in mice. One day
after training, mice were deeply anesthetized by /7p. injections of a ketamine (60 mg/kg) and
medetomidine (0.5 mg/kg) cocktail and transcardially perfused with 15 ml cold saline (0.9%
NaCl) followed by 30 ml cold neutral buffered formaldehyde (4% wi/v in phosphate buffer,
pH 7.4). The brains were dissected and processed for serial two-photon tomography (STPT),
as described previously®0.

Serial two-photon tomography (STPT): Briefly, brains were embedded in 4% agarose
in 0.05M PB, cross-linked in 0.2% sodium borohydride solution (in 0.05 M sodium borate
buffer, pH 9.0-9.5). The entire brain (including the olfactory bulb and the cerebellum) was
imaged with a high-speed 2-photon microscope with integrated vibratome (at CSHL) at
1um-1pm x-y resolution for a depth of 50 pm on a TissueCyte 1000 (TissueVision). The
2-photon excitation wavelength was 910 nm, which efficiently excites tdTom fluorophore. A
560 nm dichroic mirror (Chroma, T560LPXR) and bandpass filters (Semrock FF01-520/35
an) were used to separate green and red fluorescent signals. After STPT was complete,
coronal slices were prepared using a vibrating blade microtome (Leica Biosystems
VT1000S, at CSHL). Brain sections were collected and stored in cryoprotectant at —20C
for immunohistochemical analysis.

Immunohistochemical double staining: Sections were washed with 1x PBS pH 7.4 three
times for 10 minutes each, and then incubated with blocking buffer consisting of 10%
normal donkey serum and 0.6% Triton X-100 in 1x PBS pH 7.4 for 2 hours at room
temperature. Primary antibodies (goat anti-PDGFRB antibody, R&D Systems, AF1042,
1:100; rat anti-CD31, BD Pharmingen, 557355, 2.5 pug/ml; rabbit anti-Collagenl antibody,
Thermo Fisher Scientific, 600-402-103, 1:500; rabbit anti-IBA1 antibody, Fujifilm Wako
Chemicals, Cat. 019-19741, 1:1000) were diluted in blocking buffer and incubated for 48
hours at 4C. Sections were washed with wash buffer (0.4% Triton in 1x PBS pH 7.4)

three times, 10 minutes each wash, and incubated with secondary antibodies (Donkey-anti
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rat-488, Invitrogen, A21208; Donkey-anti-goat-647, Invitrogen, A21447; goat-anti-rabbit
Alexa Fluor 488, Invitrogen, A11034; goat-anti-rabbit Alexa Fluor 568, Invitrogen, A11036)
at a dilution of 1:800 in blocking buffer for 2 hours at room temperature. Sections were
washed with wash buffer three times for 10 minutes each, followed by two washes, 5
minutes each, with 1x PBS pH 7.4. Sections were counterstained with DAPI (Thermo
Scientific, 62247; 1:1,000) diluted in 1x PBS pH 7.4 for 10 minutes, then washed with 1x
PBS pH 7.4, three times for 1 minute each. Sections were mounted onto SuperFrost® Plus
slides and coverslipped with ProLong™ Diamond Antifade Mountant (Invitrogen, P36961).

Confocal Microscopy and Analysis: Images were acquired on a Leica Microsystems
TCS SP8 X or Zeiss LSM 710 (at CSHL) confocal microscope as z-stacks at 40x or 20x
magnification with 2 um steps, 8-bit image depth. All microscope and camera settings (i.e.,
laser power, gain, offset, etc.) were identical for all images within an experiment. Images
were analyzed in ImageJ software using a custom macro. Maximal projection images were
created from the z-stacks and converted into 8-bit grayscale images. These projection images
were thresholded to capture tdTomato-labeled nuclei while minimizing background; the
same threshold parameters were used for all images. The “Analyze particle” function was
used to identify and individual tdTomato-labeled nuclei as ROIs. These ROIs were applied
to the original image, and the fluorescent intensity and area of the tdTomato signal within
each ROI was measured. The “Analyze particle” function was also used to measure the
total DAPI-labeled area. The total number of tdTomato cells were normalized to the total
DAPI-labeled nuclei in each image.

Data Analyses of tdTomato and IBA1 or COL1A1 co-staining: Images were acquired on
a Leica Microsystems TCS SP8 confocal microscope as z-stacks at 63x or 40x magnification
with 1 um steps, 8-bit image depth. All microscope and camera settings (i.e., laser power,
gain, offset, etc.) were identical for all images within an experiment. No adjustments for
brightness or contrast were made, and images were exported as TIFF-files. Colocalization
analyses was performed using ImagelJ. To quantify the colocalization, we used a method
previously described by Wallrafen et al., 201882, Briefly, the background was subtracted
from the 8-bit grey images using the rolling ball radius: 100 pixels for both red (tdTomato)
and green (IBA1 or COL1AL) channels. The number of tdTomato+, IBA1+, COL1Al+,
tdTomato+/IBA1+ and tdTomato+/Collal+ cells were normalized to the total DAPI count.
For tdTomato+/IBA1+ colocalization analyses, the data were expressed as % of tdTomato+
cells in untrained mice.

Hippocampal dissection and western blot analysis—Mice were euthanized by
decapitation. Their dorsal hippocampi were collected from bregma —2.8 mm to -5.4
mm using a brain matrix. The collected tissues were snap-frozen on dry ice. Protein
extraction followed by western blot analyses were carried out as described previously?.
The tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer (150
mM NacCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA,
10% glycerol, 50 mM Tris, pH 8.0) supplemented with 0.5 mM PMSF, 2 mM DTT, 1
mM EGTA, 1 uM microcystin LR, 10 mM NaF, 1 mM NaQV, benzamidine, protease
inhibitor cocktail and phosphatase inhibitor cocktail 11 and 111 (used as recommended
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by the manufacturer; Sigma, St. Louis, MO). Protein concentrations were determined by
the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA). Twenty micrograms of
total protein extract per lane was resolved in 4-20% gradient gel (Bio-Rad Laboratories,
Hercules, CA) and transferred to 0.2 um Immobilon-FL membranes (Millipore, Billerica,
MA). After blocking in Li-COR Blocking buffer (Li-COR, Lincoln, NE), membranes
were incubated with primary antibodies: rabbit anti-IGF2 (1:500, Abcam, ab9574); rabbit
antication-independent mannose 6 phosphate receptor (1:10,000, Abcam, ab124767); rabbit
anti-Arc (1:2,000, Synaptic Systems, 156003); rabbit anti-c-Fos (1:2,000, Cell Signaling
Technology, 2250); rabbit anti-EGR1 (1:1,000, Cell Signaling Technology, 4153); anti-
actin (1:20,000, Santa Cruz Biotechnology, sc-47778). The latter was used for loading
normalization. Secondary antibodies: anti-rabbit IRDye800CW and anti-mouse IRDye680
(1:20,000, Li-COR, Lincoln, NE). Membranes were scanned on the Li-COR Odyssey
imager under non-saturating conditions. Data were quantified using pixel intensities with
the Odyssey software according to manufacturer protocols (Li-COR, Lincoln, NE).

Immediate early gene (IEG) immunofluorescence staining—Immunofluorescent
staining, confocal imaging, and analyses of IEGs (ARC, FOS and EGR1) and were done as
previously described’®. Briefly, mice were anesthetized with an /,p. injection of 750 mg/kg
chloral hydrate and transcardially perfused with 4% paraformaldehyde (Sigma, 158127) in
1x phosphate-buffered saline (PBS; 137 mM NaCl [Sigma, S3014], 2.7 mM KCI [Sigma,
P9541], 10 mM Na2HPO4 [Sigma, S5136] and 1.8 mM KH2PO4 [Sigma, P5655], pH
7.4). Their brains were postfixed in the same solution overnight at 4°C, followed by 30%
sucrose (30 g sucrose [Sigma, S0389] in 100 ml of 1x PBS, pH 7.4) for 72 hours. 20

um brain sections were immunostained using free-floating incubations. Immunostaining
was performed with antigen retrieval, which consisted of boiling the brain sections in
nanopure H20 for 2 min. The sections were then incubated with the blocking solution

(1x PBS, pH 7.4 with 0.25% Triton X-100 [Sigma, T8787], 4% normal goat serum [Cell
Signaling Technology, 5425], 1% bovine serum albumin [Sigma, A2058]) for 2 hours at
room temperature, followed by incubation with the primary antibodies in the blocking
solution for 24 hours at 4°C. The following primary antibodies were used: rabbit anti-ARC
(1:2,000, Synaptic Systems, 156003); rabbit anti-FOS (1:2,000, Cell Signaling Technology,
2250); rabbit anti-EGR1 (1:1,000, Cell Signaling Technology, 4153). Subsequently the brain
sections were washed 3 times with 1x PBST (1x PBS, pH 7.4 containing 0.025% Triton
X-100), and then incubated with the secondary antibody, which consisted of goat-anti-
rabbit Alexa Fluor 488 (Invitrogen, A11034), goat-anti-rabbit Alexa Fluor 568 (Invitrogen,
A11036) or goat anti-rabbit Alexa Fluor 647 (Invitrogen, A21244) at 1:1000 dilution in

1x PBS pH 7.4 for 2 hours at room temperature. The sections were washed 3 times with

1x PBST, rinsed with 1x PBS, pH 7.4, and then mounted with Prolong Diamond antifade
mountant with DAPI (Invitrogen, P36962).

Two sections between bregma —3.6 mm and —4.2 mm were used for each set of staining.
Four images per subregion (CA1 and DG) per side for each animal were captured as z-stacks
at 63x magnification with 1 pm steps, 8-bit image depth using a Leica TCS SP8 confocal
microscope (Leica microsystems, Wetzlar, Germany). In all immunochemistry experiments
n =4 mice per group were used. For each mouse, 16 images (8 per side) were quantified
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and averaged. Experimenters blinded to experimental conditions quantified the images
using ImageJ software (US, National Institutes of Health) and automated custom macro
programs. For intensity measurements, images were processed to remove background and
outlier noise. All images in each experiment were processed using the same parameters.
The z-stack image was processed to generate the maximum projection image and the
intensity was measured using ImageJ plugin. Quantifications of markers in the cellular

and molecular layers of CA1 and DG areas were conducted by using a modification of a
previously described method that measured immunofluorescence in hippocampal cell soma
and processes’®. Quantifications of immunofluorescence intensity were performed on 63x
8-bit grayscale images and images were acquired using the same parameters every time.
Using the free-hand line tool, we delimited the perinuclear areas visualized with the DAPI
channel in the CAL stratum pyramidale (40 um length) and DG stratum granulosum (60
um length) and saved them as “soma-ROI”. An area outside to the soma-ROI, of 50 um in
length in the CA1 stratum radiatum and of 70 um in length in the DG stratum moleculare
were saved as “process-ROI”. For each image, a rolling ball radius of 10 was uniformly
applied to subtract the background from the 8-bit grayscale images; the background was
established on parallel sections incubated with only the secondary antibody. The soma-ROI
and process-ROI were overlaid on the IEG images, and the mean gray values of the image
stacks normalized over the number DAPI counts (ImageJ plugin) in each image were taken
as the mean immunofluorescence intensity values.

Analyses of PDGFRB immunostaining (pericyte coverage)—PDGFRB+ pericyte
coverage were determined as previously described82. Tissue sections were prepared as
described under the immunofluorescent staining section. Sections were incubated with goat
anti-mouse PDGFRB antibody (R&D systems, AF1042) overnight at 4°C, followed by
incubation with Alexa Fluor 647 conjugated donkey anti-goat 1gG (Invitrogen, A21447) at
a dilution of 1:1000 in 1x PBS pH 7.4, for 1 hour at room temperature. The sections were
washed 3 times with 1x PBST, rinsed with 1x PBS, pH 7.4, and then mounted with Prolong
Diamond antifade mountant with DAPI (Invitrogen, P36962).

All images were acquired using a Leica TCS SP8 confocal microscope (Leica microsystems,
Wetzlar, Germany) at 40x magnification. In each mouse, four different 200 um x 200

um region of interest (ROI) were analyzed per cellular and molecular layer in each
hippocampal subregion (CA1, CA3 and DG) and SLM (SLM/stratum moleculare layer of
DG) in four non-adjacent sections. PDGFRB positive immunofluorescent signals from brain
microvessels < 6 um in diameter were individually subjected to threshold processing and the
areas occupied by their respective signals were quantified using the NIH Image J software
Area measurement tool. The percent of PDGFRB pericyte coverage was then determined

by normalizing the PDGFRB-positive signal to the total area under ROl imaged in different
subregions of the dorsal hippocampal section.

Evans blue assay for blood-brain barrier permeability—EB assay according to the
method described by Radu and Chernoff, 201383,
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Preparation of Evans Blue dye (EB) solution: A 0.5% solution of EB dye was prepared in

1x PBS, pH 7.4 and the solution was filter-sterilized to remove any undissolved particulate
matter.

Injection of EB dye into lateral tail vein of mice and tissue collection: Mice were
restrained and a 200 pl of EB solution was slowly injected into the lateral tail vein towards
the direction of their head. One hour following injection, the mice were euthanized through
cervical dislocation. Pictures of the freshly dissected brains were taken to show differences
in EB extravasation in each condition. Hippocampi from each mouse were collected in

a microfuge tube and their weights were recorded. To each tissue sample tube, 500 pl
formamide was added and all the tubes were incubated at 55°C on a water bath for 24 hours
to extract EB from the tissue. The lipopolysaccharide (LPS) (Sigma, L6011) was dissolved
in 1x PBS, pH 7.4 to a concentration of 1mg/4 ml. LPS or 1x PBS, pH 7.4 (Vehicle) were
injected /p. into each mouse (4 ml/kg body weight). One hour later, EB dye was injected
into the tail vein of these mice.

Quantification of extravasated EB in hippocampal tissue: The Formamide/EB mixture
was centrifuged at 2000g for 5 minutes to pellet any remaining tissue fragments. Absorbance
at 610 nm was measured using Spectrophotometer (Genesys 10UV, Thermo Spectronic) to
assay the amount of EB dye in the solution. A 500 pl formamide solution was used as blank.
The EB concentration in each sample was calculated according to a standard curve prepared
with a range of 100 ng/ml to 1 pg/ml of EB in 1x PBS, pH 7.4. The amount of EB dye
extravasated (in ng) were normalized to the weight of hippocampal tissue (in mg).

Quantification and Statistical analysis—Data were analyzed using Prism 7 (GraphPad
Software Inc.). No statistical method was used to predetermine sample sizes; sample size
was determined based on our experience and the sample size used in similar studies?.
Replications: All experiments were carried out at least with 2 cohorts of animals for
internal replication. The number of replicas is indicated in the figure legends. One-way
ANOVAs followed by Tukey’s post-hoc analyses were performed when comparing groups
for which a pairwise comparison of each group was required. Mixed-effects analyses
followed by Bonferroni’s multiple comparison tests or Two-way ANOVAS (ordinary or
repeated measure) followed by Bonferroni’s or Tukey’s or Sidak’s post-hoc tests were used
when two factors (such as treatment and testing) were compared. When two groups were
compared, Student’s t-tests were used. All analyses were two-tailed. Kolmogorov-Smirnov
test was used to compare the cumulative frequency distributions. The significance of the
results was accepted at p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Hippocampal /gf2is predominantly in pericytes where it increases following
learning

The learning-dependent pericytic /g2 increase requires neuronal activity

IGF2 from pericytes, not fibroblasts or neurons, is required for long-term
memory

Pericytic IGF2 controls the increase of neuronal plasticity proteins upon
learning
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Figure 1: Subregion and cell type-specific distribution of basal and training-induced 1gf2 mRNA
in rat dorsal hippocampus.

(A) Representative confocal images (scale bar 25 um) and quantifications of /g2 RNAscope
signal in the CA1, CA3, DG, and SLM/stratum moleculare layer of DG (SLM) subregions
of dHC (B) Representative confocal images (scale bar 25 pm) and quantifications of

192 RNAscope signal colocalized with cell-specific markers for excitatory (CamkZ2a) and
inhibitory (Gadl) neurons, astrocytes (A/lah1/1), and vascular cells (Pecaml) in CAl. n

= 3 rats, 14-66 images/subregion/rat. One-way ANOVA followed by Tukey’s post hoc
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test. (C) Quantification of /gr2expression by dHC subregions in rats trained in inhibitory
avoidance (Tr) and euthanized 20 h later. Control untrained rats (U) were left in their
homecages and euthanized at matched time point. n = 3 rats/group, 14-66 images/subregion/
group. (D) Percentage of /gf2-expressing cells in dHC subregions. n=3 rats/group, 10-46
images/subregion/group. (E and F): On the left, representative confocal images (scale

bar 25 um), higher magnification images (scale bar 10 pm) andon the right bar graph
showing the quantification of /gf2expression by cell-type in (E) CAl and (F) SLM. n =

3 rats/group. CA1: 14-15 images/rat/group; SLM: 4-6 images/rat/group. (G) Representative
zoomed confocal images (scale bar: 15 pm) and orthogonal projections showing RNAscope-
visualized /g2 mRNA puncta (green) colocalized with lectin (endothelial cells; red),
PDGFRB (pericytes; white), or both. (H) Percentage of /g2 puncta colocalized with
PDGFRB, lectin, or undetermined (UD). n=2 rats/group, 2 images/brain section, 2 brain
sections/rat. Dots on graphs represent the number of puncta normalized to the total DAPI
count for each rat. Data are shown as means + s.e.m. Mixed-effects analyses followed by
Bonferroni’s multiple comparison tests. * p < 0.05, ** p < 0.01. Numeric values and detailed
statistical analyses are reported in Table S1. Probes for RNAscope in Table S2. Markers for
excitatory neurons: CamKlla inhibitor neurons: Gad1; astrocytes: Aldhl1l1; vascular cells:
Pecam1; pericytes, smooth muscle cells and fibroblasts: PDGRFB; endothelial cells: Lectin.
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Figure 2: Learning significantly increases IGF2 expression in the hippocampal pericytes; this
increase requires neuronal activity.

gPCR validation of the expression of (A) the pericyte markers Pagfrband Abcc9and
(B) the endothelial marker S/c2a1, in RNA extracts from dHC (total) and FACS-purified
CD13+ (pericytes) and CD31+ (endothelial) cells of mice. (C) gPCR of /g2 expression
using two different primers (described in Table S3) in RNA extracts from dHC and
FACS-purified CD13+ and CD31+ cells. Data are shown as fold change relative to the
MRNA levels present in the dHC extract (dHC total); n = 4 mice/group per experiment,
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4 independent experiments. Dots on graphs represent value for each experiment. One-way
ANOVA followed by Tukey’s post hoc test. (D) qPCR analyses of /g2, Pdgfrb, and Collal
expression in RNA extracts from dHC (total) and FACS-purified CD13+ (pericytes) and
COL1A1+ (fibroblasts) of mice trained in CFC (Tr) and euthanized 20 h later. Control
untrained mice (U) were left in their home cages and euthanized at matched timepoint. Data
are shown as fold change relative to the mRNA levels present in the dHC extract (total)

of untrained mice (U). n = 4 mice/group per experiment, 3 independent experiments. Dots
on graphs represent the individual value for each experiment. Two-way ANOVA followed
by Tukey’s post hoc test. (E) gPCR analyses of /gf2and Padgfrb mRNA levels in extracts
from dHC (total) and FACS-purified CD13+ (pericytes) taken from the dHC of mice that
underwent either CFC training (Tr) or an immediate shock (IS) and were euthanized 20 h
later. Control untrained mice (U) were left in their homecages and euthanized at matched
timepoint. Data are shown as fold change relative to the mRNA levels present in the

dHC extract (total) of untrained mice. n=2-3 mice/group per experiment, 3 independent
experiments. Dots on graph represent the individual value of each experiment. Two-way
ANOVA followed by Tukey’s post-hoc test. (F) Left panel: Experimental Design. Mice were
bilaterally injected in the dHC with AAV8/hSyn-hM4D(Gi)-mCherry (DREADD); 2 weeks
later the mice were injected i.p. with compound C21 (C21) or vehicle (\Veh) and, 30 minutes
later, trained in CFC, and, finally, euthanized 20 h after training. Control untrained mice (U)
were left in their homecages and euthanized at matched time point. Right panel: Bargraph
showing the /g2 mRNA levels in the RNA extracts from dHC (total) and FACS-purified
CD13+ (pericytes) of mice expressing DREADD and injected with either Veh or C21. Data
are shown as fold change relative to the mRNA levels present in the dHC extract (total)

of untrained mice expressing DREADD and injected with Veh (U, DREADD + Veh). n =
2-3 mice/group per experiment, 3-4 independent experiments. Dots on graphs represent the
individual value for each experiment. Three-way ANOVA followed by Tukey’s post-hoc
test. * p < 0.05, ** p < 0.01, *** p < 0.001. Numeric values and detailed statistical analyses
are reported in Table S1. Primers for gPCR in Table S3. Markers for pericytes: Pdgfrb,
Abcc9, CD13; markers for endothelial cells: Slc2al, CD31,; fibroblasts: Collal, Pdgfrb;
smooth muscle cells: Pdgfrb.
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Figure 3: IGF2 is expressed in pericytes of mouse hippocampus, not in endothelial cells or
fibroblasts.

(A) Schematic representation of the /g2 promoter-driven tdTomato-h2b construct. (B)
Quantification of the number of tdTomato-labeled nuclei in the dHC from untrained (U)
and CFC-trained (Tr) mice, normalized to the total DAPI count. Data are expressed as
mean percent £ s.e.m. of untrained (U, 100%) mice, n = 4-6 mice/group, 12 images/mouse.
Dots on graph represent the mean value for each mouse. Unpaired t-test. (C) Relative
frequency distribution of cells showing tdTomato fluorescence intensity in the dHC of
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untrained (U) and CFC-trained (Tr) mice. n = 4-6 mice/group, 3 brain sections/mouse, 4
images/brain section. Kolmogorov-Smirnov test for cumulative distribution of U and Tr
data points, p = 0.0002. (D) Binned tdTomato fluorescence intensity in U and Tr animals.
Data are expressed as mean + s.e.m. Dots on graphs represent the summed values for all
brain sections from each mouse. Unpaired t-test between U and Tr within each intensity
bin. (E) Representative confocal images (scale bar: 20 um) and quantifications of tdTomato-
labeled nuclei from CAL, CA3, DG and SLM in untrained (U) and CFC-trained (Tr)
IGF2-tdTomato-H2B mice. Data are expressed as percent of tdTomato positive cells = s.e.m.
normalized to the total DAPI count relative to untrained (U, 100%) mice, n = 3 mice/group.
Dots on graphs represent the value for each mouse. Unpaired t-test. * p < 0.05, ** p <

0.01, *** p < 0.001. (F, G) Representative confocal images and relative quantifications
showing percentage of tdTomato-labeled nuclei colocalized with (F) PDGFRB-positive cells
(pericytes) and (G) CD31-positive cells (endothelial cells) in the SLM/stratum moleculare
along with orthogonal projections showing tdTomato-labeled nuclei and immunopositive
cells (scale bar, 15 pm). (H, I) Representative confocal images of SLM/stratum moleculare
(scale bar: 50 pm) and relative quantifications showing percentage of tdTomato-labeled
nuclei colocalized with (H) COL1AZ1-positive (fibroblasts) or (I) IBA1-positive (microglia)
cells. Data are expressed as % mean + s.e.m. of doubly positive cells relative to the total
number of tdTomato-labeled nuclei (100%); n = 4 mice/group. Numeric values and detailed
statistical analyses are reported in Table S1. Markers for endothelial cells: CD31; pericytes:
PDGFRB; fibroblasts COL1A1; microglia: IBAL.
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Figure 4: Pericyte-specific KO of 1gf2 impairs novel object location and contextual fear
memories.

(A) Pdgfrb-Cre-ERT2:1gf2 floxed mice were generated by breeding /g72 floxed mice and
Pdgfrb-Cre-ERT2 mice. (B) qPCR analyses of AbccY, Slc2al, Collal and /gf2 mRNA in
RNA extracts from dHC (total) and FACS-purified CD13+ (pericytes), CD31+ (endothelial
cells), COL1A1+ (fibroblasts) and CD13+ (pericytes) of tamoxifen (TAM)- or vehicle
(Veh)-injected PDGFB-Cre /gf2-floxed mice. Data are shown as fold change relative to
the MRNA levels present in the the dHC extract of Veh-injected PDGFRB-Cre /gf2-floxed
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mice (Veh, dHC total); n = 3 mice/group per experiment, 3 independent experiments. Dots
on graphs represent value for each experiment. Two-way ANOVA followed by Tukey’s
post-hoc test. (C) Experimental schedule of behaviors on Igf2/Peri-KO, Igf2/Peri-Control,
and Igf2/NoCre-TAM mice. (D) Open field test, expressed as average velocity (cm/s), total
distance traveled (cm), and time spent in the center of arena (s). n = 14-15 mice/group.
One-way ANOVA followed by Bonferroni’s post-hoc test. (E) Total exploration times and
novel object location (nOL) memory tested at 5 minutes (left panels) or 4 hours (right
panels) after training. NOL memory is expressed as mean percent preference * s.e.m. for
the displaced object. (F) CFC training and memory tested at 1 hour (left panels), and 1

day and 7 days (right panels) after training. CFC memory was expressed as mean percent
freezing £ s.e.m. n = 8-15 mice/group. Two-way RM ANOVA followed by Bonferroni’s
post-hoc test. Dots on graphs represent the value for each mouse. ** p < 0.01, *** p < 0.001.
Numeric values and detailed statistical analyses are reported in Table S1. Primers for g°PCR
in Table S3. Markers for endothelial cells: Slc2al and CD31; pericytes: Abcc9 and CD13;
fibroblasts: Collal.

Neuron. Author manuscript; available in PMC 2024 December 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pandey et al. Page 37

A 3 x4-OHT
Cannulation Bjectians nOL nOL CFC CFC CFC
dHC ﬁﬁﬁ Tr Test Tr Test1 Test 2
l | | l l ] l |
I 2 weeks |3 days| 2 weeks ! 4h ! 1 week I1 dayI 6 days
B noL C CFC
Total exploration time  Preference for moved object Training Tests
- 401 80 - " 50- 100 -
23] . . 870 H £ 40 g8y — .
= s D604 ¢ o =3 D an | " o anl . .
S 20 5 8 o . I 2 S 20 . £ €0 gy - ? o
E oy g 20 820 .. .  Saolpd: [
- Jd m= 3 & ° ° (' °
L% 10 Los = ~ 40 - ° 104 1"— i "|' L 20-
D o | i 30 . ) ‘0 L 0 - | Byl ﬁ_ 0_ ! |
Training Test-4h Training Test-4h Pre-shock Post-shock Test-day 1 Test-day 7

T 8- *hk = 8- 5
s g g
% 6 - —; : 6 z_ o
w o
oy 2 o 7N 3 i
2 4] 5 g 47
2 2] i § 27
" o
% o- 7 % o LM Y
dHC total Pericytes Endothelial S1total Pericytes Endothelial
(CD13+) (CD31+) (CD13+) (CD31+)
71 dHC-Igf2/NoCre-TAM M dHC-Igf2/Peri-KO

Figure 5: 1gf2 knockout in dHC pericytes impairs novel object location and contextual fear
memories.

(A) Experimental schedule. DHC-Igf2/Peri-KO and dHC-Igf2/NoCre-TAM were assessed
for (B) Total exploration time (left panel), and preference for the moved object (right panel)
tested 4 hours after nOL training; nOL memory is expressed as mean percent preference +
s.e.m. for the moved object. (C) CFC training (left panel) and memory tested (right panel)
at 1 and 7 days after training. CFC memory is expressed as mean percent freezing + s.e.m.
For B and C, n = 6-7 mice/group, 2 independent experiments. Dots on graphs represent the
value for each mouse. Two-way RM ANOVA followed by Bonferroni’s post-hoc test. (D, E)
gPCR analyses of /gf2mRNA levels in dHC and primary somatosensory cortex (S1), and
FACS-purified CD13+ (pericytes) and CD31+ (endothelial cells) from both regions. Data
are expressed as fold change + s.e.m. relative to the mRNA levels of dHC (dHC total) and
S1 (S1 total); n = 4 mice/group per experiment, 4 independent experiments. Dots on graphs
represent value for each experiment. Two-way ANOVA followed by Bonferroni’s post-hoc
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test. * p < 0.05, ** p < 0.01, *** p < 0.001. Numeric values and detailed statistical analyses
are reported in Table S1. Primers for gPCR in Table S3. Marker for endothelial cells: CD31;
pericytes: CD13.
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Figure 6: 1gf2 knockout in dHC fibroblasts or neurons does not affect contextual fear memory.
(A) Experimental schedule. Fibroblast or neuron-specific 1gf2 deletion was induced in

1gf2-floxed mice by injecting into their dHC a virus expressing Cre-recombinase under

the Collal promoter to target fibroblasts [(dHC-1gf2/Fibro-KO or F-KO) or GFP (dHC-1gf2/
Fibro-Control or Con) sequence)], or under ASyn promoter to target neurons [(dHC-1gf2/
Neuro-KO or N-KO) or GFP (dHC-1gf2/Neuro-Control or Con)]. (B) gPCR analyses of
Collal, Pdgfrb, and /gf2mRNA from dHC (total) and FACS-purified COL1A1+ cells
(fibroblasts) from dHC-1gf2/Fibro-KO or dHC-1gf2/Fibro-Control mice. Data are shown
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as fold change relative to the mRNA levels of the dHC (total) extract obtained from dHC-
Igf2/Fibro-Control mice (Con, Total). n = 2-3 mice were pooled in each experiment, 3
independent experiments. Dots on graphs represent the value for each experiment. Two-way
ANOVA followed by Sidak’s post-hoc test. *** p < 0.001. (C) CFC training (left panel)

and memory tested at 1 and 7 days after training (right panel). CFC memory is expressed

as mean percent freezing + s.e.m; n = 6 mice/group, 2 independent experiments. Dots on
graphs represent the value for each mouse. Two-way RM ANOVA followed by Bonferroni’s
post-hoc test. (D) qPCR analyses of NeuN, Pdgfrb, Collal, and /gf2mRNA in the RNA
extracts from dHC (total) and FACS-purified NeuN+ cells (neurons) of dHC-1gf2/Neuro-KO
or dHC-Igf2/Neuro-Control mice. Data are shown as fold change relative to the mRNA
levels in the dHC (total) extract obtained from dHC-1gf2/Neuro-Control mice (Con, Total); n
= 2-3 mice pooled in each experiment, 3 independent experiments. Dots on graphs represent
the value for each experiment. Two-way ANOVA followed by Sidak’s post-hoc test. ***

p < 0.001. (E) CFC training (left panel) and memory tested at 1 and 7 days after training
(right panel). CFC memory is expressed as mean percent freezing £ s.e.m; n = 6 mice/group,
2 independent experiments. Dots on graphs represent the value for each mouse. Two-way
RM ANOVA followed by Bonferroni’s post-hoc test. Numeric values and detailed statistical
analyses are reported in Table S1. Primers for gPCR in Table S3. Markers for fibroblasts
Collal and Pdgfrb; neurons: NeuN; pericytes: Pdgfrb.
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Figure 7. Pericyte-specific ablation of IGF2 significantly decreases levels of pro-IGF2, IGF2, and
immediate early genes, but increases the level of IGF2R.

PDGFB-Cre /gr2-floxed mice were injected 7p. with tamoxifen (TAM) or vehicle (Veh),
one injection per day for 5 consecutive days. Two weeks later, mice were trained (Tr)

in CFC and euthanized 1 hour later. Control untrained mice (U) were left in their home
cages and euthanized at matched timepoints. Representative western blots and relative
densitometric analyses of (A) pro-1IGF2 and IGF2, (B) IGF2 receptor (also known as cation-
independent mannose-6-phosphate receptor; CIM6PR), (C) ARC, (D) FOS, and (E) EGR1
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in dHC extracts. ACTB was used as a control for equal loading. Data are expressed as
percent (%) mean + s.e.m of vehicle-injected untrained mice (% U-Veh). n = 8 mice/group,
2 independent experiments. (F) Representative confocal images (scale bar: 20 um) and
quantifications of ARC immunofluorescence intensities in CA1 stratum pyramidale (s.p.)
and stratum radiatum (s.r.) layers, and DG stratum granulosum (s.9.) and stratum moleculare
(s.m.) layers of tamoxifen (TAM) or vehicle (\Veh)-injected PDGFB-Cre /gf2-floxed mice
untrained (U) or trained in CFC (Tr). Data are expressed as % mean * s.e.m of vehicle-
injected untrained mice (% U-Veh). n = 4 mice per group, 2 independent experiments.
Two-way ANOVA followed by Tukey’s post-hoc test. Dots on graphs represent the value for
each mouse. * p < 0.05, ** p < 0.01, *** p < 0.001. Numerical values and detailed statistical
analyses are reported in Table S1.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-PDGFRB R&D Systems Cat# AF1042

RRID:AB_2162633

anti-Collagenl

Thermo Fisher Scientific

Cat# 600-402-103
RRID:AB_2614800

anti-CD13 BD Pharmingen Cat# 558744
RRID:AB_397101
anti-COL1A1 Invitrogen Cat # MA5-43886
RRID:AB_2912818
anti-CD31 BD Pharmingen Cat# 557355
RRID:AB_396660
anti-IBA1 Fujifilm Wako Chemicals Cat# 019-19741
RRID:AB_839504
anti-NeuN Millipore Sigma Cat# MAB377
RRID:AB_2298772
anti-IGF2 receptor Abcam Cat# ab262713
RRID:AB_2936901
anti-IGF2 Abcam Cat# ab9574
RRID:AB_308725
anti-cation independent mannose 6 phosphate receptor Abcam Cat# ab124767
RRID:AB_10974087
anti-Arc Synaptic Systems Cat# 156003
RRID:AB_887694
anti-c-Fos Cell Signaling Technology Cat# 2250
RRID:AB_2247211
anti-EGR1 Cell Signaling Technology Cat# 4153
RRID:AB_2097038
Donkey anti-goat Alexa Fluor 647 Invitrogen Cat# A21447
RRID:AB_141844
Goat anti-rabbit Alexa Fluor 647 Invitrogen Cat# A21244
RRID:AB_2535812
Donkey anti-rat Alexa Fluor 488 Invitrogen Cat# A21208
RRID:AB_2535794
Goat anti-rabbit Alexa Fluor 488 Invitrogen Cat# A11034
RRID:AB_2576217
Goat anti-rabbit Alexa Fluor 568 Invitrogen Cat# A11036

RRID:AB_10563566

Dylight 594 Lycopersicon esculentum (Tomato) lectin

Vector Laboratories

Cat# DL-1177
RRID:AB_2336416

Goat anti-mouse IRdye680LT

LI-Cor Bioscience

Cat# 926-68020
RRID:AB_10706161

Goat anti-rabbitIRdye800CW

LI-Cor Bioscience

Cat# 926-32211
RRID:AB_621843

anti-Actin

Santa Cruz Biotechnology

Cat# sc-47778
RRID:AB_626632

Bacterial and virus strains

AAV8/hSyn-mCherry

Addgene

Cat# 114472

AAV8/hSyn-hM4Di-mCherry

Addgene

Cat# 50475
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REAGENT or RESOURCE SOURCE IDENTIFIER
LV/Collal-Cre-EGFP Vector Builder

LV/Collal-EGFP Vector Builder

AAV8/hSyn-Cre-EGFP Addgene Cat# 105540
AAV8/hSyn-EGFP Addgene Cat# 50465
Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich Cat# T5648
4-hydroxytamoxifen (4-OHT) Sigma-Aldrich Cat# H6278
Pretreatment 4 solution ACD Cat# 320513
RNAscope® 2.5 Fluorescent Multiplex Kit ACD Cat # 320293
Compound 21 HelloBio Cat# HB6124

ProLong™ Diamond Antifade Mountant

Life Technologies

Cat# P36961

ProLong™ Diamond Antifade Mountant with DAPI

Life Technologies

Cat# P36962

Ebioscience™ Intracellular Fixation & Permeabilization Buffer Set

Thermo Scientific

Cat# 88-8824-00

RNeasy Universal Plus Mini Kit Qiagen Cat# 73404
RNeasy Micro kit Qiagen Cat# 74004
QuantiTect Reverse Transcription Kit Qiagen Cat# 205311
iQ SYBR Green Supermix Bio-Rad Cat# 107-8882
DAPI Thermo Scientific Cati# 62247
Paraformaldehyde Sigma Cat# 158127
Lipopolysaccharide (LPS) Sigma Cat# L6011
Experimental models: Organisms/strains

Adult C57BL6 mice Jackson Laboratories Stock #000664
Adult PDGFRB-P2A-CreERT2 mice Jackson Laboratories Stock #030201

Adult Igf2-floxed mice

Kindly provided by Drs. Miguel Constancia
and lonel Sandovici, University of
Cambridge

Adult IGF2-tdTomato-H2B mice

Kindly provided by Cold Spring Harbor

Laboratories (CSHL)
Adult male Long Evans rats Envigo Order code: 140
Software and algorithms
Image J Schneider et al., 2012 https://imagej.nih.gov/ij/
Prism 7 GraphPad Software Inc.

EthoVision-XT13

Noldus

Neuron. Author manuscript; available in PMC 2024 December 06.


https://imagej.nih.gov/ij/

	Summary
	E-TOC BLURB
	Introduction
	Results
	Expression of Igf2 in the hippocampus is highly enriched in vascular cells, where it is induced by learning
	Igf2 is highly expressed in pericytes where it is upregulated following learning
	IGF2 in pericytes is required for long-term memory formation
	Knockout of Igf2 in dHC pericytes impairs long-term memory formation
	Selective knockout of Igf2 in fibroblasts or neurons did not affect memory formation
	Pericytic IGF2 is required for learning-dependent induction of neuronal immediate early genes

	Discussion
	STAR Methods
	Resource Availability
	Lead contact:
	Materials availability:

	Data and code availability
	Experimental Models and Subject Participant Details
	Rats:
	Mice:

	Method details
	Inhibitory Avoidance IA and unpaired context and shock procedure Un in rats
	Cannula implants and 4-OHT injections in mice
	Virus and compound 21 (C21) injections in mice
	Contextual Fear Conditioning CFC and immediate-shock IS paradigm in mice
	Novel object location nOL in mice
	Open field in mice
	RNAscope in situ hybridization
	Tissue Processing:
	RNAscope Probes:
	RNAscope hybridization:
	RNAscope and Immunohistochemistry:
	Image Analysis:

	Fluorescence-activated cell sorting FACS of hippocampal cells in mice
	RNA extraction, reverse transcription, and real time quantitative PCR qPCR from mouse hippocampal tissue and FACS-purified cells
	Igf2-tdTomato-H2B immunostaining and cell type-specific protein colocalization analyses
	Serial two-photon tomography (STPT):
	Immunohistochemical double staining:
	Confocal Microscopy and Analysis:
	Data Analyses of tdTomato and IBA1 or COL1A1 co-staining:

	Hippocampal dissection and western blot analysis
	Immediate early gene IEG immunofluorescence staining
	Analyses of PDGFRB immunostaining (pericyte coverage)
	Evans blue assay for blood-brain barrier permeability
	Preparation of Evans Blue dye (EB) solution:
	Injection of EB dye into lateral tail vein of mice and tissue collection:
	Quantification of extravasated EB in hippocampal tissue:

	Quantification and Statistical analysis


	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7.
	Table T1

