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ABSTRACT
BACKGROUND: An excess of exosomes, nanovesicles released from all cells and key regulators of brain plasticity, is
an emerging therapeutic target for stress-related mental illnesses. The effects of chronic stress on exosome levels are
unknown; even less is known about molecular drivers of exosome levels in the stress response.
METHODS: We used our state-of-the-art protocol with 2 complementary strategies to isolate neuronal exosomes
from plasma, ventral dentate gyrus, basolateral amygdala, and olfactory bulbs of male mice to determine the
effects of chronic restraint stress (CRS) on exosome levels. Next, we used RNA sequencing and bioinformatic
analyses to identify molecular drivers of exosome levels.
RESULTS: We found that CRS leads to an increase in the levels of neuronal exosomes but not total (i.e., not neu-
ronally enriched) exosome levels assayed in plasma and the ventral dentate gyrus, whereas CRS leads to a decrease
in neuronal exosome levels but not total exosome levels in the basolateral amygdala. There was a further specificity of
effects as shown by a lack of changes in the levels of neuronal exosomes assayed in the olfactory bulbs. In pursuit of
advancing translational applications, we showed that acetyl-L-carnitine administration restores the CRS-induced
increase in neuronal exosome levels assayed in plasma (the most accessible specimen). Furthermore, the CRS-
induced changes in neuronal exosome levels in the ventral dentate gyrus and basolateral amygdala mirrored the
opposite pattern of CRS-induced transcriptional changes in these key brain areas, with b-estradiol signaling as a
potential upstream driver of neuronal exosome levels.
CONCLUSIONS: This study provides a foundation for future studies of new forms of local and distant communication
in stress neurobiology by demonstrating specific relationships between neuronal exosome levels assayed in plasma
and the brain and providing new candidate targets for the normalization of exosome levels.

https://doi.org/10.1016/j.bpsgos.2024.100401
A chronic excess of circulating exosomes, nanovesicles
secreted from all cells including neurons, is among the neural
mechanisms associated with stress-related disorders, including
major depressive disorder (MDD) (1–4). Key features for under-
standing the role of exosomes in stress-related illnesses are that
exosomes cross the blood-brain barrier, are released in the
blood circulation, and express surface markers highly specific,
although not exclusive, for the organ that released them, allowing
the immunoprecipitation of subpopulations of exosomes from
blood (5–8). Prior studies have shown that exosomes regulate
synaptic pruning, neurogenesis, and circuit function (9–11)—all
biological processes dependent on synaptic glutamate and
regulated by chronic stress (12–14). Remarkably, the effects of
chronic stress on exosome levels, particularly neuronal exo-
somes assayed in key brain areas, are unknown, and even less is
known about the relationship between neuronal exosome levels
assayed in brain areas and blood.

By employing an innovative technology to isolate total
exosomes (i.e., not enriched for neurons) and neuronal
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exosomes from plasma, our group showed increased levels of
neuronal but not total exosomes in patients with MDD (1). We
also found in vivo molecular signatures of brain insulin resis-
tance in clinical phenotypes of depression that were also
characterized by decreased levels of acetyl-L-carnitine
(LAC), a modulator of the mGlu2 receptor (metabotropic
glutamate receptor 2, an inhibitor of synaptic glutamate
release) (1,15–18). Dysfunction of glutamatergic neurotrans-
mission is a core feature of MDD (19). Prior studies have also
shown that the release of exosomes is modulated by gluta-
matergic neurotransmission (20). Insights into brain-body
interaction can be gained by understanding relationships be-
tween neuronal exosomes isolated from plasma and key brain
areas in rodent models of chronic stress, a risk factor for major
mental illnesses (19,21,22).

Here, we focused on 2 key brain areas, the ventral dentate
gyrus (vDG) of the hippocampus and the basolateral amygdala
(BLA), in response to 21 days of chronic restraint stress (CRS)
because prior work showed that these brain areas are
y of Biological Psychiatry. This is an open access article under the
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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regulated by CRS, which results in a chronic hyperactivity of
glutamatergic transmission in the hippocampus along with
dendritic shrinkage, while it leads to dendritic elongation of
BLA neurons (12,13,23). Opposite patterns of stress-induced
changes in specific genes, such as BDNF (brain-derived neu-
rotrophic factor), were also reported in these brain areas (24).
Furthermore, while a vast literature has described the effects of
several types of chronic stress paradigms on gene expression
of a single brain area, less is known about simultaneous
transcriptomic changes in these 2 stress-sensitive brain areas.
Greater understanding of molecular pathways can provide new
target candidates to regulate exosome levels that are altered in
a variety of diseases (1–4).

In the current work, we used 2 complementary strategies for
exosome isolation to determine 1) CRS effects on total (not
neuronally enriched) and neuronal exosome levels assayed in
key brain areas (i.e., vDG and BLA; olfactory bulbs [Obs] were
used as a control area) and in plasma, 2) whether neuronal
exosome levels assayed in plasma map onto neuronal exo-
some levels assayed in brain tissue, and 3) whether adminis-
tration of LAC, an epigenetic modulator of glutamatergic
function (15,16,25), ameliorates CRS effects on exosome
levels assayed in plasma (the most accessible specimen). We
also used RNA sequencing (RNA-seq) and bioinformatic ana-
lyses to identify simultaneous transcriptomic profiles within the
vDG and BLA in stress responses and to begin mapping those
pathways that may be upstream drivers of exosome levels.

METHODS AND MATERIALS

All procedures were carried out in accordance with the
guidelines for animal care of the National Institutes of Health,
the Institutional Animal Care and Use Committee of Rockefeller
University, and Nathan Kline Institute for Psychiatric Research.
See Supplemental Methods for details of the stress paradigm,
pharmacological approach, exosome isolation, validation and
quantification, RNA-seq assays and bioinformatic analyses,
and statistical analysis.

RESULTS

Site-Specific Regulation of Neuronal, but Not Total,
Exosome Levels by Chronic Stress in Plasma, vDG,
BLA, and Obs

Driven by prior findings showing that the release of exosomes
is modulated by synaptic glutamatergic activity (20), we began
by screening total (not enriched for neurons) and neuronal
exosome levels in plasma and 2 key brain areas, the vDG and
BLA, in response to chronic stress. We used a stress paradigm
of 21 days of CRS, a duration that has been demonstrated to
lead to differential patterns of changes in dendritic plasticity in
the ventral hippocampus and the connected BLA (12,13,23).
We used an established approach to isolate exosomes fol-
lowed by immunoprecipitation of neuronal exosomes from
plasma and brain tissue of CRS mice and age-matched not-
stressed male mice. This protocol allowed us to achieve high-
throughput, quantitative isolation of exosomes from plasma
and small brain areas (Figure 1A).

Three independent big datasets—the HPA (Human Protein
Atlas), GTEx (Genotype-Tissue Expression) Project, and
2 Biological Psychiatry: Global Open Science January 2025; 5:100401
FANTOM5 (Functional Annotation of the Mammalian Genome
5) Consortium (26–28)—corroborate the use of L1CAM as a
marker to enrich for the brain by showing that this protein is
predominantly, although not exclusively, expressed in the
brain, including the hippocampus, amygdala, and Obs
(Figure S1), with negligible expression in peripheral organs
(Figure 1B). Within the brain, L1CAM expression is high in
neurons versus other cell types as shown by publicly available
bulk RNA-seq (Figure 1C) and single-cell RNA seq from mouse
brain areas (Figure 1D) (29,30). Expression array experiments
confirmed the accuracy of the exosome purification and
excluded potential contamination from cellular vesicles by
showing: 1) robust staining of several known exosomal
markers, such as TGS101, ANXA5, EPCAM, CD63, CD81,
ALIX, ICAM, and FLOT; and 2) negligible staining for GM130, a
marker of cis-Golgi vesicles (Figure 2A and Figure S2).

After CRS, no differences were observed in total exosome
levels in plasma between the CRS group and the not-stressed
control (Ctrl) group (p = .6, Ctrl [n = 8]: 19.4 3 109 ng/mL6 1.2;
CRS [n = 10]: 18.4 3 109 ng/mL 6 1.1) (Figure 2B). Using the
same assay, we found a robust CRS-induced increase in
L1CAM1 exosome levels assayed in plasma (p = .01, Ctrl [n =
8]: 6.9 3 109 ng/mL 6 0.3; CRS [n = 10]: 7.7 3 109 ng/mL 6
0.1) (Figure 2C). To address direct regulation of exosome levels
in the vDG, we isolated L1CAM1 and total exosomes using
vDG tissue. We found that vDG L1CAM1 exosome levels
differed significantly between CRS mice and not-stressed
control mice, with mean counts being higher in the CRS group
(p = .02, Ctrl [n = 7]: 8.4 3 109 ng/mL 6 0.2; CRS [n = 9]: 9.6 3

109 ng/mL 6 0.3) (Figure 2E); no change was found in vDG
total exosomes (p = .5, Ctrl [n = 7]: 11.7 3 109 ng/mL 6 0.7;
CRS [n = 6]: 11 3 109 ng/mL 6 0.6) (Figure 2D). No differences
were observed in either L1CAM1 or total exosome levels iso-
lated from the Obs (total: p = .9, Ctrl [n = 7]: 11.6 3 109 ng/mL
6 0.9; CRS [n = 6]: 11.4 3 109 ng/mL 6 0.3; L1CAM1: p = .8,
Ctrl [n = 7]: 9.8 3 109 ng/mL 6 0.5; CRS [n = 8]: 9.6 3 109 ng/
mL 6 0.4) (Figure 2F, G).

Given prior findings of opposite plasticity of the hippo-
campus and BLA after stress (23,31), we extended our exo-
some analyses to the BLA. We found a decrease in L1CAM1

exosome levels but not total exosome levels in the BLA of CRS
mice versus not-stressed control mice (L1CAM1: p , .0001,
Ctrl [n = 7]: 9.6 3 109 ng/mL 6 0.2; CRS [n = 8]: 8.3 3 109 ng/
mL 6 0.2; total: p = .2, Ctrl [n = 7]: 10.4 3 109 ng/mL 6 0.3;
CRS [n = 6]: 9.8 3 109 ng/mL 6 0.4) (Figure 2I, H). The violin
plots depicted in Figure S3 summarizes the specificity of CRS
effects on neuronal exosome levels in plasma and across
these brain areas. The opposite pattern of changes in exosome
levels in the vDG versus the BLA after CRS is consistent with
prior findings of divergent structural remodeling in stress re-
sponses in these brain areas (12,13,23,31).

A Second Strategy for Neuronal Exosome Isolation
Corroborates the Relationship Between Neuronal
Exosome Levels in Plasma and the vDG

To corroborate the findings described above of a relationship
between the increased levels of neuronal (L1CAM1) exosomes
assayed in plasma and the vDG, we extended our analysis
using an additional exosome surface marker, NrCAM, to
www.sobp.org/GOS
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Figure 1. Neuronal exosome immunoprecipitation from plasma or brain tissue. (A) Model featuring exosome biology and polymer net followed by antibody-
based technology for the isolation of total (i.e., not enriched for neurons) and neuronal exosomes from plasma or brain tissue. Exosomes are nanovesicles of
endosomal origin that are secreted from all cells including neurons; they cross the blood-brain barrier and are released in the circulation. Exosomes express
surface markers, including L1CAM or NrCAM (also see Figure 3), that are highly specific, although not exclusively, to the organ that releases them. Total
exosomes can be purified from plasma or brain tissue, and exosome subpopulations can be isolated from these total exosomes by immunoprecipitation with
magnetic beads conjugated to antibodies for proteins that are expressed in the organ of interest (i.e., the brain). (B) Publicly available databases (e.g., The
Human Protein Atlas, https://www.proteinatlas.org/) show that L1CAM is a protein highly expressed in the brain, with minimal expression in peripheral organs.
(C) L1CAM is highly expressed in neurons compared with other cell types of the brain as shown by FPKM using an independent bulk RNA-seq database of glia,
neurons, and other cells. Also see Figure S1, which shows robust and high expression of L1CAM in the hippocampus, amygdala, and olfactory bulbs. (D)
Single-cell RNA-seq data from the Allen Brain Atlas further corroborate high and robust expression of L1CAM in neurons compared with other cells of the brain
(e.g., astrocytes). GFAP (a marker that is highly expressed in astrocytes) and NeuN (a marker that is highly expressed in neurons) expression levels are also
reported as a comparison. FPKM, fragments per kilobase of transcript per million mapped reads; RNAseq, RNA sequencing.
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isolate neuronal exosomes and test our prediction that CRS
would lead to an increase in NrCAM1 exosome levels assayed
in plasma and the vDG. Three large, independent datasets
(HPA, GTEx, and FANTOM5) (26–28) and single-cell RNA-seq
data from mouse hippocampus and cortex (Allen Brain Atlas)
(30) showed high and robust expression of NrCAM in the brain
(Figure 3A), particularly in glutamatergic neurons (Figure 3B).
The expression of NrCAM is also mutually exclusive with
L1CAM expression: L1CAM showed some although negligible
expression in the colon and esophagus, while NrCAM
expression was absent. Furthermore, NrCAM showed some
although negligible expression in adrenal glands, while L1CAM
expression was absent; both markers showed negligible
expression in other peripheral organs (e.g., pituitary or kidney)
compared with the brain. Consistent with our prediction of a
CRS-induced increase in neuronal exosome levels as also
Biological Psychiatry: Glo
shown by the L1CAM findings above, we found an increase in
neuronal (NrCAM1) exosome levels isolated from both plasma
and the vDG of CRS mice versus not-stressed control mice
(plasma: p = .04, Ctrl [n = 6]: 8.83 109 ng/mL6 0.1; CRS [n = 8]:
9.53 109 ng/mL6 0.3; vDG: p = .0001, Ctrl [n = 7]: 8.63 109 ng/
mL 6 0.1; CRS [n = 9]: 9.7 3 109 ng/mL 6 0.2) (Figure 3C, D).
Collectively, these results using 2 complementary markers
corroborate the finding of a relationship between plasma and
vDG neuronal exosome levels and provide greater cellular and
topographical specificity for future translational research.

Administration of LAC Restores CRS-Induced
Increase in Plasma Neuronal Exosome Levels:
Translational Implications

Driven by the prior discovery of increased neuronal exosome
levels in plasma of patients with MDD characterized by a
bal Open Science January 2025; 5:100401 www.sobp.org/GOS 3
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Figure 2. Site-specific regulation of neuronal exosome levels, but not total exosome levels, by chronic stress in plasma, the vDG of the hippocampus,
olfactory bulbs, and basolateral nucleus of the amygdala. (A) Validation and accuracy of exosome isolation: expression array validated the accuracy of the
exosome isolation as shown by strong staining of positive controls and a combination of multiple known exosomal markers (CD63, EPCAM, ANXA5, TSG101,
FLOT, ICAM, ALIX, CD81), while also confirming the exclusion of cellular contamination from cellular vesicles as shown by negligible staining for GM130, a
marker for cis-Golgi vesicles. Also see Figure S2. (B, C) CRS-induced increase in the levels of neuronal (L1CAM1) but not total exosomes assayed in plasma:
no differences were observed in the levels of total exosomes assayed in plasma between CRS mice and not-stressed control mice [(B) p = .6, Ctrl (n = 8):
19.4 3 109 ng/mL 61.2; CRS (n = 10): 18.4 3 109 ng/mL 6 1.1]. CRS resulted in an increase in the levels of neuronal (L1CAM1) exosomes isolated from
plasma compared with age-matched not-stressed control mice [(C) p = .01, Ctrl (n = 8): 6.9 3 109 ng/mL 6 0.3; CRS (n = 10): 7.7 3 109 ng/mL 6 0.1]. Using
this same technology for exosome isolation and count, our previous studies showed increased levels of neuronal (L1CAM1) exosomes, but not total exo-
somes, assayed in plasma of patients with MDD compared with age- and sex-matched control subjects. (D, E) CRS-induced increase in the levels of neuronal
(L1CAM1) but not total exosomes isolated from vDG tissue: no differences were observed in the levels of total exosomes in vDG tissue between the CRS and
control groups [(D) p = .5, Ctrl (n = 7): 11.7 3 109 ng/mL 6 0.7; CRS (n = 6): 113 109 ng/mL 6 0.6]. Similar to the increase in neuronal exosome levels assayed
in plasma, CRS resulted in an increase in the levels of neuronal (L1CAM1) exosomes isolated from vDG compared with age-matched not-stressed control mice
[(E) p = .02, Ctrl (n = 7): 8.4 3 109 ng/mL 6 0.2; CRS (n = 9): 9.6 3 109 ng/mL 6 0.3]. (F, G) Levels of total and neuronal (L1CAM1) exosomes isolated from the
control brain area, the Ob: no differences were observed in the levels of either total or neuronal (L1CAM1) exosomes isolated from the Ob between the CRS
and control groups [(F) p = .9, Ctrl (n = 7): 11.6 3 109 ng/mL 6 0.9; CRS (n = 6): 11.4 3 109 ng/mL 6 0.3; (G) p = 0.8, Ctrl (n = 7): 9.8 3 109 ng/mL 6 0.5; CRS
(n = 8): 9.6 3 109 ng/mL 6 0.4]. (H, I) Levels of total and neuronal (L1CAM1) exosomes isolated from BLA tissue: no differences were observed in the levels of
total exosomes in BLA tissue between the CRS and control groups [(H) p = 0.2, Ctrl (n = 7): 10.4 3 109 ng/mL 6 0.3; CRS (n = 6): 9.8 3 109 ng/mL6 0.4]. CRS
resulted in a decrease in the levels of neuronal (L1CAM1) exosomes isolated from the BLA compared with age-matched not-stressed control mice [(I) p ,

.0001, Ctrl (n = 7): 9.6 3 109 ng/mL 6 0.2; CRS (n = 8): 8.3 3 109 ng/mL 6 0.2]. Bars represent mean 6 SEM. Asterisks indicates significant comparisons with
not-stressed control group. *p , .05, ***p , .001 at 2-tailed Student’s t tests as appropriate. CRS, chronic restraint stress.
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deficiency of LAC, and because plasma is the most accessible
specimen particularly in clinical settings, we tested the hy-
pothesis that administration of LAC would restore both
NrCAM1 and L1CAM1 exosome levels in plasma of CRS mice
to the levels of not-stressed control mice. After 3 days of
administration of LAC, a dose that leads to a rapid
antidepressant-like response in multiple chronic stress para-
digms, including CRS (15,16,25,32), we found no difference in
plasma NrCAM1 and L1CAM1exosome levels between the
CRS group that received LAC and the not-stressed control
group (NrCAM1: F1,20 = 20.2, p , .001 [stress]; F1,20 = 24.3, p
, .001 [treatment]; F1,20 = 0.9, p = .4 [interaction]; L1CAM1:
F1,18 = 9.3, p , .01 [stress]; F1,18 = 2, p = .2 [treatment]; F1,18 =
1.3, p = .3 [interaction]) (Figure 4A, B). We also found a
decrease in NrCAM1 exosome levels in not-stressed control
mice that received LAC. These findings are consistent with
previous studies reporting a link between increased synaptic
glutamatergic activity and increased exosome levels, an effect
4 Biological Psychiatry: Global Open Science January 2025; 5:100401
that we show is blocked by administration of the epigenetic
modulator of glutamatergic function LAC after chronic stress.
Stress-Induced Transcriptional Changes in the vDG
and BLA Mirror the Directionality of Changes in the
Levels of Neuronal Exosomes: b-Estradiol Signaling
as a Potential Upstream Driver of Exosome Levels

Next, we hypothesized that the CRS-induced opposite pattern
of changes in neuronal exosome levels in the vDG and BLA is
suggestive of differential regulation of gene expression in these
mood-regulatory brain areas. We used RNA-seq and bio-
informatic analyses to capture simultaneous transcriptome-
wide alterations in the vDG and BLA tissue after CRS versus
age-matched not-stressed control mice (Figure 5) to begin to
identify the genes and molecular pathways that contribute to
exosome levels in stress responses. We used a total of 9 mice
for each group, and 3 mice with the same vulnerability and
www.sobp.org/GOS
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Figure 3. A second approach for exosome isolation corroborates the relationship between neuronal exosome levels in plasma and the vDG of the hip-
pocampus. (A) Publicly available databases (e.g., The Human Protein Atlas, https://www.proteinatlas.org/) show that NrCAM is a protein with high and robust
expression in the brain and negligible expression in peripheral organs. The expression of NrCAM is also mutually exclusive with the expression of L1CAM in the
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increase in the levels of neuronal exosomes assayed in both plasma and vDG tissue compared with age-matched not-stressed control mice [(C) p = .04, Ctrl
(n = 6): 8.8 3 109 ng/mL 6 0.1; CRS (n = 8): 9.5 3 109 ng/mL 6 0.3; (D) p = .0001, Ctrl (n = 7): 8.6 3 109 ng/mL 6 0.1; CRS (n = 9): 9.7 3 109 ng/mL 6 0.2]. In
addition to corroborate the relationship between neuronal exosomes assayed in plasma and vDG tissue with the use of L1CAM, these findings provide a tool with
greater cellular and topographical specificity that can be used in future translational research. Bars represent mean 6 SEM. Asterisks indicates significant com-
parisons with the not-stressed control group. *p , .05, ***p , .001 at 1-tailed Student’s t tests as appropriate. CRS, chronic restraint stress; RNAseq, RNA
sequencing; vDG, ventral dentate gyrus.
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phenotype were pooled together to yield the proper amount of
RNA per sample in each of the 3 biological replicates of each
group, as we and others described in prior papers (15,33).
First, we assessed the quality of the transcriptomic data after
the initial filtering and normalization steps of the differential
expression analysis. Volcano plot analyses showed a robust
number of genes that reached the designated fold change (FC)
and significance cutoffs (false discovery rate [FDR] # 0.15, FC
. 1.3, log2FC. 0.4) (Figure 5A, B). We also used unsupervised
principal component analysis to cluster individual samples for
the vDG and BLA RNA-seq data. This analysis reduces vari-
ables within high-dimensional transcriptional data by trans-
forming a large number of transcript changes into single
variables or principal components (PCs) and depicting sam-
ples on a coordinate system based on these specific PCs
(Figure 5C, D). Principal component analysis of the vDG RNA-
seq data showed a clear separation between the CRS and
control groups based on a map from the top 3 PCs, i.e., PC1,
PC2, and PC3 (Figure 5C); a similar separation of the CRS and
control groups was obtained using BLA-specific PC1, PC2,
and PC3 (Figure 5D). CRS mice were characterized by
depressive-like behaviors as shown by a decrease in social
interactions, abnormal coping style test, and anhedonia-like
Biological Psychiatry: Glo
behavior as previously shown by our and other groups
(15,23,34,35). Taken together, these data indicate that the
RNA-seq data for these 2 stress-sensitive brain areas captured
meaningful transcriptomic changes in phenotypes of chronic
stress.

We found that CRS results in a differential regulation of gene
expression in the vDG and BLA, with a pattern of more pro-
nounced transcriptomic changes and .3 times as many differ-
entially expressed genes in the vDG versus the BLA (Figure 5A, B,
circles). We found altered expression of 395 genes with 236
upregulated and 159 downregulated genes in the vDG of CRS
versus not-stressed control group and a different pattern of
changes with the differentially expressed genes preferentially
downregulated (90 downregulated, 25 upregulated) and a smaller
number of transcriptomic changes in the BLA than the vDG using
the same cutoffs. These data showed a remarkable directionality
of transcriptomic changes that parallel the changes observed in
neuronal exosome levels after CRS in these 2 brain areas.

Using enrichment and Gene Ontology (GO) analyses on the
differentially expressed transcripts, we showed that CRS
altered multiple relevant signaling pathways in the vDG and
BLA (Figure 6 and Table S1). In both brain areas, bioinformatic
analyses showed meaningful gene categories related to
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dendritic remodeling, neuron projection, and extracellular ma-
trix compartments consistent with prior research showing
extensive structural changes in the ventral hippocampus and
BLA after prolonged chronic stress (13,23,31,36). In the vDG, a
particularly meaningful gene category was related to insulin
signaling pathways (Figure 6A), with upregulation of Igf2 (FC =
1.74, FDR = 2.2 3 1024) and Lrp2 (FC = 2.40, FDR = 2.0 3

1023), as well as insulin-like growth factor proteins Igfbp2
(FC = 2.20, FDR = 3.13 3 1028) and Igfbp3 (FC = 1.61, FDR =
.02). There was a downregulation of Igfbp6 (FC = 0.42, FDR =
4.28 3 1027), Rxfp1 (FC = 0.59, FDR = 4.5 3 1024), and Glp2r
(FC = 0.58, FDR = 7.8 3 1023). The current findings are also
akin to prior studies that showed robust changes in key
markers of the insulin signaling cascade in the vDG of rodent
models with depressive-like behavior as well as in the molec-
ular cargo of L1CAM1 exosomes isolated from plasma of pa-
tients with MDD (1,37). Our bioinformatic analyses and RNA-
seq road maps of these 2 brain areas expand current litera-
ture on the effects of CRS on suppressing expression of key
glutamate genes in the vDG, the mGlu2 receptor and the glial
glutamate exchanger xCT (15), and provide a simultaneous
transcriptomic characterization of the vDG and BLA in the
aftermath of chronic stress that will be an important reservoir
for future studies aimed at understanding the role of exosomes
in stress neurobiology.

Lastly, to address potential regulation of neuronal exosome
levels through molecular targets and mechanisms, we used a
complementary bioinformatic approach to disentangle those
specific overlapping molecular pathways between the vDG
and BLA and the upstream regulators that may account for
common mechanisms across the 2 brain areas. We found 43
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Figure 5. High quality RNA sequencing data
carries a signal that separates the CRS group from
the not-stressed control group. (A) Volcano plot of
transcripts in the vDG with cutoffs of FDR # 0.15
(2log10(FDR) $ 0.83) and FC . 1.3 (log2FC , 0.4).
Insets show the total number of up- and down-
regulated genes that meet these cutoffs (236 upre-
gulated, 159 downregulated). (B) Volcano plot of
transcripts in the BLA with cutoffs of FDR # 0.15
(2log10(FDR) $ 0.83) and FC . 1.3 (log2FC , 0.4).
Insets show the total number of up- and down-
regulated genes that meet these cutoffs (25 upre-
gulated, 90 downregulated). (C) PCA of vDG
samples based on read counts showing separation
of control and CRS samples by the top 3 principal
components (PC1, PC2, and PC3). (D) PCA of BLA
samples based on read counts showing separation
of control and CRS samples by the top 3 principal
components (PC1, PC2, PC3). BLA, basolateral
amygdala; CRS, chronic restraint stress; FC, fold
change; FDR, false discovery rate; PCA, principal
component analysis; vDG, ventral dentate gyrus.
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overlapping differentially expressed genes between the 2 brain
areas, with largely opposite patterns of regulation (Figure 7A
and Table S2). In fact, when these genes were clustered, 33
of them fell into a cluster showing predominantly opposite
directionality, with most genes upregulated in the vDG and all
of them downregulated in the BLA. This pattern mirrored
changes in neuronal exosome levels in these same brain areas.
Notably, the most relevant term generated by cellular
component GO analysis was secretory/exocytic vesicles
(Figure 7B).

Next, we performed upstream regulator analysis to predict
those signaling pathways that may be upstream of the
changes to the overlapping 43 transcripts between the vDG
and BLA. As shown by the heatmap of upstream regulators
depicting z score of prediction (Figure 7C), we found that the
predictions were largely in opposite directions in the vDG and
BLA, consistent with the inverse directionality of differentially
expressed genes loaded into the upstream analysis. Notably,
the upstream regulator pathway with the largest z score across
the 2 areas was b-estradiol signaling (Figure 7D), which is
consistent with prior findings of a link between b-estradiol
signaling and stress-dependent structural changes (38–42)
and other findings suggesting that the secretion of exosomes
is modulated by estradiol (43,44). Interestingly, b-estradiol
signaling was also the only upstream regulator predicted to
regulate synaptotagmins Syt2 and Syt6, the 2 transcripts
responsible for the GO enrichment for secretory/exocytic
vesicles. This study provides a conceptual template for future
studies aimed at characterizing the connection between
Biological Psychiatry: Glo
estradiol-related transcriptional networks and exosome
biology in the response to stress.

DISCUSSION

In this study, we reported increased levels of neuronal exo-
somes assayed in plasma of mice after chronic stress, an ef-
fect that we have previously shown in patients with MDD (1).
We also reported a specificity of changes in the levels of
neuronal exosomes in that we found no changes in the levels
of total exosomes (i.e., exosomes not enriched for neurons)
and that the changes in neuronal exosomes assayed in plasma
reflect the levels of neuronal exosomes directly assayed in the
vDG of the hippocampus but not in the brain area Obs. To
advance translational applications of neuronal exosome anal-
ysis using plasma (the most accessible specimen for trans-
lational research), our data also showed an amelioration of
CRS-induced increase in neuronal exosome levels assayed
in plasma after administration of LAC. Furthermore, our data
showed an opposite pattern of CRS-induced changes in
neuronal exosome levels between the vDG and BLA that
mirrored transcriptional changes in these 2 brain areas and
pointed to b-estradiol signaling as an upstream driver of the
effects of chronic stress on neuronal exosome levels.

The stress-induced increase in neuronal (L1CAM1 and
NrCAM1) exosome levels assayed in both plasma and vDG
tissue is important because exosome levels are altered in a
variety of diseases, and exosomes are regulatory mechanisms
of brain plasticity (1–4,10,11). Furthermore, no significant effect
bal Open Science January 2025; 5:100401 www.sobp.org/GOS 7
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of CRS was found in total exosomes (i.e., not enriched for
neurons) or in the levels of neuronal exosomes in the Obs brain
area. Using this same technology, we previously showed an
increase in the levels of neuronal exosomes in patients with
MDD compared with age- and sex-matched control subjects
(1). We also reported a brain metabolic dysfunction known as
insulin resistance as shown by an increased expression of the
insulin-docking protein IRS1, a molecular hub that propagates
8 Biological Psychiatry: Global Open Science January 2025; 5:100401
the insulin signaling cascade, in depression (1). Prior work has
shown a widespread localization of molecular markers of the
insulin signaling pathway in brain areas key for mood and
cognition, including the hippocampal subregions (45,46). The
insulin signaling pathway was consistently among the top 5
gene categories in the GO analysis, with meaningful changes
in molecular markers such as Igf2 and Lpr2 in the vDG of the
hippocampus of CRS mice compared with not-stressed
www.sobp.org/GOS
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control mice. Therefore, the animal models provide a con-
ceptual platform that is consistent with the role of brain insulin
resistance among other mediators of allostatic load (gluta-
matergic dysfunction, altered trophic environment, and in-
flammatory states) in humans with depression (12,47–51).
Collectively, these 2 complementary strategies strongly sup-
port a relationship between central (vDG) and peripheral
(plasma) neuronal exosome levels, and the use of NrCAM
provides greater cellular specificity to the utility of plasma
neuronal exosome analysis.

A potential biological underpinning of the observed stress-
induced increase in neuronal exosomes in the vDG may be
that the overflow of synaptic glutamate in the hippocampus
after CRS leads to the increased release of exosomes in the
vDG, which is reflected in the levels of neuronal exosomes
isolated from plasma. Using the same chronic stress para-
digm, prior studies showed that CRS leads to remodeling of
apical hippocampal dendrites (31) and suppression of neuro-
genesis in the vDG (12), both dependent upon glutamate
release acting synergistically with glucocorticoids (52). Prior
work also showed a link between higher release of exosomes
and increased synaptic glutamatergic transmission (20).
Dysfunction of glutamatergic neurotransmission is a core
feature of major mental illnesses (19). The CRS-induced in-
crease in neuronal exosome levels in vDG together with the
prior findings of suppressed expression of mGlu2 receptors
after chronic stress is akin to the role of exosomes in the
regulation of multiple biological processes dependent upon
glutamate overflow (12–14). The rapid amelioration of neuronal
exosome levels assayed in plasma of CRS mice after admin-
istration of LAC supports a link between glutamatergic activity
and exosome levels in responses to chronic stress. As we
reviewed elsewhere, there are multiple biological mechanisms
underlying the rapid antidepressant-like response of LAC that
involve epigenetic modulation of glutamatergic function and its
effects on the normalization of insulin resistance (12,15,16,53).
It is also interesting to note the decrease in NrCAM1 exosome
levels in not-stressed mice receiving LAC that is akin to prior
findings that showed a subset of more susceptible mice
among not-stressed mice characterized by a predisposition to
develop stress-induced neurobiological and behavioral deficits
owing to a mineralocorticoid receptor–mediated suppression
of mGlu2 receptor among other factors (32,54). Future research
is warranted to study individual differences in exosome levels
among genetically similar mice with NrCAM1 as a marker to
detect more subtle changes. Lastly, the finding of the rapid
amelioration of neuronal exosome levels after administration of
LAC to CRS mice is of particular importance to translational
research because of the previously reported finding of
increased neuronal exosomes assayed in plasma of patients
with MDD characterized by a deficiency of LAC (1). Regulation
of neuronal exosome levels may represent an innovative
therapeutic target in treatment of stress-related disorders,
including depression, toward the development of more effec-
tive precision medicine models.

In contrast to the increased neuronal exosome levels in the
vDG, our data showed that chronic stress led to a suppression
of neuronal exosome levels in the BLA and that these effects
paralleled the patterns of changes in transcriptomic profiles of
these 2 brain areas. The higher levels of vDG neuronal
Biological Psychiatry: Glo
exosomes were associated with an increased number of
upregulated transcripts in this same brain area after CRS;
conversely, the lower neuronal exosomes levels in the BLA
were associated with an increased number of downregulated
transcripts in this other key brain area. Bioinformatic analyses
showed meaningful changes in molecular pathways related to
dendritic remodeling, neuron projection, and extracellular ma-
trix compartments. The divergent plasticity in terms of exo-
some levels between the vDG and BLA is akin to prior findings
of opposite responses of these 2 brain areas to chronic stress
in terms of morphology and synaptic and dendritic plasticity
(13,23,31). Clinical studies have also shown smaller hippo-
campal volume in subjects with depression (55,56), whereas
amygdala enlargement has been reported in children of
mothers with chronic depression (57). Future studies are war-
ranted on further development of the exosome technology to
capture the response of the BLA with new markers for the
isolation of the specific exosomes from plasma that may reflect
changes in the BLA to add further regional granularity for this
brain area.

It is interesting to note that b-estradiol signaling was the
common upstream regulator pathway with the largest z score
across the 2 areas with an opposite pattern of changes
(upregulated in vDG, downregulated in BLA). This directionality
of changes paralleled the pattern of changes observed in
neuronal exosome levels. Our bioinformatic analysis showed
that b-estradiol signaling was the only upstream regulator
predicted to regulate synaptotagmins Syt2 and Syt6, 2 tran-
scripts responsible for the GO enrichment for secretory/exo-
cytic vesicles. Prior work showing that exosome secretion is
modulated by b-estradiol signaling support the current findings
of b-estradiol signaling as a main driver of exosome levels in
the stress response (43). It is also fascinating to note that
previous work showed that b-estradiol protects neurons from
the development of insulin resistance (58). Moreover, in the
aftermath of the stress response, b-estradiol signaling acts
synergistically with glutamatergic neurotransmission to
modulate brain plasticity (12,13). The current work suggests a
link between CRS-related exosome levels and b-estradiol
signaling in the male mouse brain. Because of the known sex
differences in the stress response and in b-estradiol signaling,
including the source of b-estradiol in the brain that differs
between male and female mice, the current findings support
further exploration to characterize the connection between b-
estradiol signaling and exosome biology in the stress response
and understand potential sex differences in these biological
processes.
Conclusions

In all, this work establishes a link between neuronal exosomes
assayed in the hippocampus (vDG) and plasma, providing a
conceptual template for future studies regarding new forms of
brain-body communication to develop multidimensional
models of resilience to stress. This work supports future
studies aimed at ascertaining the exosome cargo that can
have important translational and biomarker utility. Our findings
also lay the groundwork for further exploration of the role of
steroid and sex hormones in these processes. Together with
prior findings of aberrant LAC levels and increased levels of
bal Open Science January 2025; 5:100401 www.sobp.org/GOS 9
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neuronal exosomes in patients with depression, we hope that
this study will stimulate the opening of new therapeutic stra-
tegies targeted at adjusting neuronal exosome levels important
for a variety of stress-related disorders.
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