S,

' ¥ e e
” F e '--'-‘""-u._
/ y "~

-

\_:k‘&

Sciefice =~ =i




L)

Check for
updates

SCIENCE ADVANCES | RESEARCH ARTICLE

SOCIAL SCIENCES

Global impacts of extractive and industrial
development projects on Indigenous Peoples’ lifeways,

lands, and rights

Arnim Scheidel’, Alvaro Fernandez-Llamazares®>'#, Anju Helen Bara®, Daniela Del Bene',
Dominique M. David-Chavez®, Eleonora Fanari', Ibrahim Garba®, Ksenija Hana"ek"®, Juan Liu”"",
Joan Martinez-Alier', Grettel Navas®, Victoria Reyes-Garcia'®, Brototi Roy''°, Leah Temper'’,
May Aye Thiri', Dalena Tran', Mariana Walter', Kyle Powys Whyte'?

Copyright © 2023 Tiic
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

To what extent do extractive and industrial development pressures affect Indigenous Peoples’ lifeways, lands,
and rights globally? We analyze 3081 environmental conflicts over development projects to quantify Indigenous
Peoples’ exposure to 11 reported social-environmental impacts jeopardizing the United Nations Declaration on
the Rights of Indigenous Peoples. Indigenous Peoples are affected in at least 34% of all documented environ-
mental conflicts worldwide. More than three-fourths of these conflicts are caused by mining, fossil fuels, dam
projects, and the agriculture, forestry, fisheries, and livestock (AFFL) sector. Landscape loss (56% of cases), live-
lihood loss (52%), and land dispossession (50%) are reported to occur globally most often and are significantly
more frequent in the AFFL sector. The resulting burdens jeopardize Indigenous rights and impede the realiza-

tion of global environmental justice.

INTRODUCTION

Indigenous leaders, scholars, and knowledge holders have long
highlighted how their stewardship practices offer key solutions to
maintain biodiversity, mitigate climate change, and engender posi-
tive social change more broadly (I-3). One of the ways in which In-
digenous Peoples achieve these stewardship roles is by protecting
their territories from extractive and industrial development pres-
sures (3-6).

Although Indigenous Peoples have contested land encroach-
ment and oppression from the advent of colonialism to the
present (7—9), many continue to be severely affected by develop-
ment projects causing environmental conflicts worldwide (10—
13). Such social conflicts over extractive and industrial projects
and their adverse social-environmental burdens occur despite nu-
merous efforts to recognize and enforce Indigenous rights, includ-
ing through national legislations and global policy instruments like
the International Labor Organization's (ILO) Convention 169 and
the United Nations Declaration on the Rights of Indigenous Peoples
(UNDRIP) (14, 15).

In environmental conflicts, Indigenous Peoples face severe
impacts, such as livelihood loss and land dispossession (16),
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environmental pollution (17, 18), threats to their knowledge
systems (19), racial- and gender-based violence (20-23), as well as
intimidations and assassinations (12, 24). Global reports about In-
digenous rights violations have provided extensive qualitative evi-
dence about such impacts, for instance, by compiling local
testimonies, oral histories, and in-depth narratives from diverse
case studies (25). Except for recent analyses on direct violence
and killings affecting Indigenous Peoples in environmental conflicts
(10, 26), such global studies have left unanswered questions about
the frequency of occurrence of the social-environmental impacts
that conflictive development projects put on Indigenous Peoples’
lifeways, lands, and rights worldwide.

To address this knowledge gap, we present here the largest quan-
titative analysis of reported social-environmental burdens that In-
digenous Peoples bear in environmental conflicts worldwide. We
quantify the extent to which Indigenous groups are affected by con-
flictive extractive and industrial development projects and provide
extensive data on their exposure to a range of associated social-en-
vironmental impacts. Our results provide large-scale evidence of the
magnitude of environmental burdens faced by numerous Indige-
nous Peoples worldwide and bring into focus the Indigenous
rights violations associated with these burdens.

Methodologically, we build upon comparative and statistical ap-
proaches in political ecology aiming to reveal trends and patterns of
environmental conflict characteristics in a more systematic way (10,
27). Theoretically, our analysis is grounded in scholarship ap-
proaching environmental justice from the perspectives of Indige-
nous communities (28, 29), showing that global environmental
injustice is a structural undercurrent for many of the challenges
faced by contemporary Indigenous Peoples (29-32). We share the
views from Indigenous intellectual traditions where knowledge is
understood as being fundamentally interwoven with practice and
ethics (I, 33-35). Largely drawing from these perspectives and fol-
lowing calls for the use of quantitative research approaches to
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inform policy concerned with Indigenous issues (36, 37), we discuss
the implications of our results for upholding Indigenous Peoples'’
rights and enhancing environmental justice, broadly understood
here as the advancement toward the eradication of adverse social-
environmental burdens compromising peoples’ lifeways, lands,
and rights.

Our analysis draws on the most comprehensive dataset available:
3081 environmental conflict cases, documented through the global
Environmental Justice Atlas (EJAtlas) (data S1), which we collected
through a crowdsourced and collaborative data collection process
(38). Scholars have previously used selected EJAtlas data for
diverse thematic, sectoral, and country-wide analyses of environ-
mental conflicts [e.g., (21, 38, 39)] and for global characterizations
of environmental conflicts and determinants of the occurrence of
direct violence (10, 27). This study examines the global EJAtlas

dataset thoroughly from the lens of Indigeneity and through the
consideration of a wide range of social-ecological impacts beyond
direct violence. For this purpose, we identify through an extensive
review process the names of the specific Indigenous groups involved
in conflicts (see Supplementary Text) and combine the EJAtlas
dataset with data on the spatial extent of Indigenous Peoples’
lands (40) and data on the status of the languages spoken by the af-
fected Indigenous groups (41, 42). On this basis, we show the global
overlap of conflictive extractive and industrial development projects
with Indigenous Peoples’ lands, describe the specific Indigenous
groups most frequently affected in our dataset, and identify
threats to Indigenous language use.

We assess the reported frequency of 11 adverse impacts globally
and across six sectors and discuss their implications for environ-
mental justice and Indigenous rights as recognized in UNDRIP.

ILO C169 not ratified O

[ ]
[ ]

ILO C169 ratified (@)

Environmental conflict involving
Indigenous Peoples (n = 1044)

Environmental conflict 1%
involving other groups (n = 2049)

=ty

Percentage of lands under
Indigenous stewardship

20% 40% 60% 80% 100%

Fig. 1. Map of environmental conflicts involving Indigenous Peoples and other groups (n =3081), ILO C169 signatory countries, and Indigenous Peoples’ lands.
The resolution is by necessity imprecise, as boundaries between Indigenous and other lands are often under dispute. Unmapped areas do not necessarily indicate an
absence of Indigenous Peoples or an absence of conflicts, but areas for which an Indigenous connection cannot be inferred on the basis of publicly available geospatial
data or no conflict data are available (40). A total of 95% of the environmental conflicts involving Indigenous Peoples began during or after the 1970s, while more than
50% of cases began between 2007 and 2020. Note that social-environmental impacts occurring in environmental conflicts have long-term effects that compromise
Indigenous Peoples’ lifeways well beyond the year when the conflict started. ILO C169 signatory countries are provided in table S3. UNDRIP was adopted in 2007 in

the General Assembly by a majority of 144 states (table S4).

Scheidel et al., Sci. Adv. 9, eade9557 (2023) 7 June 2023

20of9



SCIENCE ADVANCES | RESEARCH ARTICLE

The assessed impacts include (i) livelihood loss, (ii) land disposses-
sion, (iii) displacement, (iv) traditional knowledge loss, (v) land-
scape loss, (vi) militarization, (vii) impacts on women, (viii)
deforestation, (ix) biodiversity loss, (x) water degradation, and
(xi) soil degradation. The assessed sectors include (i) mining; (ii)
fossil fuels; (iii) dams; (iv) the agriculture, forestry, fisheries, and
livestock (AFFL) sector; (v) industries and other infrastructures,
and (vi) other sectors (see Materials and Methods and tables S1
and S2 for definitions).

We acknowledge that the range of impacts analyzed here is nec-
essarily incomplete and that crowdsourced convenience samples,
such as the one analyzed here, have inherent data limitations
arising from potential sample selection and reporting biases (see
Materials and Methods for a detailed discussion). However, for
global social-ecological phenomena for which the total population
of cases is unknown and where access to information is constrained,
the use of such datasets is often the only available alternative to
advance our understanding of their patterns of occurrence. In this
context, our study provides the largest global quantitative assess-
ment of reported adverse social-environmental impacts to which
Indigenous Peoples have been exposed in conflictive development
projects. The findings are relevant to enhance current knowledge
about the extent to which extractive and industrial development
pressures affect Indigenous Peoples' lifeways, lands, and rights glob-
ally and can inform current policy efforts to uphold Indigenous
Peoples’ rights enshrined in UNDRIP.

RESULTS

Indigenous Peoples comprise about 6.2% of the world's population
(43) and steward about a quarter of the world's terrestrial surface
(Fig. 1) (40). According to our dataset, they are involved in at
least 34% of documented environmental conflicts over extractive
and industrial development projects (Fig. 2). This finding converges
with evidence derived from other datasets, which shows that Indig-
enous Peoples often find themselves on the frontlines of industrial-
extractive expansion (11, 26). Most countries where conflicts occur
endorse UNDRIP (table S4). However, only 24 countries have rat-
ified the legally binding ILO C169 convention (Fig. 1 and table S3).

In the 1044 environmental conflicts involving Indigenous
Peoples (data S2), we find at least 740 distinct Indigenous groups
affected, representing at least 15% of the approximately 5000 Indig-
enous groups known worldwide. The Quechua (51 conflicts),
Mapuche (31), Gond (30), Aymara (20), Nahua (20), Ijaw (20),
Munda (19), Kichwa (19), Guarani (18), and Karen (18) are the
10 Indigenous groups more frequently featured in the EJAtlas
dataset. Substantial data gaps remain, particularly for Central
Asia, Russia, and the Pacific (data S3). The actual number of affected
Indigenous groups is expected to be much higher, particularly when
considering that some regions have limited data coverage. Further-
more, an additional 7% of conflict cases involve other non-Indige-
nous place-based communities with long-term connections to their
lands, including most prominently Quilombolas (35 conflicts) and
other Afrodescendant communities (29).

The social-environmental impacts faced by many Indigenous
Peoples in conflictive extractive and industrial development pro-
jects, as well as their long-term effects on livelihoods, lands and
well-being, undermine the fulfillment of UNDRIP. Our results
show the frequency of reported impacts at the global level and
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across sectors (Fig. 3; see Materials and Methods for a discussion
of data limitations). Loss of landscape is reported most often in
our dataset, with a global frequency of 56% of all cases, jeopardizing
specifically UNDRIP article 25 on the right to maintain Indigenous
spiritual relations with their traditionally used territories. Liveli-
hood loss and land dispossession are reported globally in 52 and
50% of all cases, respectively. These impacts raise concerns over
the fulfillment of UNDRIP articles 20 and 21, both addressing the
rights to maintain, secure, and improve their economic and social
systems and conditions, as well as article 26 on the right to exercise
control over their lands, territories, and resources.

Other frequently reported impacts include deforestation (43%),
biodiversity loss (43%), water degradation (40%), and soil degrada-
tion (31%), which severely compromise UNDRIP article 29 on the
right to the protection and conservation of their environment and
the productive capacities of their territories. In addition, displace-
ment (43%) threatens article 10 protecting Indigenous Peoples from
relocation without free, prior, and informed consent. Knowledge
loss (43%) jeopardizes their right to maintain and protect their tra-
ditional knowledge (article 31); militarization (32%) provokes social
and political concerns over the unrightful presence of armed forces
in Indigenous territories (article 30); while specific impacts on
women (20%) compromise the fulfillment of their special needs en-
shrined in UNDRIP article 22.

Extractive and industrial development also threatens Indigenous
linguistic diversity (44). While environmental injustice puts stress-
ors on all Indigenous languages, groups with smaller speaker pop-
ulations are often less resilient to external pressures (44, 45). A total
of 45.7% of the Indigenous groups affected by environmental con-
flicts over development projects speak languages that are critically
pressured (Fig. 2; see Materials and Methods for data sources and
limitations). Threats to Indigenous language use and the different
contexts of language awakening are generally concomitant to
broader cultural pressures that undermine UNDRIP article 13.

According to our dataset, four sectors account for more than
three-quarters of all environmental conflicts involving Indigenous
Peoples: mining (24.7%), fossil fuels (20.8%), the AFFL sector
(17.5%), and dams (15.2%) (Fig. 2). While the mining sector is im-
plicated in the highest number of conflicts involving Indigenous
Peoples (n = 258), the AFFL sector is associated with an alarmingly
high frequency of reported impacts (Fig. 3). Specifically, deforesta-
tion (74% of cases), land dispossession (74%), livelihood loss (69%),
and biodiversity loss (69%) are reported to occur significantly more
frequently in the AFFL sector, compared to other sectors and the
global average (table S5).

These impacts produce severe social-environmental burdens on
Indigenous communities across all inhabited continents (Fig. 1)
and pose a major barrier to advancing environmental justice and
Indigenous rights globally. Our results highlight that efforts
toward achieving zero tolerance of Indigenous rights violations
(46) are urgently needed.

DISCUSSION

Our findings provide quantitative evidence of the breadth and
depth of environmental injustices that many Indigenous Peoples
face globally. Indigenous Peoples’ lands intersect some of the
world’s most unexploited natural areas (40, 47, 48), which have
been a target for extractive and industrial development and a
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Global population
(7.7 billion)

6.2% Indigenous Peoples 33.9% affecting Indigenous
Peoples (n = 1044)

(ca.476.6 million)

Global sample of environmental
conflicts (n = 3081)

20 most reported Indigenous
groups (n = 740)

Quechua, Mapuche, Gond, Aymara,
ljaw, Nahua, Kichwa, Munda, Guarani,
Karen, Santhal (Munda), Shan, Oraon,
Q’eqchi’ (Maya), Dayak, Shuar, Ojibwe
(Anishinaabe), Buglé, Ngabe, and Sami

Linguistic status of affected
Indigenous groups (n = 740)

0% 20% 40% 60% 80% 100%
M Critically pressured
Not evaluated in global datasets
Stable (despite pressures)

Main sectors driving environmental conflicts with Indigenous Peoples globally

AFFL Dams Others 12.2%
17.5% 15.2% e.g.,
e.qgy eg., conservation, waste
agriculture, hydropower  disposal, tourism,and
forestry, damsand flood nuclear plants.
fisheries, management
aquaculture,and dams. Industries, other
intensive infrastructures
livestock. 9.7%
see table S1
[ [ I |
0% 25% 50% 75% 100%

Fig. 2. Overview of environmental conflicts involving Indigenous Peoples. (Top) Left: Environmental conflicts involving Indigenous Peoples compared to the share of
the Indigenous population of the world population. Right: Most reported Indigenous groups affected by environmental conflicts and their linguistic situation. (Bottom)
Sectors causing environmental conflicts with Indigenous Peoples globally. Sectoral definitions and examples are provided in table S1. Population estimates refer to

2019 (43).

breeding ground for environmental conflicts from colonialism to
the present (7, 11-13). By showing that Indigenous Peoples’ life-
ways, lands, and rights continue to be substantially disrupted by
the resource demands of the world economy’s metabolism (49),
this study complements previous Indigenous scholarship highlight-
ing the colonial-economic drivers of environmental injustices (29,
30). The resulting burdens are concomitant with multidimensional
patterns of violence (39) and exacerbate legacies of intergeneration-
al trauma and land dispossession (50).

Because of methodological limitations in gathering data on en-
vironmental conflicts globally, we note that our dataset cannot be
considered complete and that potential reporting biases remain.
The results should therefore be interpreted with caution, particular-
ly regarding the number of Indigenous groups affected and the
limited number of reported impacts discussed here. Furthermore,
our data do not include information about how reported impacts
are distributed within Indigenous communities and the possible
differences in opinions among community members regarding
the desirability of extractive and industrial development projects
(51, 52).

Nevertheless, the findings demonstrate the sheer size of Indige-
nous rights violations associated to industrial ways of life. Interna-
tional instruments like the ILO C169 convention and UNDRIP can

Scheidel et al., Sci. Adv. 9, eade9557 (2023) 7 June 2023

play an important role for advancing Indigenous rights. Our results
show that current levels of ratification, implementation, and mon-
itoring are insufficient to ensure respect for such rights. The ILO
C169 convention is now the only legally binding global instrument
that safeguards the application of the principle of free, prior, and
informed consent, yet most countries with lands under Indigenous
stewardship and with environmental conflicts affecting Indigenous
Peoples have not ratified it (Fig. 1).

While most countries endorse UNDRIP, results suggest that sig-
natory nations are not upholding their commitments to protect In-
digenous rights (Fig. 3). UNDRIP rights violations occur across all
sectors addressed in this study, whereas land dispossession, liveli-
hood loss, and environmental degradation are significantly more re-
ported in the AFFL sector. These issues can be addressed by
strengthening the protection of Indigenous rights over their lands
(53, 54). Furthermore, due diligence of corporations within the
AFFL sector may be enacted if shareholders and consumers
demand additional scrutiny, accountability, and action. Last,
efforts to advance UNDRIP will require further attention to indus-
tries and corporations, causing environmental harm and violating
environmental rights, which now remain insufficiently addressed in
the declaration (55).
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Reported social-environmental impacts of conflictive development projects affecting Indigenous Peoples

(UNDRIP articles specifically jeopardized by reported impacts)

Global

average AFFL Dams
Loss of landscape

(articles 25 and 29)

Livelihood loss
(articles 20 and 21)

Land dispossession
(article 26)

Deforestation
(article 29)

Biodiversity loss
(article 29)

Displacement
(article 10)

Knowledge loss
(articles 24 and 31)

Industries,
infra-
Mining structures  Other

29% 22%
21-39% 15-30%

Fossil fuels

Water degradation 26% 23%
(article 29) 18-36% 16-31%
Militarization 26% 27% 29%
(article 30) 21-33% 19-37% 22-38%
Soil degradation 18% 35% 22% 21%
(article 29) 12-25% 29-42% 15-32% 15-30%
Impacts on women 20% 23% 21% 19% 21% 21% 16%
(article 22) 18-23% 18-30% 15-28% 14-25% 16-27% 14-31% 10-24%
Number of cases (n) 1044 183 159 217 258 100 127
Legend I
0% 10% 20% 30% 40% 50% 60% 70%

Fig. 3. Heatmap of reported social-environmental impacts and UNDRIP rights (in parentheses) jeopardized across sectors, causing environmental conflicts
with Indigenous Peoples (n = 1044). Confidence intervals (95%) of reported frequencies are shown in bold italics in the figure and in detail in table S5. Additional
uncertainty in reported frequencies may result from potential data reporting biases (see Materials and Methods for discussion on data limitations). Impact categories are

not mutually exclusive; percentages do not add up to 100% (table S1).

Current initiatives aimed at upholding Indigenous rights, and
advancing environmental justice may leverage the quantitative evi-
dence provided in this study. Such initiatives include, for example,
governmental efforts to develop corporate due diligence policies
and trade agreements conditional upon upholding UNDRIP re-
sponsibilities, as well as civil society and Indigenous divestment
campaigns targeting corporations involved in rights violations.
The case data presented here on an aggregate level are openly avail-
able through the EJAtlas (data S2) and include comprehensive and
case-specific data on the specific sectors and entities involved in en-
vironmental conflicts with Indigenous Peoples. These data can be
used accordingly to inform due diligence policies, accountability
initiatives, and divestment campaigns, thereby supporting the
transformation of the global economy toward one that respects en-
vironmental justice and Indigenous Peoples’ rights.

Scheidel et al., Sci. Adv. 9, eade9557 (2023) 7 June 2023

MATERIALS AND METHODS

Environmental conflict data

Environmental conflicts generally describe a diverse range of con-
tentious mobilizations related to environmental issues (56). Here,
we specifically address those types of environmental conflicts that
are documented in the global EJAtlas, an online database that
gathers information on conflict cases through a large network of
contributors. In the EJAtlas, an environmental conflict case refers
to the contentious mobilizations of civil society actors in which ex-
plicit social-environmental claims are made against a specific
project or economic activity that is pursued by state, corporate,
and, sometimes, also illicit actors (e.g., illegal loggers). Only cases
that are verifiable through secondary sources previously published
elsewhere are included in the EJAtlas. These sources include schol-
arly papers, civil society reports, lawsuits, formal complaints, news
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articles, and others. The use of multiple sources enables to cross-
check and triangulate information, thereby helping to reduce, to
some extent, reporting biases produced by using only a single
type of source (e.g., media sources and civil society reports) (57).
The completeness and quality of all information about conflict
cases are checked by a permanent team of moderators who are co-
authors of this article. Detailed information regarding the origin,
conceptual background, methodology, and general characteristics
of the EJAtlas database can be found in (10), (38), and (58).
Sample characteristics

The sample analyzed in this study includes 3081 environmental
conflicts, of which 1044 cases involve Indigenous Peoples (see
data S1 and S2). This sample only includes extractive and industrial
development projects that resulted in environmental conflicts, but
not cases of industrial extraction in general. One conflict case in-
cludes multiple conflict events and repeated mobilizations over
the same project causing the conflict. Each case entry details these
events through coded fields accompanied by qualitative descrip-
tions. The sample covers conflicts occurring predominantly
during the last decades: 95% of the conflicts began during or after
the 1970s, while more than 50% of the cases occurred between 2007
and 2020. We chose this large temporal coverage to include the
widest information available on how often specific social-environ-
mental impacts are reported across conflicts involving Indigenous
Peoples. Furthermore, the discussed social-environmental impacts
(e.g., deforestation, land dispossession, and livelihood loss) ramify
through complex pathways and generate legacies that compromise
Indigenous Peoples' lifeways well beyond the year when the conflict
began. The consideration of long-lasting impacts is therefore pro-
foundly relevant to understand the challenges faced by contempo-
rary Indigenous Peoples. For a detailed documentation of the case
selection procedure used here, see Supplementary Text.

The analyzed EJAtlas sample is a large convenience sample of
documented environmental conflicts over a diverse range of extrac-
tive and industrial projects, whereas the total number of environ-
mental conflicts worldwide is unknown. The use of this type of
sample has become common in environmental conflict research
(10, 26, 27) and is often the only available option to enhance our
understanding of global social-environmental phenomena with an
unknown population and constrained data access (10, 38). For
example, quantitative studies of large-scale land acquisitions and
their social-ecological implications commonly rely on crowd-
sourced databases such as the Land Matrix (59—61). Another data-
base that offers crowdsourced data on environmental conflict events
globally are Global Witness' annual statistics of killings of environ-
mental defenders (46), used, for example, in analyses of environ-
mental conflicts involving Indigenous Peoples (26, 27). However,
this dataset does not provide information on the social-environ-
mental impacts of the projects provoking the conflicts. The
EJAtlas database offers the largest global coverage of reported
social-environmental impacts affecting Indigenous Peoples in envi-
ronmental conflicts. It enables us to improve our understanding of
the reported frequency of these, at a scale that has not been possible
so far.

Sample limitations

Because of the inherent characteristics of crowdsourced conve-
nience samples, important limitations for data interpretation
apply. First, the data used here are only a sample and not a complete
inventory of environmental conflicts, which is not possible to
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obtain at the global level. Thus, the number of groups of Indigenous
Peoples identified here represents a conservative lower boundary of
the minimum of Indigenous Peoples affected by conflictive resource
use projects worldwide but does not indicate the actual number of
affected groups that is unknown. At the country level and for
regions with adequate media coverage, independent academia,
and strong civil society, we encourage to contrast our results with
further systematic research, such as systematic screenings (62).
Second, data gaps on environmental conflicts remain for specific
geographic regions, i.e., Russia and Mongolia, Central Asia, and
the Pacific. This is because of several reasons, including a lack of
collaborators, or censorship, among other factors (10). Environ-
mental conflicts involving Indigenous groups from these areas are
therefore underrepresented in the sample. Third, information re-
trieved from secondary data sources, such as formal lawsuits, schol-
arly papers, or newspaper reports may, in some cases, dismiss the
involvement of specific Indigenous groups despite their presence,
for example, because of a lack of legal recognition of specific
groups or lack of focus on Indigenous issues, among other
reasons. Thus, the identified percentage of conflicts involving In-
digenous Peoples (Fig. 2) represents a conservative and geographi-
cally biased estimate, while the actual number is possibly higher and
more ubiquitous.

Analysis of reported impacts

The EJAtlas provides information on a range of reported social-en-
vironmental impacts, caused by a conflictive project. Information
about these impacts is retrieved from the same secondary sources
used to create and verify conflict entries, i.e., scholarly papers,
civil society reports, lawsuits, formal complaints, and newspaper ar-
ticles. The use of such nonacademic knowledge sources (e.g., news-
paper accounts) has become commonplace in the study of protest
events (63), and local reports about social-ecological impacts have
become important data sources to complement other scientific
impact assessments, particularly in the context of limited data avail-
ability (64, 65). Furthermore, reported and perceived impacts are
important to consider, because they partake in creating people's re-
alities and affected communities often act in response to them
(17, 66).

The reported impacts assessed in this study include (i) livelihood
loss, (ii) land dispossession, (iii) displacement, (iv) traditional
knowledge loss, (v) landscape loss, (vi) militarization, (vii)
impacts on women, (viii) deforestation, (ix) biodiversity loss, (x)
water degradation, and (xi) soil degradation. These impacts were se-
lected on the basis of the criteria of data availability and relevance
for the UNDRIP. Furthermore, given the cross-sectoral and global
scope of our analysis, we selected only impacts that apply to a wide
range of projects, while we did not assess more specific impacts
linked to specific project types or sectors (e.g., EJAtlas impact var-
iables “oil spills” or “mine tailings”). All impacts are mutually not
exclusive, i.e., they can occur simultaneously in the same conflict.
Table S2 provides definitions of all the impact variables used in
this study.

We note that these impacts represent only a selection of impacts
to which Indigenous Peoples may be exposed in conflictive extrac-
tive and industrial development projects. Furthermore, reported
data (e.g., newspaper sources) may be subject to various forms of
biases, including selection biases (e.g., impacts considered as
worthy of media coverage), description biases (e.g., accuracy of
impact description and framing of the event), and diverging
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understanding of their specific causes (63, 67). As a case in point,
“impacts on women"” appear in our dataset less frequently than
other impacts, which our team has attributed to the fact that
gender aspects are not considered equally important across all
regions (68), thus generating a selection bias. Moreover, while we
report impacts on women as an important aspect of gendered
impacts, data availability and reporting bias limits the assessment
of other important gendered impacts, such as impacts on people
who self-identify as lesbian, gay, bisexual, transgender, queer and
questioning, and two-spirit (LGBTQ2S), among others. More gen-
erally, we note that extractive and industrial development projects
may provoke other human rights violations beyond the UNDRIP
concerns discussed here (69, 70). In addition, our dataset does
not include information on intracommunity dynamics vis-a-vis
conflictive projects, although there is evidence that the burdens
and benefits of such projects are frequently unevenly distributed
within communities and that different community members may
have different opinions regarding their desirability (51, 52).

We acknowledge these data limitations and the restricted scope
of our analysis and note that the absence of data on these and other
issues in our analysis does not imply their absence in environmental
conflicts over extractive and industrial development projects. While
potential reporting biases introduce some degree of uncertainty
over the global frequencies of reported impacts, in addition to the
confidence intervals (table S5), we believe that our results are, nev-
ertheless, of high scholarly relevance as they push the boundaries of
the knowledge frontier of Indigenous Peoples’ realities vis-a-vis ex-
tractive and industrial development pressures. Our dataset provides
a contextually rich yet globally relevant evidence basis to inform
current efforts toward achieving zero tolerance of Indigenous
rights violations (46).

Sectoral analysis

We classified environmental conflicts into six mutually exclusive
categories according to the main sectors that provoked the conflicts:
(i) AFFL, (ii) dams, (iii) mining, (iv) fossil fuels, (v) industries and
other infrastructures, and (vi) other conflicts. To arrive at this clas-
sification, all environmental conflict cases involving Indigenous
Peoples were manually screened to identify the main sector
causing the conflict. In cases where several sectors were involved
in environmental conflicts, the sector highlighted by the case con-
tributor as the main sector, causing the conflict was chosen to clas-
sify the case. Table S1 provides definitions and examples of the
sectoral categories used in this study.

Data on Indigenous Peoples’ lands and languages

The definition of Indigeneity adopted here largely aligns with those
of the ILO Indigenous and Tribal Peoples Convention 1989 (no.
169) article 1 [(14); see Supplementary Text for details]. We used
the boundaries of Indigenous lands mapped in (40), who identified
Indigenous lands across 87 countries or politically distinct areas.
This dataset represents the most comprehensive assessment of ter-
restrial lands where Indigenous Peoples have customary ownership,
management, or governance arrangements in place, regardless of
legal recognition (47, 48). It is based on 127 publicly available
sources, including cadastral records, participatory maps, and
census data. We acknowledge that voids in these maps do not nec-
essarily imply an absence of Indigenous Peoples or their lands but
rather areas for which an Indigenous connection cannot be deter-
mined from publicly available geospatial resources. Given that some

Scheidel et al., Sci. Adv. 9, eade9557 (2023) 7 June 2023

of the boundaries of Indigenous Peoples’ lands are fiercely disputed,
we present information only as a percentage of land in 100-km* grid
cells. We also note that, while data by Garnett et al. (40) report on
Indigenous Peoples’ lands, the EJAtlas data report on Indigenous
actors involved in environmental conflicts. However, they may
have moved to places where no Indigenous stewardship arrange-
ments are in place. These characteristics and differences of the
two datasets explain why some conflicts appearing in Fig. 1 are in
areas where no Indigenous Peoples’ lands are identified in (40). In
addition, we gathered data on the linguistic status of the languages
spoken by the Indigenous groups in our database, from the
UNESCO'’s Atlas of the World's Languages in Danger (41), and
the Ethnologue (42). See data S3 and Supplementary Text for
details, as well as limitations about these datasets.

Statistical analysis

We used descriptive statistics to quantify and characterize the expo-
sure of Indigenous Peoples to reported social-environmental
impacts and to assess their frequency of occurrence across extractive
and industrial sectors. To understand the uncertainty in our obser-
vations of reported conflicts involving Indigenous Peoples com-
pared to reported conflicts not involving Indigenous Peoples, we
conducted a bootstrap analysis, in which we sampled and summa-
rized, with replacement, 1044 new observations from the original
dataset. This step was repeated for 1000 iterations to approximate
the distribution of the statistics of conflicts involving Indigenous
Peoples. The bootstrap results showed a normal distribution, with
a proportion of conflicts involving Indigenous Peoples at 33.8%,
with a 95% confidence interval of 32.3 to 35.45%. Confidence inter-
vals were then calculated for all assessed impacts (table S5). We used
Pearson'’s chi-square tests of independence to examine the associa-
tions between sectors and impacts affecting Indigenous Peoples
(table S5). Reported P values are two-tailed. The significance level
was set at 5%.

Research positionality

We are an epistemically, culturally, and disciplinarily diverse group
of authors, concerned with global environmental injustices. Each of
us brought distinct perspectives to this research, on the basis of our
personal and professional experiences, including our numerous en-
gagements with civil society groups, Indigenous Peoples, grassroots
organizations, and local communities working within the epistemic
community of environmental justice. This positionality inevitably
affects our analysis and interpretation. Four coauthors (A.H.B.,
D.M.D.-C,, 1.G., and K.P.W.) self-identify as Indigenous and
bring perspectives from their cultural contexts and communities
to this work (i.e., Oraon, Arawak Taino, Karai-Karai, and Potawa-
tomi communities, respectively). Although our overall framework is
heavily influenced by Western epistemic traditions, we strive to
address environmental justice from Indigenous perspectives, as in-
formed by Indigenous intellectual and scholarly traditions (28—-35).
We are aware that Indigenous Peoples are not a homogenous and
generalized group of people but sovereign and unique nations of
peoples and communities with different values and aspirations.
We understand the collective rights of Indigenous Peoples as a fun-
damental human right, and we respect and acknowledge the efforts
associated with the development and implementation of
UNDRIP (15).
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CD4™ T cells aggravate hemorrhagic brain injury

Samuel X. Shi't, Yuwen Xiu"*3t, Yan Li*t, Meng Yuan?, Kaibin Shi? Qiang Liu?, Xiaoying Wang'*,

Wei-Na Jin%*

Leukocyte infiltration accelerates brain injury following intracerebral hemorrhage (ICH). Yet, the involvement of
T lymphocytes in this process has not been fully elucidated. Here, we report that CD4" T cells accumulate in the
perihematomal regions in the brains of patients with ICH and ICH mouse models. T cells activation in the ICH
brain is concurrent with the course of perihematomal edema (PHE) development, and depletion of CD4* T cells
reduced PHE volumes and improved neurological deficits in ICH mice. Single-cell transcriptomic analysis re-
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vealed that brain-infiltrating T cells exhibited enhanced proinflammatory and proapoptotic signatures. Conse-
quently, CD4"* T cells disrupt the blood-brain barrier integrity and promote PHE progression through
interleukin-17 release; furthermore, the TRAIL-expressing CD4"* T cells engage DR5 to trigger endothelial
death. Recognition of T cell contribution to ICH-induced neural injury is instrumental for designing immuno-

modulatory therapies for this dreadful disease.

INTRODUCTION

The prognosis of intracerebral hemorrhage (ICH) is devastating (I).
Evidence from preclinical and clinical studies suggests the detri-
mental role of lymphocyte-driven inflammatory response in ICH
pathophysiology (2—4). These orchestrated pathways of neuroin-
flammation are thought to contribute toward the evolution of
brain edema and secondary injury following ICH, which deterio-
rates patient neurological outcomes (3, 5). However, the detailed
mechanisms involving lymphocyte-driven neuroinflammatory pro-
cesses remain only partially understood, and no targeted treatment
for post-ICH brain inflammation is currently available in clinical
practice.

Blood components exuded from the hematoma and damage-as-
sociated molecular patterns released by injured neural cells activates
an acute immune response following ICH (5, 6). Besides activated
intrinsic brain cells such as microglia and astrocytes, lymphocytes
assemble in the regions proximal to the hematoma in the acute and
post-acute phase of ICH. Lymphocyte subsets—CD4" T, CD8" T, B,
and natural killer cells—are observed within a day after ictus and
peak around 3 days after (7-9).

T cells, which represent a major lymphocyte population, are
among the brain-infiltrating immune cells observed in the acute
stage of experimental ICH; however, their actions are comparatively
less known compared to innate immune cells (7, 8). In their adap-
tive modality, CD4" T cells are generally activated by T cell receptor
recognition of cognate antigens presented by major histocompati-
bility complex II of antigen-presenting cells in the presence of cos-
timulatory signals. Upon activation, CD4" T cells proliferate and
produce a variety of cytokines/chemokines (10, 11). Alternatively,
in the absence of antigen recognition, T cells can respond to
danger signals and produce cytokines (12-15), suggesting their
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potential involvement in the genesis or progression of the neuroin-
flammatory cascade in the acute stage of ICH. To dissect the roles of
T cells in acute ICH brain injury, we used brain tissue sections of
ICH patients and mouse models to query the potential mechanisms
underlying T cell actions in ICH injury. Our study findings provide
a rationale for further investigations toward the development of im-
munotherapies targeting T lymphocytes to modulate the develop-
ment and progression of secondary brain tissue damage in ICH.

RESULTS

CD4" T cells accumulate in perihematomal regions in ICH
patients and mouse models

To uncover the role of T cells in the pathophysiology of ICH, we first
identified T cells presence in brain tissue obtained from the perihe-
matomal region from patients with ICH within 72-hour onset who
underwent craniectomy to remove hematoma. Brain tissues were
stained for cell type markers (CD4, CD8, and CD19) and phenotyp-
ic markers [CD69 and interleukin-17 (IL-17)]. An increased average
count of lymphocytes was detected in ICH tissues compared to the
location-matched control brain tissues (Fig. 1, A and B). In ICH
tissues, average CD4" counts outnumbered CD8" and B cells;
CDA4" cells were observed as early as 24 hours after ICH in individ-
ual brain samples (Fig. 1, A and B). In addition, T cells in the ICH
group displayed a marked expression of CD69 and IL-17 compared
to cells in the control group (Fig. 1, C and D), indicating a proin-
flammatory state of the CD4" T cell in patient-derived tissue. The
accumulation of CD4" T cells in perihematomal regions suggests
active CD4" T cell participation in the early immune response to
ICH (Fig. 1, A to D).

An established animal model induced by autologous blood in-
jection was used to experimentally confirm the observations in
ICH patient-derived brain tissue. Infiltrating lymphocytes were
counted in the perihematomal region of murine brains at 24 and
72 hours after ICH induction. Correspondingly, an increased accu-
mulation of CD4" T cells in the regions surrounding the hematoma
at both 24 and 72 hours after ICH induction was observed (Fig. 1, E
to G). We further noted the close proximity of these infiltrating
CD4" T cells with CD31" endothelial cells, indicating their
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Fig. 1. CD4" T cells accumulate in perihematomal areas following ICH. Perihematomal tissues were obtained from brain basal ganglia of patients with ICH within 72-
hour onset who underwent urgent evacuation of hematoma. Brain tissues for control cases were obtained from individuals that passed from non-neurologic diseases and
were without history of neurological or neuropsychiatric conditions, and selected tissue sections were region-matched with ICH tissues. (A and B) Immunostaining (A) and
quantification (B) of lymphocyte subsets (T and B cells) in brain sections from patients with ICH in the perihematomal area after ICH and control subjects without neu-
rological disorders. (C and D) Immunostaining (C) and quantification (D) shows brain-infiltrating CD4* T cells expression of the activation marker CD69 and IL-17 in
perihematomal edema (PHE) after ICH. Scale bars, 40 um and (inset) 20 um. Quantification was averaged as positive cells per mm?. In (B) and (D), patients with ICH:
n =7; controls: n = 6. Mann-Whitney test. Means + SD, *P < 0.05 and **P < 0.01. (E to J) ICH was induced by injection of autologous blood in C57BL/6 mice. Brain tissue was
harvested at 24 or 72 hours after ICH. (E) Immunostaining of ICH brain slices show infiltrating CD4" T cells. White dashed lines outline the hematoma area. (F and G)
Quantification of lymphocyte subsets in the perihematomal region of ICH brain 24 hours (F) and 72 hours (G) after ICH induction. Scale bars, 40 um and (inset) 20 um.
Quantification was averaged as positive cells per mm?. n = 11 mice per group. Two-tailed unpaired Student's t test. (H to J) Flow cytometry plots and quantification show
CD4* T cell counts and the expression of CD69 and IL-17 in brain-infiltrating CD4* T cells from days 0 to 3 after ICH. n = 9 mice per group. In (1) and (J), one-way analysis of
variance (ANOVA) followed by Tukey post hoc test. Means + SD, *P < 0.05 and **P < 0.01. DAPI, 4, 6-diamidino-2-phenylindole.

perivascular accumulation (fig. S1). Furthermore, CD4" T cells in- CD4" T cells are significantly activated in the ICH brain

creasingly expressed CD69 and IL-17 in a time-dependent manner,
detected as early as 24 hours following experimental ICH (Fig. 1, H
to J, and fig. S2). To ensure that observed CD4" T cells were not
derived from the injected autologous blood, blood from ubiquitin
C promoter—green fluorescent protein (UBC-GFP) mice (universal
cellular GFP expression) was injected into wild-type mice. Detec-
tion of GFP signal following ICH induction showed that less than
10% of CD4" T cells in the perihematomal area were GFP", indicat-
ing that most of these cells were actively recruited from the circula-
tion (fig. S3).

Shi et al., Sci. Adv. 9, eabq0712 (2023) 7 June 2023

To characterize the temporal and spatial trends of T cell activation
following ICH (16), we leveraged a fluorescence resonance energy
transfer (FRET)-based genetically encoded calcium indicator, TN-
XXL, to visualize T cell activation (Fig. 2A) (17, 18); we tested the
compartment-specific T cell activation modalities in ICH mice
(Fig. 2B). TN-XXL is composed of calcium-sensitive double C-ter-
minal lobe of troponin C (TnC)-linked dual parts: cyan fluorescent
protein (CFP) and cpCitrine. Upon cell activation, increased cyto-
plasm free calcium binds to the TnC, which then undergoes a re-
versible conformational change and transfers energy from the
CFP to the cpCitrine, resulting in a signature drop in CFP fluores-
cence and concurrent increase in cpCitrine fluorescence (FRET™).
The ratiometric change in fluorescent intensities reflects the cellular
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Fig. 2. CD4™ T cells are significantly and time-dependently activated in the brain after ICH. CD4" T cells were fluorescence-activated cell sorter (FACS) sorted from
C57BL/6 mice and retrovirally transduced with TN-XXL plasmid. A total of 1 x 10" TN-XXL—expressing CD4" T cells were then injected into Rag2™~ mice 24 hours before
ICH. Twenty-four hours after ICH, FRET of TN-XXL—expressing CD4" T cells in the brain, spleen, CLNs, and blood was detected using flow cytometry. (A) Schematic rep-
resentation of the calcium indicator TN-XXL, containing donor fluorophore CFP, cpCitrine acceptor, and calcium-sensitive domain TnC, before and after binding of
calcium. (B) After binding to free calcium, TnC undergoes a conformational change that leads to energy transfer from the donor to the acceptor fluorophore, resulting
in a drop in CFP fluorescence and an increase in cpCitrine fluorescence with CD4" T cells activation after ICH injury. Flow cytometry gating strategy showing negative
control (mock transduced), sham operation, and ICH surgery groups in the spleen and brain separately. Bar graphs shows the FACS-based FRET measurements in TN-XXL—
expressing CD4" T cells within the spleen and brain at 24 hours after ICH. n = 15 per group. Two-tailed unpaired Student's t test. (C and D) Flow cytometry histogram and
measurements of FRET level in TN-XXL—expressing CD4™ T cells within indicated organs from 0 to 72 hours after ICH. n = 15 per group. Two-way ANOVA followed by Tukey

post hoc test. Mean + SD. *P < 0.05 and **P < 0.01.

activation status. CD4" T cells isolated from wild-type mice were
retrovirally transduced with TN-XXL and intravenously transferred
into Rag2™"~ mice, followed by autologous blood ICH induction.
Notably, FRET'CD4" T cells were primarily observed in the
injured brain and detected as early as 12 hours after ICH (Fig. 2,
C and D). FRET'CD4" T cells in the brain were increasingly acti-
vated in a time-dependent manner compared to cells in peripheral
compartments including the spleen, cervical lymph nodes (CLNs),
and blood (Fig. 2D). We also observed an increase of activated CD4"
T cells in the CLNs, but not as prominently as in the brain after ICH
(Fig. 2D). These results show that CD4" T cells are significantly ac-
tivated in the hemorrhagic brain and in a time-dependent manner
following ICH.

ICH induces distinguishing transcriptomic features of T
cells in the brain versus periphery

To further depict the landscape of the composition and functional
states of brain-infiltrating immune cells following ICH, single-cell
RNA sequencing (scRNA-seq) was performed to identify the mo-
lecular characteristics of CD45" cells in the brain versus those in pe-
ripheral compartments of ICH mice (Fig. 3). CD45" cells were
sorted from mouse splenocytes or brain at day 3 after ICH or
sham procedures and were subjected to unbiased scRNA-seq.
Besides, the CD45™ cells were also isolated from sham brain
(Sham brain_ CD45™) to obtain enough T cells for subclustering
and data processing. After stringent quality control, a total of

Shi et al., Sci. Adv. 9, eabq0712 (2023) 7 June 2023

41,385 individual cells, with an average of 2372 genes per cell,
were obtained (Fig. 3, A and B, and fig. S4). Thirteen cell clusters
were defined on the basis of their distinct molecular features (Fig. 3,
C to E). In the ICH brain, the T cell subset exhibited a higher acti-
vation score compared to the activation of other CD45" clusters
(Fig. 3F). Moreover, the T cell cluster in ICH brain exhibited a
notable higher activation score compared to sham brain and
spleen groups (Fig. 3G). The distinct difference in activation
scores alludes to the conspicuous activation state of the T cells
within the ICH brain.

To visualize the intrinsic structure and uncover the potential
functional subtypes of the overall T cell population within the
context of ICH, unsupervised clustering and uniform manifold ap-
proximation and projection (UMAP) were performed for reclus-
tered CD3" cells from CD45" (sham spleen, ICH spleen, and ICH
brain) or CD45" (sham brain) populations. Nine distinct T cell sub-
clusters emerged from the sham spleen, sham brain, ICH spleen,
and ICH brain, defined as naive CD4" T, naive CD8" T, activated
CD4" T, activated CD8" T cell clusters, etc. (Fig. 4, A and B, and fig.
S5). Within the ICH brain, activated CD4" T cells were significantly
increased as compared to sham brain (Fig. 4C). Compared with
sham brain, ICH-brain CD4" T cells included up-regulated genes
related to inflammation (Jun, Fosb, Ifngrl, and SppI), chemotaxis
(Ccl3 and Ccl4), metabolism (ApoE and Ttr), and apoptotic-trigger-
ing death ligands (Fasl and Tnf) (Fig. 4D). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of
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Fig. 3. Single-cell analysis of CD45" cells isolated from the brain and spleen of ICH mice. CD45" cells were isolated from splenocytes or brain tissues of C57BL/6 mice
72 hours after autologous blood injection induced ICH using FACS. CD45" cells splenic (Sham spleen) or brain (Sham brain_CD45") cells from sham-operated mice were
used as controls for unbiasedly single-cell RNA mapping. The optimized FACS sorting was performed on CD45" cell population to obtain enough CD4" T cells in sham
brains for subclustering and data processing (Sham brain_ CD45"). scRNA-seq was performed using the 10X Genomics Chromium platform. (A and B) Uniform manifold
approximation and projection (UMAP) plot along components 1 and 2 for all high-quality single cells from sham brain_CD45" (n = 10487 cells), sham brain_CD45" (n =
5589 cells), sham spleen (n = 8747 cells), ICH brain (n = 10,487 cells), and ICH spleen (n = 9147 cells), colored by group and cell type. (C) Stacked bar chart showing the
constitution of 13 cell clusters in sham spleen, sham brain_CD45", sham brain_CD45M, ICH spleen, and ICH brain. (D) UMAP plots show selected marker genes for de-
termining cell identity. (E) Dot plots show average (dot color) and percentage (dot size) expression of top five marker genes for each cluster. (F) UMAP plot illustrating
activation feature scores (Ms4a4b, Ms4a6b, Cxcl10, Itk, Prkcq, Ccnd1, Cend2, Cend3, Hmox1, Ccl5, Dusp1, KiIf4, Jun, and Junb) calculated using AddModuleScore function in
Seurat (left). Violin plot with box plot inside showing the comparison of activation scores between T cells and other CD37CD45" clusters in ICH Brain (right). (G) Violin plot
with box plot inside illustrating the comparison of T cell activation scores between indicated groups. In (A) to (G), data were pooled from 15 mice in each group.
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Fig. 4. Brain CD4" T cells bear unique molecular signatures versus peripheral T cells after ICH. CD3" T cells were reclustered from CD45" cell populations isolated
from the spleen or brain tissues of C57BL/6 mice at 72 hours after ICH induced by autologous blood injection, based on the scRNA-seq data. (A) UMAP plot showing T cell
subtypes of CD45" cells from sham spleen, sham brain (CD45™), ICH spleen, and ICH brain. (B) UMAP displaying expression of maker genes for T cell subtype identity. (C)
Proportion of activated CD4" T cells within total CD4" T cells from sham spleen, sham brain (CD45™), ICH spleen, and ICH brain. P = 0.000343 by Fisher's exact test. (D)
Heatmap showing relative average expression of differentially expressed genes in activated CD4™ T cells across ICH brain, ICH spleen, sham brain, and sham spleen group.
(E) Selected significantly enriched Kyoto Encyclopedia of Genes and Genomes pathways by gene set enrichment analysis between activated CD4" T cells from ICH brain
and those from sham brain. In (A) to (E), data were pooled from 15 mice in each group.
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activated CD4" T cells identified a pronounced up-regulation of
antigen processing and presentation, apoptosis, leukocyte transen-
dothelial migration, and IL-17 signaling pathways within the
injured brain (Fig. 4E). From these high-resolution sequencing
data, we can extrapolate possible targets relevant to their actions
in secondary ICH injury. Yet, the salient results here find that T
cells are activated in the ICH brain and display distinct signatures
from peripheral T cells at day 3 after ICH.

Brain-infiltrating CD4" T cells promotes focal inflammation
through IL-17

Upon uncovering the brain-specific signatures of post-ICH CD4" T
cells where the IL-17 signaling pathway was highly enriched, A Pro-
teome Profiler Mouse XL Cytokine Array of brain-sorted CD4" T
cells, 24 and 72 hours after ICH, validated the protein expression of
the enriched pathways. Compared to CD4" T cells isolated from the
sham brain, CD4" T cells of the ICH brain registered a greater pro-
duction in an array of proinflammatory cytokines, with IL-17 re-
maining the most expressed (Fig. 5, A and B). IL-17 has known
proinflammatory functions, which initiate and drive inflammation
in a tissue-dependent manner in response to injury or infection
(19-21). This prompted us to interrogate the specific effects of in-
creased IL-17 production from brain-infiltrated CD4" cells in acute
ICH injury. To this end, CD4" T cells from IL-17"'~ mice were iso-
lated, and the IL-17"'"CD4" T cells were intravenously transferred

Relative expression (/sham)

Rag2-"

()

IL-1 7*’fCD4’ i IL-17--CD4* T

Lesion volume (mm3)

to Rag2™'~ mice, which are devoid of mature lymphocytes. Com-
pared to Rag2™'~ mice receiving IL-17""* CD4" cells, Rag2™'~
mice receiving IL-17~'~ CD4" cells exhibited reduced perihemato-
mal edema (PHE) volumes (Fig. 5, C and D), improved endothelial
survival, and preservation of blood-brain barrier (BBB) integrity
(fig. S6) at 1 and 3 days after ICH induction. The increased expres-
sion of inflammatory cytokines reinforces the activated status of
CD4" T cells in the ICH brain, and their increased production of
IL-17 appears to be a primary cytokine-mediated method fueling
perihematomal inflammation injury and worsening secondary
ICH injury.

CD4* T cells induced brain endothelial cell apoptosis
involving the TRAIL-DR5 pathway

As revealed by single-cell sequencing, another potential pathway,
which may underlie CD4" T cell contribution to ICH injury, is
through death ligand—mediated cell apoptosis (Fig. 4, D and E).
To specifically investigate the apoptosis panel in CD4" T subsets,
RT2 Profiler PCR Array of CD4" T lymphocytes corroborated the
transcriptomic findings and identified the expression of a variety of
apoptotic-related genes. At day 1 after ICH, brain-infiltrating CD4"
T cells overexpressed a variety of antiapoptotic genes (Naip1, Nol3,
and Tnfrsf11b), a transcription factor for apoptotic regulation
(Atf5), and the immune stimulatory factor (Cd70) (Fig. 6, A and
B). Critically, brain-infiltrating CD4" T cells were also found to
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Fig. 5. Detrimental effects of brain-infiltrating CD4" T cells in ICH involves IL-17. (A and B) CD4" T cells were isolated from brain of C57BL/6 mice 24 hours and 3 days
after ICH induced by autologous blood injection or sham control, and cells were then lysed for Proteome Profiler Mouse XL Cytokine Array analysis. (A) Heatmap shows
relative changes of cytokine and chemokine profiles in lysates of CD4* T cells from ICH brain versus sham mice. Results were based on clustering of immunoassay mea-
surements of the listed proteins. Purple shades represent fold change of up-regulated proteins, and yellow shades demark fold change of decreased proteins. (B) Bar
graph shows highly up-regulated expression of selected cytokines/chemokines. n = 3 duplicates from 15 mice. One-way ANOVA followed by Tukey post hoc test. (C and D)
CD4* T cells were isolated from the spleen of IL-17~/~ mice or their IL17*/* littermates. IL-17~/~ versus IL17*/* CD4* T cells were adoptively transferred into Rag2 ™~ mice
to evaluate the role of CD4" T cell-derived IL-17 in ICH injury. Quantification of lesion volume and PHE volume was calculated in the indicated groups of collagenase
induced ICH. n = 7 mice per group. One-way ANOVA followed by Tukey post hoc test. Means + SD. *P < 0.05 and **P < 0.01. BAFF, B cell-activating factor; FGF, fibroblast
growth factor; MMP9, matrix metalloproteinase 9.
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Fig. 6. CD4" T cells induce apoptosis of endothelial cells through death receptor signaling. CD4" T cells were isolated from splenocytes or brain of mice 24 hours
after autologous blood injection induced ICH or sham control. FACS-sorted CD4* T cells were used for RT2 Profiler PCR Array analysis of 87 apoptosis related genes. (A)
Heatmap shows relative changes of expression of cell apoptotic-related genes in CD4™ T cells from the brain or spleen of ICH mice versus sham mice. (B) Quantification of
top 15 up-regulated apoptosis associated genes. (C) Bar graph shows genes of death receptor ligands in CD4"* T cells of ICH or sham mice. In (B) and (C), n = 3 duplicates
from 15 mice. One-way ANOVA followed by Tukey post hoc test. (D) Immunostaining of death receptor ligand TRAIL in brain CD4" T cells of ICH or sham mice. Quantifi-
cation was averaged as percentage of death receptor ligand—positive cells in CD4™ T cells. Scale bars, 40 um and (inset) 20 um. n = 6 mice per group. Mann-Whitney test.
(E) Flow cytometry plots and bar graph show expression of TRAIL receptor (DR5) in different brain cell types of sham and ICH mice, including microglia (CD45™CD11b"),
astrocytes [glial fibrillary acidic protein positive (GFAP*)], neuron (NeuN™), and endothelial cells (CD31%). FMO, fluorescence minus one. n = 6 mice per group. One-way
ANOVA followed by Tukey post hoc test. (F) CD31* endothelial cell apoptosis was analyzed by TUNEL staining in sham mice and ICH mice with anti-DR5 monoclonal
antibody (mAb) or IgG group. Scale bars, 40 um and (inset) 20 um. Quantification was averaged as positive cells per mm? in the perihematomal region. n = 6 mice per
group. Mann-Whitney test. Means + SD. *P < 0.05 and **P < 0.01.

key pathophysiological hallmark of the ICH injury and driver of sec-
ondary injury and that endothelial cells are a critical cellular com-

up-regulate the death receptor ligands Tnfsf10, Tnfsf12, and Fasl
(Fig. 6C). Immunostaining of murine ICH brain slices visualizes a

notable increase in the expression of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), encoded by the Tnfsf10 gene,
on CD4" T cells (Fig. 6D). After gating for brain intrinsic cells ex-
pressing the TRAIL cognate receptor DR5, flow cytometry analysis
revealed that DR5 was expressed by multiple brain intrinsic cell
types; however, ICH robustly increased DR5 expression on brain
endothelial cells (Fig. 6E). Considering that BBB disruption is a

Shi et al., Sci. Adv. 9, eabq0712 (2023) 7 June 2023

ponent of the neurovascular unit and participant in the evolution of
brain edema, we postulate that CD4" T cells may exert direct endo-
thelial cell injury via TRAIL-DR5 interaction, resulting in increased
BBB disruption and brain edema. We tested this notion using a
TRAIL-specific antibody to neutralize the interaction. Anti-DR5
monoclonal antibody (mAb) treatment effectively blocked CD31"
endothelial cell death (Fig. 6F) and brain injury after ICH (fig.
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S7). These results highlight how brain-homing CD4" T cells induce
apoptosis of brain intrinsic cells through antigen-independent
mechanisms, partly involving the TRAIL-DR5 pathway in
ICH mice.

Depletion CD4" T cells reduced secondary ICH injury
To ascertain their contribution to secondary brain injury in ICH,
CD4" T cells were depleted with an anti-CD4 mAb before ICH in-
duction in mice. Flow cytometry quantification verified the efficacy
of CD4" T cell depletion, without influencing other cell populations
in peripheral blood of control mice (fig. $8). Ablation of CD4" T
cells in both autologous blood and collagenase models of hemor-
rhagic stroke demonstrated T cell participation in the processes of
secondary brain injury. CD4" depleted animals recorded reductions
in PHE volume and improvement of functional outcomes at days 1,
3, and 7, compared to mice receiving IgG control, in both ICH
models (Fig. 7). Depletion of CD4" cells before model induction
ameliorated parameters of secondary injury, functionally support-
ing the detrimental capacity of CD4" T cells in acute ICH injury.
BBB permeability and neuroinflammation are key contributors
toward PHE expansion. To further elucidate their roles, we looked
into CD4" T cell influence on BBB integrity and local inflammation
following ICH. CD4" depletion before ICH preserved the expres-
sion of major tight junction proteins, claudin-5 and ZO-1, at 3
days after ICH (Fig. 8A). In addition, CD4" T cell depletion
reduced matrix metalloproteinase 9 (MMP9) protein in the ICH
brain at day 3 (Fig. 8A); MMP9 is an immunemodulatory molecule
that damages the matrices of the BBB following stroke and is con-
sidered a surrogate marker of BBB disruption (22, 23). In CD4" T
cell-depleted animals, we observed reduced leakage of Evans blue
(EB) into the brain parenchyma (Fig. 8B) and a reduction brain
CD31" endothelial cell death (Fig. 8, C and D). Last, we evaluated
whether brain-infiltrated CD4" T lymphocytes affect the focal in-
flammatory milieu by quantifying leukocyte trafficking into the
ICH brain of CD4" T cell-depleted mice. Compared to immuno-
globulin G (IgG)—treated control mice, counts of brain-infiltrating
neutrophils and monocytes were notably reduced in CD4" T cell-
depleted mice at day 3 after ICH induction (Fig. 8, E and F, and fig.
$9). These findings inform how infiltrating CD4" T cells engage in
critical processes known to drive secondary injury following cere-
bral hemorrhage; considering CD4" ablation in ICH preserved BBB
integrity, attenuated local inflammation, reduced lesion volume,
and improved sensorimotor function in animal models. These
broad responses may point to the multifaceted involvement of
CD4" T cells in secondary ICH injury. Together, these results
suggest that CD4" T cells are acutely recruited to the ICH brain
where they exacerbate BBB disruption and focal inflammation to
contribute to the secondary brain injury.

DISCUSSION

This study provides the first thorough evidence that CD4" T cells
accelerate PHE development in ICH. As documented here, activated
CD4" T cells accumulate in the perihematomal region and drive
local inflammation via the production of IL-17 and engagement
of endothelial cell death receptors, resulting in diminishing BBB in-
tegrity and augmented brain edema (fig. S10). Monoclonal antibody
depletion of CD4" T cells before ICH induction limits PHE and
lesion volume, attenuates local brain inflammation, maintains key
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tight junction proteins, and improves functional outcomes
through the acute time points after ICH. The varied responses elic-
ited by the absence of CD4" in ICH pathophysiology not only indi-
cates their expansive effector functions but may also illustrate the
complex interaction and possible redundant pathways encompassed
in the pathophysiology of ICH secondary injury.

PHE is a cause of progressive tissue injury after ICH, and the
extent of brain edema surrounding the hematoma directly corre-
lates with poor outcomes in patients with ICH (24). PHE represents
an attractive therapeutic target in part because of the extended time
window during which it occurs; however, it has thus far not been
successfully therapeutically modulated with available drugs, as
shown by clinical trials. For example, in MISTIE III trial (Minimally
Invasive Surgery Plus Alteplase for Intracerebral Hemorrhage Evac-
uation), Shah et al. reported that a minimally invasive procedure for
hematoma clearance failed to show superiority to standard medical
care (25). Inflammation contributes to the development and pro-
gression of PHE and thus subsequent neurological deterioration
(26, 27). In targeting ICH-induced neuroinflammation, numerous
studies have explored the potential of multiple sclerosis disease-
modifying drugs in the setting of stroke (28). Two clinical trials in-
volving natalizumab showed that it does not confer any benefits, but
four human studies with fingolimod have showcased its potential in
improving recovery prospects (29, 30). Therefore, there is an unmet
need for the development of alternative immune-modulatory ap-
proaches in alleviating ICH injury.

After brain injury, peripheral immune cells are activated and in-
filtrated the injured brain where they propagate acute neuroinflam-
mation and contribute to secondary brain injury (8, 31, 32). CD4" T
cells have been suggested to be the predominant infiltrating leuko-
cyte populations in the acute stage in experimental ICH (8). Emerg-
ing literatures support a role for meningeal vessels as a route for
immune cell migration and post-stroke inflammation, as well (33,
34). Studies, depleting lymphocyte infiltration to the brain or lim-
iting their influx, show that T cells absence generally alleviates acute
neuroinflammation and injury after ICH (35). Given their broad ef-
fector actions, several studies detailed T cell action in ICH related to
inflammation (36), BBB injury (37), neurotoxicity (38), and edema
formulation (39). Despite these reported studies, the fine kinetics
and specific T cell activation in ICH brain were previously
unknown. In this study, we detail their activation status by leverag-
ing the TN-XXL approach, which tracks their differential activation
in vivo. This approach revealed CD4" T cells to be substantially and
time-dependently activated in the hemorrhagic brain, suggesting
that the microenvironment of the ICH brain primes the infiltrating
T cells.

scRNA-seq of CD4" T cell identified specific proinflammatory
and proapoptotic signatures unique to the ICH brain versus their
profiles in peripheral compartments. Of inflammatory genes
altered in brain CD4" T cells following ICH, the IL-17 pathway
stood out in its degree of enrichment. One recent study by Yang
et al. (40) showed prominent accumulation of T helper 1 (Ty1)
and Ty17 cell subsets of CD4" T cells at 14 days after ICH and sug-
gested that modulating CD4" T cell differentiation may alleviate
post-ICH outcomes. Our data show an early increase in CD4" T
cells and the IL-17"CD4" T cell (T17) subset in patients with
ICH, which is consistent and enhances the results from the afore-
mentioned study. From this present data, we deduce that CD4" T
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Fig. 7. Depletion of CD4" T cells ameliorates neurodeficits and ICH injury in mice. C57BL/6 mice received intraperitoneal injection of 50 ug of anti-CD4 mAb or IgG
control 24 hours before ICH induction with injection of autologous blood or collagenase. (A) Behavioral tests including modified neurological scale score (mNSS) and
corner turning test were performed in indicated groups of autologous blood—induced ICH mice. (B) Multimodal 7-T magnetic resonance imaging (MRI) was used to
visualize lesion (T2) and hematoma (SWI) in autologous blood-induced ICH mice. PHE volume was calculated by subtracting the hematoma volume from lesion
volume. Representative MRI for hematoma and PHE in mice receiving anti-CD4 mAb or IgG following ICH induction for 24 hours. (C) Quantification of lesion volume,
hematoma, and PHE volume in the indicated groups of autologous blood-induced ICH mice. (D) Behavioral tests in indicated groups of collagenase induced ICH mice. (E)
Representative MRI for hematoma and PHE in mice receiving anti-CD4 mAb or IgG following ICH induction for 24 hours. Yellow shadows represent hematoma, and red
lines delineate the lesion area. (F) Quantification of lesion volume and PHE volume in the indicated groups of collagenase-induced ICH mice. In (A) to (F), n = 7 mice per
group. Two-way ANOVA followed by Tukey post hoc test. Means + SD. *P < 0.05 and **P < 0.01.
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Fig. 8. Depletion of CD4" T cells reduces BBB permeability and leucocyte infiltration in ICH mice. C57BL/6 mice received intraperitoneal injection of 50 ug of
anti-CD4 mAb or IgG control 24 hours before ICH induction with injection of autologous blood. (A) Brain tissue was collected at day 3 after ICH. Western blot shows
tight junction protein level (claudin-5 and ZO-1) and MMP9 expression in ICH mice receiving anti-CD4 mAb or IgG control. Right: Quantification of ZO-1, claudin-5,
and MMP9 in brain homogenates of ICH mice. n = 6 mice per group. Mann-Whitney test. (B) Concentrations of evans blue were measured at day 3 after ICH, with anti-
CD4 mAb or IgG injection. n = 14 per group. Two-tailed unpaired Student's t test. (C and D) Immunostaining (C) and quantification (D) of TUNEL in CD31" endothelial
cells of ICH mice received IgG control or anti-CD4 mAb separately. White dashed lines outline the hematoma area. Scale bars, 40 um and (inset) 20 um. n = 12 mice
per group. Two-tailed unpaired Student's t test. (E and F) Single-cell suspensions from brain tissue were collected at day 3 after ICH. (E) Gating strategy of brain-
infiltrating neutrophils (CD11b*CD45"Ly6G*), monocytes/macrophages (CD11b*CD45"F4/80"), CD4* T cells (CD45MCD3*CD4"), and CD8" T cells (CD45"'CD3*CD8")
was shown. (F) Counts of the immune cell populations in ICH brains from mice receiving anti-CD4 mAb or IgG. n = 12 mice per group. Two-tailed unpaired Student's t

test. Means + SD. *P < 0.05 and **P < 0.01.

cells augment acute local inflammation in the ICH brain and
worsen secondary injury primarily through IL-17 production.

We further demonstrate that CD4" T cells can induce apoptosis
of intrinsic brain cells by expressing death receptor ligands, and
their interaction with cells bearing cognate death receptors was re-
stricted after receptor blockade. We highlight a series of apoptotic-
related genes and death ligands up-regulated in brain CD4" T cells
following ICH, particularly their surface expression of TRAIL. The
unique role of TRAIL in the nervous system is revealed by the wide-
spread expression of its receptor DR5 on various brain cell types,
including neurons, astrocytes, and endothelial cells. Notably, DR5
was found to be significantly up-regulated in endothelial cells fol-
lowing ICH. The detrimental role of TRAIL-DR5 pathway in BBB
injury was attributed with reduced endothelial cell apoptosis in the
ICH brain by DR5 mAb pretreatment. These findings expose an in-
novative mechanism by which cells in the ICH brain can be
damaged by invading T cells through the engagement of cell
death receptors.

This study has several limitations. First, restricted by the source
of control samples, we adopted postmortem tissue sections for
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control, as previously published (9). Second, female mice were
not used. In addition, several treatments such as T cell depletion
and antibody neutralization were given before ICH. The effect of
treatment after injury is warranted in future preclinical studies.
On the basis of single-cell sequencing data, the impact of other ac-
tivated T cell subsets on ICH brain injury warrants study. Moreover,
our data demonstrates that CD4" T cells are also activated in the
CLN after ICH, supplementing a recent study that brain-to-CLN
pathway may be involved in acute brain injury (41). Further
studies could determine the dynamic activation of T cells within
the ICH brain and CLN, as well as their specific features in the re-
spective two compartments.

As a major cellular component of the adaptive immune system,
T cells are usually activated by specific antigens presented on the
surface of antigen-presentng cells (42), a process elapsing from
days to weeks until maturity. Yet, the early T cells activation we
observe in acute ICH injury indicates the involvement of antigen-
independent mechanisms. This study identifies how T lymphocytes
respond and participate in ICH pathology. Together, our results
broaden the understanding of T lymphocyte-mediated
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neuroinflammation in relation to PHE expansion after ICH, provid-
ing insights toward targeted intervention for ICH.

MATERIALS AND METHODS

Human brain tissues

Collection of human samples was performed according to protocols
approved by the Institutional Review Boards of Tianjin Medical
University General Hospital (Tianjin, China) and Beijing Tiantan
Hospital (Beijing, China). For immunostaining of human brain
tissues, six cases of control postmortem and seven ICH human
brain sections were included. All seven patients had primary ICH
at the basal ganglia. Fresh brain tissues of perihematomal regions
were collected from patients with ICH undergoing hematoma evac-
uation within 72 hours after onset. Brain tissues for control cases
were obtained from deceased individuals with non-neurologic dis-
eases and without history of neurological or neuropsychiatric con-
ditions. The selected tissue sections were region-matched with ICH
tissues. Lymphocytes populations were counted at 12 different view
fields for each brain slide and then quantified by averaging positive
cells per mm®. Image analysis was performed using Image] software
(National Institutes of Health, MD, USA). Quantification was per-
formed in a double-blinded manner. The average age between ICH
and control subjects did not differ significantly [ICH: 54.7 + 9.52
years old (y/o); control: 56.5 + 8.55 y/o; means + SEM; P > 0.05;
unpaired ¢ test].

Mice

All animal experiments were performed in accordance with
the ARRIVE (Animal Research: Reporting In Vivo Experiments)
guidelines and obtained approved protocols from respective
Institutional Animal Care and Use Committee (IACUC). All
studies were performed with adult 3- to 4-month-old male
mice. C57BL/6 (RRID: MGI:2159769), RagZ_/_ (RRID:
NSRRC_0035), UCB-GFP (RRID:IMSR_JAX:004353), and
IL-177'~ mice (RRID:IMSR_JAX:034140) and IL17"" littermates
were purchased from the Jackson Laboratory (Bar Harbor,
Maine). All mutant mice were backcrossed to the C57BL/6 back-
ground for 12 generations. Animals were housed under pathogen-
free conditions, with maximum of five animals per cage, standard-
ized light-dark cycle conditions, and free access to food and water.

Induction of murine ICH model

ICH in mice was induced by intra-striatal injection of autologous
blood or bacterial collagenase as previously described (4, 43).
Briefly, mice were anesthetized with ketamine/xylazine mixture by
intraperitoneal injection and positioned prone in a stereotactic head
frame. A ~1-mm-diameter hole was drilled on the right side of the
skull (2.3 mm lateral to midline, 0.5 mm anterior to bregma). In the
autologous blood model, 30 pl of nonheparinized blood was with-
drawn from angular vein and infused via infusion pump to the co-
ordinates; 5 ul was initially injected at a rate of 1 pl/min at a depth of
3.0 mm, and the remaining 25 pul was injected at an identical rate at
3.7 mm depth. The needle was left for 15 min to prevent backflow
and then gently withdrawn. In the collagenase model, 0.0375 U of
bacterial collagenase (type IV, Sigma-Aldrich, St. Louis, MO) in 0.5
ul of saline was administered at the same coordinates at rate of 0.5
pl/min. An identical surgical procedure with equal volume of sterile
saline injection for sham-operated groups. Cranial burr hole was
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sealed with bone wax, and incision was sutured. Body temperature
was maintained at 37.0° + 0.5°C throughout the procedures. The
total mortality rate of mice subjected to ICH was ~4.8%.

Evaluation of neurological deficit

Neurological outcome of ICH mice was evaluated by modified neu-
rological scale score (mNSS) and corner test as reported previously
(4, 44). The mNSS consisted of motor, sensory, reflex, and balance
assessments with the highest possible score being 18. The rating
scale was as follows: A score of 13 to 18 indicates severe injury, 7
to 12 indicates moderate injury, and 1 to 6 indicates mild injury.
Following surgery, each mouse was assessed on a scale from 0 to
18 after recovery from the ICH surgical procedure. Mice with a
score of <6 or above a score of 13 at 24 hours after ICH (before treat-
ment) were not included in the study.

Magnetic resonance imaging

Brain lesion size and PHE in ICH mice were evaluated with 7-T
small animal magnetic resonance imaging scanner (Bruker, Biller-
ica, MA). T2-weighted images of the brain were acquired with fat-
suppressed rapid acquisition with relaxation enhancement se-
quence (repetition time, 4000 ms; echo time, 60 ms; slice thickness,
0.5 mm) to visualize lesion volume. Susceptibility-weighted images
(SWIs; repetition time, 21.0 ms; echo time, 8.0 ms; 0.3-mm thick-
ness) visualized hematoma volume. T2 and SWI images were man-
ually traced and calculated by summing the volume by the distance
between sections via Image] (National Institutes of Health), PHE
volume was calculated as difference of lesion and hematoma
volumes (44). Magnetic resonance imaging data were analyzed by
two experimenters blinded to experimental conditions.

Administration of monoclonal antibodies
Ultra-LEAF—purified anti-CD4 mAb (100470, GK1.5, BioLegend,
San Diego, CA) was intraperitoneally injected to deplete CD4" T
cells, with a dose of 50 ug at 24 hours before ICH induction and
every 5 days until the end of experiments. IgG antibody (Rat
IgG2b, 400671, BioLegend) was used as control for anti-CD4
mAb. Anti-DR5 mAb (119909, MD5-1, BioLegend) was adminis-
tered intraperitoneally at a dosage of 100 pg at 24 hours before
ICH induction. Purified hamster IgG isotype antibody (400902,
HTKS888, BioLegend) was used as a control for anti-DR5 mAb.

Immunostaining

Immunostaining procedure of brain slices was conducted as previ-
ously described (4). Primary antibodies were incubated at 4°C over-
night at vendor concentration. After washing with cold PBS, slices
were incubated with fluorescence-conjugated secondary antibodies
at room temperature for 1 hour. Slides were washed and mounted
with a mounting medium containing 4', 6-diamidino-2-phenylin-
dole (DAPI; ab104139, Abcam, Cambridge, UK). Primary antibod-
ies used were as follows: anti-human CD4 (EPR6855, ab133616,
Abcam), anti-human CD8a (D8AS8Y, 85336, Cell Signaling Tech-
nology), anti-human CD69 (EPR21814, ab233396, Abcam), anti-
human IL-17 (4K5F6, ab189377, Abcam), anti-human IL-4 (PA5-
25165, Invitrogen), anti-human interferon-y (IFN-y) (15365-1-AP,
Proteintech), anti-human Foxp3 (12632, Cell Signaling Technolo-
gy), anti-mouse CD4 (GK1.5, MAB554-100, R&D Systems), anti-
mouse CD8 (EPR20305, ab209775, Abcam), anti-human/mouse
CD19 (60MP31, 14-0194-82, eBioscience), anti-human/mouse
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TRAIL-R2 (DR5, PA5-19895, Invitrogen), and anti-mouse CD31
(D8VIE, 77699, Cell Signaling Technology). Secondary antibodies
used were as follows: Alexa Fluor 594 anti-rat 1gG (ab150160,
Abcam), Alexa Fluor 594 anti-rabbit IgG (ab150080, Abcam),
Alexa Fluor 488 anti-rabbit IgG (ab150077, Abcam), Alexa Fluor
488 anti-mouse IgG (ab150113, Abcam), and Alexa Fluor 488
Anti-rat IgG (ab150157, Abcam). TUNEL (terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate nick end la-
beling) staining used the in situ 5-bromo-2’-deoxyuridine—Red
DNA Fragmentation (TUNEL) Assay Kit (ab66110, Abcam). All
Images were acquired on a fluorescent microscope (Olympus,
model BX-61, Center Valley, PA, USA). Image analysis was per-
formed using Image] software (National Institutes of Health,
MD, USA).

Cell isolation and passive transfer of CD4* T cells

CD4" T cells were sorted from pooled splenocytes of wild type, IL-
177/~ mouse strains, or IL17"/* littermates. Spleen tissues were sep-
arated and placed on a premoistened 70-pm cell strainer and then
gently homogenized with the end of a 1-ml syringe plunger. The
strainer was washed with 10 ml of erythrocyte lysis buffer
(349202, BD FACS, San Jose, CA, USA), and the eluted cells were
incubated for 5 min at room temperature and washed with 40 ml of
phosphate-buffered saline (PBS). Cell suspensions were simultane-
ously incubated for 30 min with alloohycocyanin (APC)-conjugated
anti-CD4 (RM4-4, 116013), and phycoerythrin (PE)-conjugated
anti-CD3 (17A2, 100205). Then, CD4" T cells were purified via
two rounds of cell sorting selection (CD4"'CD3") with the high-
speed sort of FACS Aria III flow cytometer. Purity of sorted
CD4" T cells was verified by flow cytometry before transfer.
Highly purified (>99%) CD4" T cells (1 x 107) were injected into
tail vein of Rag2™'~ recipient mice.

Cytokine array

Cytokine secretion profile of ICH brain CD4" T cells was evaluated
by Proteome Profiler Mouse XL Cytokine Array. CD4" cells were
sorted from the whole brain of ICH or sham mice. Cytokine
levels in these samples were detected using the Mouse XL Cytokines
Array Kit (R&D Systems Inc. Minneapolis, MN) according to the
manufacturer’s instructions.

Flow cytometry

Preparation of single-cell suspensions for flow cytometry from the
spleen, brain, CLNs, and blood were prepared as previously report-
ed (4, 45). Briefly, mice were euthanized by lethal anesthesia via iso-
flurane, and then the brain and spleen were removed. Brain tissues
were minced and incubated with collagenase IV and deoxyribonu-
clease at 37°C for 30 min. After removing the myelin debris by cen-
trifugation in 30% Percoll, single cells were suspended in 1% bovine
serum albumin. Spleen tissues were minced and strained through a
70-um cell strainer; red blood cells were removed using a lysis
buffer. For CLN tissue, the ventral neck area of mice was dissected,
and bilateral CLNs were removed before or after ICH. The lymph
node tissues were minced and strained through a 70-um cell
strainer. Thereafter, single-cell suspensions were placed in conical
centrifuge tubes (10° cells per tube) and stained with fluorescently
conjugated antibodies. For intracellular staining, cells were fixed in
fixation buffer for 20 min after surface marker staining. After
washing twice in permeabilization buffer, cells were incubated
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with antibodies in the staining buffer for 45 min. All flow cytometry
antibodies were sourced from BioLegend, unless otherwise indicat-
ed. Antibodies used were as follows: CD45-APC-Cy7 (30-F11,
103116), CD4-APC (RM4-4, 116013), CD4-PE (GK1.5, 100408),
CD3—fluorescein isothiocyanate (FITC) (17A2, 100204), CD3-PE
(17A2, 100205), CD8a-BV421 (53-6.7, 100737), CD69-BV421
(H1.2F3, 104527), IL-17A—-PE-Cy7 (TC11-18H10.1, 506921), F4/
80-FITC (BMS, 123017), Ly6G-APC (1A8, 127613), CD11b-PE-
Cy7 (17A2, 101216), TRAIL-R2-FITC (MD5-1, A15750, Invitro-
gen), NeuN-AF647 (EPR12763, ab190565, Abcam), CD31-BV421
(390, 102423), glial fibrillary acidic protein—PE (1B4, 561483, BD
Bioscience), IL-4-APC (11B11, 504106), IFN-y-BV605 (XMG1.2,
505839), CD25-BV421 (PC61, 102034), and Foxp3-PE (MF-14,
126404). Samples were run on FACSAria (BD Biosciences) and an-
alyzed using FACS Diva and FlowJo X software (Informer Technol-
ogies, Ashland, OR).

Single-cell RNA sequencing

CD45" single cells were sorted by flow cytometry for sequencing.
The optimized fluorescence-activated cell sorter (FACS) sorting
were performed on CD45" cell population to obtain enough
CD4" T cells in sham brains for subclustering and data processing
(Sham brain_2 in Fig. 3A).10X Genomics platform of Tulane Uni-
versity Single Cell Sequencing Core and Huada Gene (Shenzhen,
PRC) prepared the barcode libraries with the Single Cell 3'
Reagent Kit v2 (10X Genomics) along the manufacturer’s instruc-
tions. RNA-seq performed at a sequencing depth of approximately
50,000 reads per cell.

scRNA-seq data processing

Raw files (FASTQ format) were processed with Cell Ranger software
(v5.0.1), which performed mapping to the mm10 transcriptome, fil-
tering, barcode counting, and unique molecular identifier (UMI)
counting and lastly generated feature-by-barcode UMI matrix.
Scrublet (46) software was used to remove potential doublets for in-
dividual samples. Seurat (v3.1.5) was used for downstream analysis.
Low-quality cells, <500 genes expressed or with <2500 UMIs, were
excluded at the initial quality control step. Cells >15% mitochondri-
al UMIs were removed. Library-size normalization was performed
on the UMI-collapsed gene expression values for each cell barcode
by scaling the total number of transcripts and multiplying by
10,000. Data were then log-transformed for further downstream
analysis.

Two thousand genes with highest variance were initially identi-
fied using the FindVariableGenes function. Batch effects were cor-
rected by using the fastMNN function of batchelor R package (47), a
fast version of the mutual nearest neighbors (MNNs) method, and
the first 20 components of MNN was considered to reduce the di-
mensionality. Cells were clustered with Seurat’s FindClusters func-
tion. For visualization, we applied run UMAP to cluster cells on
scatter plots. Marker genes were defined as genes with an adjusted
Pvalue < 0.05 tested with a nonparametric Wilcoxon rank-sum test
(table S1). KEGG pathway enrichment analysis was performed by
gene set enrichment analysis function in clusterProfiler (v3.14.3)
(48). Activation feature scores were calculated by using AddModu-
leScore function in Seurat with an array of cell activated feature
genes based on published literatures (Ms4a4b, Ms4a6b, Cxcl10,
Itk, Prkcq, Ccendl, Cend2, Cend3, Hmox1, Ccl5, Duspl, Kif4, Jun,
and Junb) (49-57).
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Apoptosis-related gene evaluation

Apoptosis-related genes in FACS-sorted CD4" T cells from the
spleen or brain of ICH or sham mice were evaluated by the 87
gene RT2 Profiler PCR Array Kit (330231, QIAGEN). mRNAs
were extracted from isolated cells with TRIzol reagent (Invitrogen).
The expression of apoptosis-related genes was determined accord-
ing to the manufacturer’s protocol.

In vivo detection and T cell activation via TN-XXL

TN-XXL pcDNA3 was a gift from Oliver Griesbeck (Addgene
plasmid # 45797; http://n2t.net/addgene:45797; RRID:Addg-
ene_45797). FACS-isolated CD4" T cells from wild-type mice
spleen were transfected with TN-XXL as reported (18, 58).
Briefly, isolated cells were suspended in retrovirus supernatant sup-
plemented with polybrene (8 ug/ml; Sigma-Aldrich) and IL-2 (10
ng/ml). Transfection was achieved by centrifuge at 450 relative cen-
trifugal force for 90 min at room temperature. Cells were washed
and then intravenously transferred to recipient mice. Mock trans-
duced (vector without TN-XXL) CD4" T cells were used as a
control. TN-XXL-expressing or mock-transduced CD4" T cells
were then injected into Rag2™'~ mice. The FRET of TN-XXL—ex-
pressing CD4" T cells in the brain and peripheral tissues was detect-
ed using flow cytometry. TN-XXL consists of CFP as FRET donor
and cpCitrine as FRET acceptor. These proteins are linked by the
calcium-sensitive double C-terminal lobe of TnC. After binding
to free calcium, TnC undergoes a conformational change that
leads to energy transfer from the donor to the acceptor fluorophore,
resulting in a drop in CFP fluorescence and an increase in cpCitrine
fluorescence. FACSCanto system was used for intracellular calcium
measurements, with a 405-nm laser for excitation of CFP and 465/
30 nm and 530/30 nm bandpass filters for CFP and FRET emission,
respectively, along with a 488-nm laser with a 530/30-nm bandpass
filter for excitation and emission of cpCitrine.

Western blot

Mice treated with anti-CD4 mAb or IgG control were euthanized
days 1 and 3 after ICH. After pericardiac perfusion with cold
PBS, ipsilateral brain were harvested and homogenized in radioim-
munoprecipitation assay lysis buffer (Thermo Fisher Scientific,
Waltham, MA) with 1 mM phenyl-methanesulfonyl fluoride
(Thermo Fisher Scientific, Waltham, MA) and phosphatase inhib-
itor cocktail (sc-45065, Santa Cruz Biotechnology, Dallas, TX). The
supernatant from centrifugation-collected total proteins was sepa-
rated by 10% SDS—polyacrylamide gel electrophoresis and trans-
ferred onto a nitrocellulose membrane (Amersham Biosciences,
Piscataway, NJ). Immunoblot analysis for primary antibody incuba-
tion of ZO-1 (a0659, ABclonal), claudin 5 (29767-1-AP, Protein-
tech), and MMP9 (RM1020, ab283575, Abcam) at 4°C overnight.
B-Actin (3700, Cell Signaling Technology) was internal control.
Membrane was incubated with horseradish peroxidase—conjugated
anti-rabbit or anti-mouse secondary antibody (Thermo Fisher Sci-
entific, Waltham, MA) for 1 hour at room temperature. Chemilu-
minescent intensity was measured with ImageQuant LAS 4000 (GE
Healthcare Life Sciences, Uppsala, Sweden).

EB analysis

To determine BBB permeability, EB dye (Sigma-Aldrich, St. Louis,
MO) was used for each group of mice. Mice were intravenously in-
jected with EB dye (2% in saline, 4 ml/kg) 4 hours before
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euthanization. The ipsilateral hemisphere was weighed and then ho-
mogenized into a tube with 2 ml of formamide (Sigma-Aldrich,
St. Louis, MO). After incubation in water bath at 60°C for 72
hours, supernatants were collected and the optical density at 600
nm was measured by a microplate reader (Thermo Fisher Scientific,
Varioskan Flash, USA). The concentration of EB was calculated
with the following formula: EB content in brain tissue (ug/g wet
brain) = EB concentration x formamide (ml)/wet weight (g).

Statistical analysis

Animals were randomly assigned to treatment conditions. Random-
ization was based on the random number generator function in Mi-
crosoft Excel software. All results were analyzed by investigators
blinded to the treatment. The exclusion criteria are described in
the individual method sections. No power analysis predetermined
sample sizes were applied; however, the sample sizes were similar to
those reported in our prior publications (59, 60). Data are presented
as the means + SD. Statistical significance was determined by two-
tailed unpaired Student's ¢ test for parametric data in univariate
analysis, Mann-Whitney test for nonparametric data, one-way anal-
ysis of variance (ANOVA) followed by Tukey post hoc test for three
or more groups, and two-way ANOVA to assess the entire time
course variation, accompanied by Tukey post hoc test for multiple
comparisons. Fisher's exact test was used to determine differentially
expressed genes in scRNA-seq between indicated groups. P < 0.05
was considered statistically significant. All statistical analyses were
performed using Prism 8.0 software (GraphPad, San Diego,
CA, USA).
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This study explores whether a school-based group counseling program for adolescent girls, implemented at
scale, can mitigate trauma-related mental health harms. In a randomized trial involving 3749 Chicago public
high school girls, we find that participating in the program for 4 months induces a 22% reduction in posttrau-
matic stress disorder symptoms and find significant decreases in anxiety and depression. Results surpass widely
accepted cost-effectiveness thresholds, with estimated cost-utility well below $150,000 per quality adjusted life
year. We find suggestive evidence that effects persist and may even increase over time. Our results provide the
first efficacy trial of such a program specifically designed for girls, conducted in America’s third largest city.
These findings suggest the promise of school-based programs to mitigate trauma-related harms.

INTRODUCTION

Decades of psychology research establish the developmental mental
health harms of trauma exposure, particularly during adolescence.
The coronavirus disease 2019 (COVID-19) global pandemic has
sharply increased these mental health challenges: the proportion
of mental health-related emergency department visits for children
aged 5to 11 and 12 to 17 years increased approximately 24 and 31%,
respectively, in 2020 compared to previous years (1). While these
experiences are not unique to young women, their burdens are
often disproportionately borne by girls, particularly Black and
Latinx girls. These burdens include effects on mental health, devel-
opment, and schooling attainment (2). Young women who have
been exposed to a traumatic event such as violence are more
likely to report symptoms of posttraumatic stress disorder (PTSD)
than their male peers (3); depressive disorders are more common
among women (4); and women are more likely than men to
develop an anxiety disorder over their life spans (5-7). Exposure
to trauma, through its effect on mental health, also influences aca-
demic performance and increases the likelihood of high school
dropout (8). In Chicago, for example, students’ exposure to local
homicides is associated with notable reductions in academic perfor-
mance and scores on standardized tests (9).

Despite the marked increase in trauma exposure for adolescent
girls and accompanying mental health challenges, there is a dearth
of evidence regarding what works to address these challenges. Upon
beginning this study, the influential Blueprints for Healthy Youth
Development identified only six promising or model programs to
address anxiety, depression, and PTSD in adolescents; none
focused on girls specifically [see, e.g., (10)].

'Crime Lab and Education Lab, University of Chicago, Chicago, IL, USA. 2School of
Education and Social Policy, Northwestern University, Evanston, IL, USA. *Crown
Family School of Social Work, Policy and Practice, University of Chicago, Chicago,
IL, USA. *University of Chicago Health Lab, University of Chicago, Chicago, IL, USA.
*Corresponding author. Email: mbhatt@uchicago.edu

tThese authors contributed equally to this work.

#These authors contributed equally to this work.

Bhatt et al., Sci. Adv. 9, eabq2077 (2023) 7 June 2023

Existing data also suggest that investing in programming for
young women may provide benefits beyond the individuals
served. For example, research suggests that programs that help
males tend to primarily benefit participating individuals, whereas
programs that help females yield greater benefits for families and
communities (11).

Here, we provide evidence that it is possible to reduce PTSD,
anxiety, and depression among adolescent girls through a school-
based, group counseling program informed by cognitive behavioral
therapy (CBT), acceptance and commitment therapy (ACT), and
narrative therapy. The program that we study includes a curriculum
that intentionally helps student participants to develop self-aware-
ness, build self-esteem and self-efficacy, and enhance their own in-
dividual competencies to make positive and healthy decisions.

Students randomized to treatment received programming
through Youth Guidance’'s Working on Womanhood (WOW)
program. WOW is a school-based, trauma-informed, relation-
ship-centered, group counseling and mentoring program designed
specifically by and for Black and Latinx women to disrupt the cycle
of intergenerational trauma.

WOW's 39-lesson curriculum is designed around five core
themes: self-awareness, emotional intelligence, healthy relation-
ships, visionary goal setting, and leadership. The program is deliv-
ered by master-level social workers and counselors. Each of these
staff members works with 50 to 55 girls across four to five groups
in a school. Groups meet once per week, during the school day. For
needs that cannot be addressed in a group setting, WOW counselors
provide individual counseling and referrals to other services. The
positive network created by WOW is posited to improve peer rela-
tionships and social supports while strengthening girls’ ties with im-
portant adults, such as parents, teachers, and counselors. The
program model and curriculum were refined and revised following
a formal formative evaluation in 2018 (12).

WOW is rooted in CBT, ACT, and narrative therapy as well as
key learnings from other school-based mentoring programs. CBT
helps individuals recognize and understand connections among
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thoughts, feelings, and behavior as well as the context within which
those thoughts, feelings, and behaviors are developed. Previous re-
search has found that CBT is effective in providing symptomatic
relief for specific psychiatric disorders, including depression (13—
17), PTSD (18), and anxiety disorders (19-21). CBT has also been
found to be effective when adapted to a school-based setting for
youth exposed to trauma in urban settings (21). There is evidence
that school-based CBT can improve school grades (22, 23) and
reduce negative behavioral outcomes such as violent crime
arrests (24).

ACT is used primarily to strengthen psychological flexibility,
consisting of six primary components: diffusion, acceptance, self
as context, contact with the present moment, values, and committed
action. Psychological flexibility promotes behavior change in the
service of chosen values by connecting the present moment with
what the situation affords. Narrative therapy is a psychotherapeutic
approach based on the notion that people construct narratives to
define themselves and give meaning to their daily experiences and
life events; by supporting narrating their life experiences in richer
and more gratifying ways, the individual becomes empowered to
consider life alternatives not previously considered. The narrative
therapy process has seven core components: collaboration, external-
izing the problem, identifying empowerment, identifying values,
linking past story to new narrative, inviting witness to new narrative,
and documenting gains (25, 26). These therapies and treatments
have been used to treat depression and anxiety, with no discernible
differences documented to date on individual outcomes. The WOW
program draws from each therapeutic tradition to form the founda-
tion of the program curriculum (27).

METHODS

Research design

To scrutinize the causal impact of WOW on mental health out-
comes, we conducted a cluster-randomized controlled trial in
which we randomized girls to receive an offer of the WOW
program or business as usual electives and services within nonran-
domly preselected neighborhood high schools. Our research team
and Youth Guidance together selected 10 study site Chicago Public
Schools (CPS) high schools to be invited to participate in a random-
ized control trial during academic year 2017-2018 and 2018-2019.
Each school had sufficient enrollment to provide the necessary
number of treatment and control students, could accommodate
WOW, and is located in an underserved community on Chicago's
south or west side that has experienced high rates of violent crime
(see Fig. 1).

All schools had excess demand and eligibility for the WOW
program, allowing for program slots to be offered via a fair lottery
given program constraints (approximately 50 girls could be served
per school). In accordance to the human subject protocol approved
by the University of Chicago Institutional Review Board, consent
was waived for randomization into the treatment and control as-
signed conditions; subsequently, students were consented to partic-
ipate in the program as well as for participation in baseline and
follow-up surveys.

Girls who were randomized to be offered the WOW program
were contacted by Youth Guidance counselors and consented
into program participation. Girls who participated joined group-
based counseling sessions once per week during an elective
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period during schools in which WOW counselors administered
the WOW curriculum and built rapport with WOW groups. Girls
who were not randomized to receive an offer from WOW were el-
igible to receive all other status quo services and elective offerings in
the building.

Sample eligibility

During the first week of academic year 2017-18, we received lists of
all 9th to 11th grade girls from schools participating in the study. In
practice, many of these lists came with extra information—e.g., in-
cluding additional grades and/or male students—and had to be
cleaned before the randomization stage. We used CPS administra-
tive data to randomize 3749 young women who met Youth Guid-
ance's guidelines for participating in WOW, which included: (i) at
least 75% overall school attendance during 2016—2017 academic
year; (ii) no specific diagnosis of significant intellectual disability,
per CPS records by the end of academic year 2016-2017; and (iii)
no signs of proactive aggression, self-harm, or active suicidal idea-
tion. A student is considered to have a significant intellectual dis-
ability if they were listed in any of the following six disability
categories: autistic; emotional and behavior disorder; educable
mental handicap; intellectual disability — profound; severe/pro-
found handicap; trainable mental handicap. These guidelines
were intended to ensure that the eligible students had a reasonable
chance of engaging with and benefiting from WOW by attending a
sufficient number of sessions and by being able to productively par-
ticipate in and understand group activities.

The combined roster lists contained 3875 potential candidates
ready to enter the randomization stage; of those, 126 individuals
(about 3.25%) were excluded from the randomization because of
not meeting WOW's requirements for participation. On the basis
of these requirements, we randomized >95% of all 9th to 11th
grade girls in schools participating in the study.

Randomization

We randomly assigned 3749 eligible 9th, 10th, and 11th grade girls
to either a treatment group or control group. Because WOW pro-
gramming capacity varied by school and sometimes by grade, we
carried out a random assignment conditional on school-by-grade
“randomization blocks” and varied the probability of assignment
to the treatment condition across randomization blocks. Within
each randomization block, students were randomly selected for
either the treatment group, which was offered the chance to partic-
ipate in WOW, or for the control group, for whom all business as
usual services and electives were available. A total of 1232 young
women in the study were assigned to the treatment group; 2517
women were assigned to the control group in fall 2017.

Two additional randomization phases followed the one de-
scribed above. First, we randomly selected a sample of 626 students
(of the 3749 students in the study) for recruitment for a baseline
survey, conducted before the beginning of WOW programming;
this sample was created in a way such that the number of students
assigned to the treatment group was as similar as possible to the
number assigned to the control group. The final number of partic-
ipants within each group has a random component to it. We can
only define ex ante the desired sampling probabilities within each
randomization block. When creating a random sample for the base-
line survey, we used sampling probabilities such that within each
block, we expected an equal number of participants landing in
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Fig. 1. WOW study school communities. WOW, Working on Womanhood.

the treatment versus control group. It just happened to be the case
that we ended up with an equal number of 313 participants on each
group for this case. For the follow-up survey sample, the methodol-
ogy used was the same as the one used for the baseline survey
sample, only that now targeting a larger sample size (~2000). The
final number of participants assigned to the treatment group was
that of 1008; with 1003 being assigned to the control group. From
626 randomly selected students, we had 346 responses for an effec-
tive response rate of 55%.

Second, we randomly selected a sample of 2011 students (of the
3749 students in the study) to be recruited for a follow-up survey,
conducted toward the end of the first year of WOW programming;
this sample was also created in a way such that the number of stu-
dents in the study assigned to the treatment group was as similar as
possible to the number assigned to the control group. A total of
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1487 selected students responded to the follow-up survey of the
2011 offered, with an effective response rate of 84%.

We do not see differential outcome missingness for survey re-
spondents for either survey across treatment and control groups.
In the baseline survey, of the 313 students in the study assigned to
the treatment group, 175 (~56%) were effectively surveyed; and of
the 313 students assigned to the control group, 171 (~55%) were
effectively surveyed. All other students in the study were either
unable to be located or declined to participate in the baseline
survey. In the case of the follow-up survey, of the 1008 students
in the study assigned to the treatment group, 759 (~76%) were ef-
fectively surveyed; and of the 1003 students assigned to the control
group, 728 (~73%) were effectively surveyed. Eight students as-
signed to the follow-up survey sample declined to participate in
the study before the follow-up survey began and were excluded
from the targeted sample altogether. Five of 1008 participants
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assigned to the treatment group in the follow-up survey belong to
the group of eight that were excluded from the follow-up survey ex
ante. Within the control group, 3 of 1003 cases belong to the group
of eight that were excluded from the follow-up survey ex ante. The
consort diagram (see Fig. 2) shows the overall structure at each
point, depicting the analytic sample for administration of a baseline
survey as well as a follow-up survey (see “Data collection” section for
more details on survey administration).

Analytic samples

We include analysis from two different analytic samples assigned
based on the randomization procedures above here. The follow-
up survey student sample is a randomly selected subset of the
cohort I sample. We describe each analytic sample below, for
reference:

Cohort | sample

Our cohort I sample includes girls randomized in fall 2017 (N =
3749). Eighty-five percent of young women in our study are Black
and Hispanic/Latinx. About one-half of young women in the study
reported speaking Spanish as their primary language at home
(Table 1). The majority of students in cohort I are free and
reduced price lunch recipients. We find a slightly higher proportion
of students with limited English proficiency (LEP) in the treatment
group and a somewhat higher proportion of youth in the control
group who are flagged as having a learning disability in cohort I.
Follow-up survey sample: Selected students

The first follow-up survey sample included 2011 study youth ran-
domly sampled for survey participation. Girls selected to be part
of the follow-up survey sample were representative of girls in the
cohort I sample (Table 1). Of the 2011 youth, we found that eight

girls had declined survey participation at baseline and were exclud-
ed from the study; therefore, 1003 treatment youth and 1000 control
youth were assigned to the survey. We find that the randomly select-
ed follow-up survey sample students are similar to the cohort I
sample and are balanced across treatment and control
groups (Table 1).

Follow-up survey sample: Respondents

In addition, we find a balanced sample among follow-up survey re-
spondents as well (Table 2). A total of 2003 students in the study
were offered the opportunity to complete a follow-up survey
between June and November 2018. We received 1487 completed
surveys, with an effective response rate of 84%, with 759 treatment
youth and 728 control youth completing the survey. A total of 1487
participants responded to at least one question of either the Student
Health Survey (SHS) or Behavioral Assessment System for Children
(BASC-3) questionnaires. We received 1484 completed surveys.
Nonresponders in the follow-up were more likely to be Hispanic,
averaged an additional day of unexcused absence, and had slightly
lower grade point averages (GPAs) than respondents did. We find
balance on observed covariates within this sample, with no statisti-
cally significant differences in response rates across students as-
signed to treatment and control (Table 2).

Data collection

Survey measures

In consultation with Youth Guidance and our team'’s expert mental
health researcher (K. Grant, DePaul University), we compiled a
comprehensive survey that contained several rigorous diagnostic in-
struments. We selected the nationally normed and clinically validat-
ed BASC-3 (28) to measure anxiety and depression (among several
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Fig. 2. WOW study consort diagram: Cohort I.
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Table 1. Balance table: Cohort | and follow-up survey sample. Significance between the mean differences for the treatment versus control groups was
estimated using a linear regression with block-level fixed effects. All missing cases were imputed using block-level averages. A joint F test was performed on
demographic/academic covariates grouped together to test their joint significance. P values estimated using heteroscedasticity robust SEs. ***P < 0.001; **P <

0.01; *P < 0.05; +P < 0.1. GPA, grade point average; LEP, limited English proficiency. Obs., observations.

Cohort | Follow-up survey sample
Variable Treat mean Control mean P value Treat mean Control mean P value
Old for grade 0.149 0.122 0.135 0.151 0.127 0.118

Joint F tests

Prob > F = 0.406

other mediators and secondary outcomes), enabling us to compare
our study sample to the national distribution of young women aged
15 to 18. We also elected to use the well-established Child and Ad-
olescent Trauma Screen (CATS) to measure trauma exposure and
PTSD symptomology. We relied on the BASC-3 to gather self-re-
ported data on our hypothesized mechanisms of self-esteem and
self-efficacy. The self-efficacy measurement was supplemented
using the Self-Efficacy Questionnaire for Children drawn from
Muris (29).

We drew upon a variety of validated instruments and other
survey questions to complement these instruments with a range
of additional survey items that explored physical and sexual
health, risk-taking behavior, self-image, future orientation, relation-
ships, and more. We used the Difficulties in Emotional Regulation
Scale-Short Form (30) to measure emotional regulation and the
Future Outlook Inventory (31-33) to capture future orientation.
Our surveys also included items from the National Longitudinal
Study of Adolescent to Adult Health (Add Health) (34), which pro-
vided information on reproductive health outcomes and sub-
stance use.

Baseline survey

We administered a preprogram survey in the fall of school year
2017-2018 to obtain mental and physical health outcome measures
not well captured in administrative data. We used this baseline
survey data to test for and establish balance between treatment
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Prob > F =0.772

and control groups, improve the precision of our estimates, and
provide information on the overall mental health characteristics
of our population of interest.

Because of funding constraints, we could not conduct a baseline
survey of our entire sample to complement the administrative data
to which we had access for the full study sample. We were able to
draw a random subset of 626 students from our full sample, block-
ing on school and grade, for baseline survey. Of the 626, we success-
fully consented, assented, and surveyed 346 to achieve a response
rate of 55.3%. As shown in Tables 1 and 2 below, we achieved
good balance in our surveyed sample on demographic and other
variables, including our primary outcomes and proposed
mechanisms.

Follow-up survey

Our research team conducted a follow-up survey from May to
October 2018 to capture first-year post-program impacts on key
outcomes for our first study cohort, which received services from
fall 2017 to spring 2019. We worked with the Survey Research
Center at the University of Michigan's Institute for Social Research
(ISR) to administer the follow-up survey to a random sample of ap-
proximately 2000 students using the survey instruments that we
used for the baseline survey. We used a two-phase sampling to
obtain responses from a representative subsample of hard-to-
locate respondents, with a goal of an effective response rate of
85%, which ISR had achieved in our previous studies of CPS

50f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 2. Balance table: Follow-up survey respondents. Significance between the mean differences for the treatment versus control groups was estimated using
a linear regression with block-level fixed effects. All missing cases were imputed using block-level averages. A joint F test was performed on demographic,
academic, and mental health covariates grouped together to test their joint significance. Obs(w) refers to the weighted sample size, i.e., the sum of the sample
weights used in the statistical tests. P values estimated using heteroscedasticity robust SEs. ***P < 0.001; **P < 0.01; *P < 0.05; +P < 0.1. PTSD, posttraumatic stress
disorder.

Variable Treat Control Est P value Obs Obs(w)

Mental health indicators

Anxiety raw score

PTSD at risk or clinically significant

Demographic indicators
Old for grade

Primary language Spanish

Joint F test | (mental health and demographic)

Joint F test Il (demographic only)

Prob > F =

students (24). We use the follow-up survey items in two ways: (i) to
assess program impact and (ii) to identify potential mediators of
treatment effects.

Administrative data

Master data sharing agreements with CPS and the Chicago Police
Department (CPD) provided the administrative data foundation
for our statistical analysis of education and arrest outcomes.
Because the study sample was drawn from CPS administrative
data, we had access to longitudinal student-level records for every
student in the treatment and the control groups, including
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student-level school records on attendance, course grades, test
scores, graduation and college enrollment, and school disciplinary
actions. Students who switch schools or drop out are tracked and
analyzed by original group assignment. Our data suggest that 3%
of CPS 9th and 10th graders switch schools each year; 9% drop
out or leave Chicago. These data were available before the interven-
tion, throughout the intervention period, as well as after interven-
tion, even for students who changed schools as long as they
remained connected to CPS and were particularly valuable to
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track youth for in-person surveys, as students could have changed
schools, dropped out, or changed addresses during the study period.

Our team also has a master data sharing agreement with the CPD
to access arrest data (35). These include data on the identity of the
offender, date and location of the crime event, and criminal charges
(for juvenile and adult offenders). We also had access to CPD vic-
timization data covering juvenile and adult arrests citywide. We
matched our study sample to these arrest records using probabilistic
matching on name and date of birth. This study was approved by
The University of Chicago Institutional Review Board, protocol
IRB17-0585.

Data analysis

Because of our randomized experimental design, our analysis plan
is straightforward. We estimate both the intent-to-treat (ITT) effect
and the treatment-on-the-treated (TOT) effect. The ITT estimate
comes from estimating Eq. 1

Yi=mny+mZ; + Xt + B; + ¢ (1)

where Y; is an outcome for participant i measured after random as-
signment, Z; is an indicator for having been offered WOW pro-
gramming, B; is a full set of randomization block fixed effects, ¢;
is a random error term, and X; is a set of baseline controls to
improve precision. These include age, school, and grade fixed
effects; an indicator for having a learning disability, an indicator
for having limited English proficiency, an indicator for being old
for grade, and indicators for black and Latinx; and the following ac-
ademic measures measured in the 2016-2017 baseline school year:
number of each type of grade received (A to D and F), days present,
days of out-of-school suspensions, and days of in-school suspen-
sions. We also include indicators for ever being arrested for a
violent, drug, or property related charge. Missingness of baseline
covariates is balanced across treatment and controls groups.
Missing baseline covariates were imputed using randomization
block means by treatment status. For each imputed baseline covar-
iate, we included an indicator identifying those observations that
were imputed.

To estimate the TOT effect, we use random assignment (Z;) as an
instrumental variable (IV) for participation (D;), as in Egs. 2 and 3
(36, 37). The first-stage equation is

Di=vyo+v1Zi + Xy, + Bi + i (2)

where D; is an indicator for having participated in WOW program-
ming (defined as having participated in at least one WOW group
session), the ys are parameters to be estimated, y; is a random
error term, and all other variables are defined as above. The rela-
tionship of interest is

Y; =By + P1Di + XiPy + Bi + 9; (3)

The identifying assumption here is that treatment assignment
has no effect on the outcomes of those assigned to treatment who
do not participate. The IV estimate for the parameter B; (Eq. 3) is
essentially a ratio of two ITT estimates—the ITT effect on the
outcome of interest in the numerator and the I'TT effect on partic-
ipation in the denominator.
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RESULTS

Baseline descriptive statistics

We used the baseline survey to test for and establish balance
between treatment and control groups, improve the precision of
our estimates, and describe the overall mental health characteristics
of our population of interest. Of our 346 survey respondents at base-
line, we observe no statistically significant differences in our 13
baseline measures.

At baseline, young women in the study had suffered, on average,
at least two serious traumatic experiences in their lifetimes; nearly
30% had personally witnessed someone being attacked, stabbed,
shot at, hurt badly, or killed. More than 45% had someone close
die suddenly or violently. Twenty-four percent scored within the
clinical range or the at-risk range for anxiety; 27% scored within
the clinical range or the at-risk range for depression (38).

The baseline survey also helps us understand the baseline prev-
alence of depression, anxiety, and PTSD within this population (N =
346). Approximately 17% of girls surveyed at baseline appeared at
risk for depression and anxiety. About 10% appeared within the
clinically significant range for depression and about 7% for
anxiety. Findings on trauma exposure do not account for experienc-
es of direct physical abuse, sexual abuse, or sexual assault due to
mandatory reporting requirements and may be a conservative esti-
mate. Our baseline surveys indicate that 38% of 10th and 11th grade
young women in our study sample exhibit signs of PTSD; the ob-
served prevalence of probable PTSD among these young women is
twice that of service members returning from Iraq and Afghanistan.
Our depression and anxiety measures are drawn from the BASC-3
SRP-A. The clinically significant range is defined as 2 SDs above the
mean when scores are normalized to the appropriate national norm.
In our case, we use general female, aged 15 to 18. Almost 30% scored
within the probable PTSD range on the CATS, and on average, girls
reported 2.5 exposures to traumatic events.

Follow-up survey outcomes
We observed large and statistically significant treatment-control dif-
ferences in PTSD, depression, and anxiety scores (see Figs. 3 to 5).

We find that participation in WOW causes a 22% decrease in
PTSD symptom severity scores, which measures the frequency
and intensity of PTSD symptoms, and a 38% decrease in scores
that indicate “moderate trauma-related distress.” We also find that
WOW participation causes significant decreases in measures of
anxiety (9.77%) and depression (14.1%) (see Table 3).

We analyze academic outcomes in the administrative data for the
full sample of 3749 girls randomized to treatment and control con-
ditions. We observed no clinically or statistically significant differ-
ences between treatment and control participants in overall
attendance, GPA, or freshman on-track status. Treatment and
control participants displayed virtually identical outcomes on
these measures (see Table 4).

Economic policy analysis (cost-utility results)

Our main results suggest that WOW improved mental health out-
comes for young women participating in the program relative to
those who did not. Building on these findings, we used cost-
utility analysis to examine the economic value of such mental
health improvements relative to WOW's associated program
costs. We focused on observed treatment effects in reducing
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Fig. 3. Mental health trajectory for anxiety (effect of being offered WOW). Note that control means shown in the plot are regression adjusted for both the baseline
and follow-up samples. Treatment means are calculated as the adjusted control means plus the estimated effect of being offered WOW. Confidence intervals are at the
95% significance level. BASC-3, Behavioral Assessment System for Children. N(w), weighted sample size.

depression and PTSD symptoms, converting these mental health
benefits to changes in quality adjusted life year (QALY) units
gained through the intervention. Briefly summarized, QALYs are
constructed by multiplying the length of time that a program
effect is presumed to occur by a utility weight that corresponds to
the quality of life of individual. One year in perfect health is equiv-
alent to one QALY as is 2 years in a very poor health state with the
assigned utility weight of 0.5 (1 year * 1 =1 QALY = 2 years * 0.5).

To generate an estimate of the cost per QALY gained through
WOW, we applied utility weights for depression and PTSD,
drawn from existing research, to the responses in the follow-up
survey administered to the young women in the study. For depres-
sion, we assumed that an individual who is depression-free has a
utility weight of 1 (perfect health) and that an individual who sat-
isfies screening criteria for clinically significant depression has a
utility weight of 0.59 (39). We also assumed that an individual at
risk for clinically significant depression has a utility weight
between 0.59 and 1 proportionate to their BASC-3 depression ¢
score. The assignment of utility weights for PTSD followed a
similar pattern. We assumed an individual who is PTSD-free has
a utility weight of 1 and that an individual with clinically significant
PTSD has a utility weight of 0.61 (40). Those at risk for PTSD
receive a utility weight between 0.61 and 1 proportionate to their
survey CATS PTSD score.

The program cost was estimated to be $2300 per actual partici-
pant in WOW. This number was obtained from Youth Guidance,
the WOW program provider. That cost figure is based on a caseload
of 55 youths served per counselor. It includes the direct salary and
benefit costs of counselors and the curriculum specialists who
provide training and coaching. It also includes further expensing
of program management, other direct programming expenses,
and overhead costs for information technology, human resources,
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and Youth Guidance financial and program evaluation/quality as-
surance required to operate the program.

We performed an ITT analysis to compare mental health out-
comes among all youth invited to participate in WOW with those
observed in the control group. On the basis of the program take-up
rate of 65%, we converted our program cost data to be comparable
to the ITT measure. The cost per program participant in the ITT
treatment-assigned group was thus $2300%0.6525 or $1501.

Following the medical cost-effectiveness literature, we then com-
puted the cost per QALY gained by computing an incremental cost-
effectiveness ratio (ICER) for each outcome

Costy — Coste | $1501 — $0
QALY; — QALY.) ~ \QALY; — QALY,

where Costr refers to the average cost of implementing WOW cal-
culated within the full treatment-assigned group (e.g., $2300*0.6525
= ~$1500 for the PTSD case). For the cost-benefit analysis, we use
the average program cost across the entire treatment group; because
not everyone in the treatment group enrolls in WOW, the per-
person program cost of $2300 needs to be scaled down by the par-
ticipation rate before we can plug it into the ICER's equation. The
percentage of study participants from the treatment group enrolled
in the WOW program is 65.3%. Note that this percentage varies
slightly across the different mental health constructs, as not every-
one responded to all questions in the survey (e.g., it is 64.92% for
depression, 65.25% for PTSD, etc.). We take an estimate of {3,
from the following regression model as an estimate of QALY T —
QALYC

QALY, = I30 —+ ‘31WOW1 —+ BX —+ BXmiss —+ Hi =+ &;

where
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follow-up samples. Treatment means are calculated as the adjusted control means plus the estimated effect of being offered WOW. Confidence intervals are at the 95%
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1) QALY; is an individual's utility weight multiplied by an assumed
effect duration of 365 days. (We perform sensitivity analyses of
assumed effect duration below.)

2) WOW,; is a WOW treatment binary indicator.

3) X is a vector of baseline covariates.

4) Xmiss is a dummy indicator identifying those cases where the
baseline covariates included in $X$ were imputed, using ran-
domization block-level means.
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5) W is block-level fixed effects.
6) €; is normally distributed random error term.

We compute an ICER for depression and PTSD separately,
where the cost per QALY refers to the cost per QALY gained in
terms of just that outcome.

We also compute the cost per QALY gained for the combination
of PTSD and depression. To avoid complex assumptions about the
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cumulative impact of co-occurring conditions, we assigned each
student in the study a utility weight that corresponds to the
minimum utility weight that they scored across depression and
PTSD. Although anxiety is one of our primary outcomes, we do
not include it in the main CBA analysis, because we were unable
to find utility weights in the literature that mapped well onto the
anxiety questions asked in the BASC-3. Table 5 reports the cost
per QALY gained for each outcome.

The Institute for Clinical and Economic Research reports two
standard thresholds to use for economic evaluations of pharmaceu-
tical pricing as well as medical and public health interventions in the
United States: $150,000 and $100,000 per QALY (41). Comparing
the cost per QALY gained from WOW to these thresholds, WOW
appears to be highly cost-effective when evaluated solely in terms of
its impact on PTSD or on the combined PTSD/depression outcome.
It is borderline cost-effective when evaluated solely as a depression
prevention intervention.

To assess the sensitivity of these results to variance in the esti-
mates of the program effects, we performed a bootstrap analysis
to examine the variation in our computed ICER for the combined
outcome using 100,000 repetitions. We find that WOW meets the
$150,000 threshold in 92.4% of samples and the $100,000 threshold
in 81.2% of samples. Figure S8 is the cumulative distribution func-
tion of the bootstrapping results.

As a further robustness check, we conducted a bounding exercise
where we generate utility weights for a third mental health outcome,
anxiety, using the utility weights for depression and students’ re-
sponses to anxiety questions of the BASC-3. This does not change
our fundamental result. When we combine utility weights using the
minimum quality-of-life weights for an individual across their
PTSD, depression, and imputed anxiety scores and construct an
ICER, we find that the cost per QALY gained to be $67,505. Assum-
ing the quality of life for anxiety is no better than the quality of life
for depression, this ICER provides an estimate of the cost per QALY
gained across our three primary outcomes.

Table 5. Cost per QALY gained. Showing cost per QALY gained assuming
a 365-day benefit. We also show the number of posited benefit days
required to meet relevant cost-benefit thresholds. QALY, quality adjusted

life year.
Outcome Cost per QALY  Days of posited  Days of posited
gained benefit benefit
presuming a required to required to
365- meet the meet the
day benefit $150,000 per $100,000 per
QALY QALY
threshold threshold
Depression as $180,522 439 659
the only per QALY
valued
outcome
PTSD as the $64,274 156 235
only per QALY
valued
outcome
Combined $58,025 141 212
depression per QALY
and PTSD

Bhatt et al., Sci. Adv. 9, eabq2077 (2023) 7 June 2023

A second uncertainty (see Table 5) relates to the posited duration
of program effects. If the true program effect were shorter than 365
days, then we may overstate program cost-utility. Examining the
combined depression/PTSD outcome, we find that the intervention
meets the $100,000 benchmark with a posited intervention duration
of 235 days of benefit. The intervention meets the $150,000 bench-
mark with a posited benefit duration of 156 days.

Study limitations

Our analysis has several study limitations that must be considered in
evaluating our results. Within-school randomization creates some
potential for spillovers, which could have led us to understate
program effects. Spillovers occur if control students directly enroll
in WOW, if WOW staff provides informal mentoring or other sup-
ports to control-group students, or if treatment group services indi-
rectly benefit control-group students in other ways.

Our mental health outcomes were based on the BASC-3 instru-
ment rather than a diagnostic clinical interview. Our results thus
should not be taken as providing clinical diagnosis for any specific
individual. Because we could not conduct diagnostic clinical inter-
views, we adopted a conservative approach to the quality-of-life
impact of co-occurring depression and PTSD symptoms, in
which we assumed that the quality of life was equivalent to the
minimum value obtained for each condition independent of co-
morbidity. To the extent that the quality-of-life impact of co-occur-
ring symptoms is worse than the impact of either condition alone,
we may understate the harms associated with co-occurring
conditions.

Given study exigencies arising from the COVID-19 pandemic,
we could not gather data on long-term mental health outcomes
among WOW participants or controls. Our findings are thus
based on respondents’ mental health status as captured in the
follow-up survey. We were therefore not able to measure whether
WOW induced benefits that lasted beyond the study period. We
also could not observe intervention benefits that may have faded
out for some participants before the follow-up survey was adminis-
tered. WOW was also designed to be a 2-year program. We may un-
derstate the program'’s full benefits given the timing of our mental
health surveys.

Given these limitations, we conducted sensitivity analyses to
examine the duration of program benefit required for WOW to
pass the standard cost-effectiveness threshold. As noted above,
WOW's observed mental health benefits associated with reduced
PTSD and depression symptoms would need to last approximately
157 days (roughly 5 months) for WOW to be deemed cost-effective,
based on the $150,000-per-QALY threshold.

DISCUSSION

Young women, particularly those attending school in low-income,
predominantly minority communities experience high rates of de-
pression, PTSD, and other mental health challenges. Designing and
fielding feasible and cost-effective interventions to address these
challenges remains a key challenge.

The WOW intervention induces marked and statistically signifi-
cant improvement in depression, anxiety, and PTSD symptoms
among the young women who participate in this intervention.
WOW was not designed to move academic outcomes such as
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standardized test scores and grades. In addition, over the period ob-
served, WOW did not improve these outcomes.

Evaluated on the basis of its ability to ameliorate mental health
symptoms, WOW appears highly cost-effective when judged on the
basis of standard cost-utility metrics used to evaluate medical and
public health interventions. These benefits were achieved within the
challenging real-world environment of 10 Chicago public high
schools. At a per-participant cost of $2300, WOW provides one
promising model that can be replicated at scale within resource-
challenged public schools across the country.

The burden of mental health is often unseen and overlooked,
particularly for young women of color, in part because it is not
always associated with externalizing behaviors. This study marks
one of the first studies of adolescent mental health for young
women of color that documents prevalence of mental health chal-
lenges such as anxiety, depression, and PTSD in Chicago. It also
provides rigorous evidence about how to systematically reduce the
prevalence of these challenges at scale through an innovative,
group-based, in-school model of therapy.

These findings are previously unknown in part because of the
limited evidence base for existing interventions and programs in-
tended to address the high rates of trauma exposure and consequent
anxiety, depression, and PTSD found among young women in our
study. Our results suggest that group-based, in-school therapy pro-
grams like WOW can be effective in reducing these rates and high-
light the dearth of alternate services available to the young women
in our study. More attention should be directed to WOW and other
feasible, cost-effective interventions that support the mental health
of young women.

This study was conducted in 10 schools within the real-world
environment in America's third largest city and in its third largest
school district. The study included the vast majority of young
women in these schools; approximately 95% of female students
were randomized to either the treatment or control conditions.

Given that approximately 70% of adolescents’ mental health ser-
vices are received in a school-based setting, this study marks an im-
portant advancement in quantifying the efficacy of the WOW
approach of combining CBT, ACT, and narrative therapy into
group-based counseling. Despite this advancement, there were
young women who had more profound mental health challenges
and more significant needs that were not appropriate for group-
based intervention; future work should examine interventions to
support the needs of these girls.

In our analysis of costs and benefits, we applied the best cost-
utility metrics available. More analyses are needed to specifically
study young women and to provide cost-effective and outcome
measures tailored to this population. Young women experience
high mental health disease burdens but are understudied in the
literature.

It is also important to evaluate school-based, mental health in-
terventions by the same yardsticks that we use to evaluate other in-
terventions to extend life and improve health. If as a society we are
willing to cover the cost of medication to support mental health
through Medicaid and other payment sources, then we should
also finance psychosocial interventions that prove to be cost-effec-
tive when viewed through the lens of these same cost-utility metrics.

Bhatt et al., Sci. Adv. 9, eabq2077 (2023) 7 June 2023
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Altered fear engram encoding underlying conditioned
versus unconditioned stimulus—initiated memory

updating
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It is known that post-retrieval extinction but not extinction alone could erase fear memory. However, whether
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the coding pattern of original fear engrams is remodeled or inhibited remains largely unclear. We found in-
creased reactivation of engram cells in the prelimbic cortex and basolateral amygdala during memory updating.
Moreover, conditioned stimulus— and unconditioned stimulus—initiated memory updating depends on the
engram cell reactivation in the prelimbic cortex and basolateral amygdala, respectively. Last, we found that
memory updating causes increased overlapping between fear and extinction cells, and the original fear
engram encoding was altered during memory updating. Our data provide the first evidence to show the over-
lapping ensembles between fear and extinction cells and the functional reorganization of original engrams un-
derlying conditioned stimulus— and unconditioned stimulus—initiated memory updating.

INTRODUCTION

Pathological memory is harmful but difficult to treat. Clinically, ex-
posure therapy is commonly used to treat such cases, which is a
process of fear extinction by repeatedly presenting the conditioned
stimulus (CS) in the absence of the unconditioned stimulus (US)
(1). However, it is not always effective as fear memory still exists
with the phenomenon such as spontaneous recovery (SR) (2),
which indicates that extinction normally leaves the original
memory intact. It is reported that fear memory could be erased
without SR by extinction training at the reconsolidation window
(10 min to 6 hour) induced by either CS retrieval or US retrieval,
which suggests that post-retrieval extinction treatment could
induce fear memory updating (3, 4). In particular, specific CS re-
trieval before extinction (CS + Ext) could selectively erase the reac-
tivated CS rather than other cue-associated fear memory, while US
retrieval before extinction (US + Ext) could prevent multiple CS—
associated fear memory with that US (5). Although it is reported
that reactivation of original memory engrams in the dentate gyrus
(DG) contributes to remote contextual fear memory attenuation
(6), little is known whether the coding pattern of memory
engrams is altered during post-retrieval extinction—induced
memory updating.

Memory engram cells referred to a population of neurons that
are activated by learning and must be reactivated for recall (7). In
the contextual fear memory paradigm, previous studies found that
artificial activation of engram cells could induce stored memory re-
trieval, and extinction training suppressed the reactivation of orig-
inal engram cells while activating distinct extinction engram
ensembles in the DG (7-9). Moreover, fear and extinction cells
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were also found in basolateral amygdala (BLA), and the balance
of activity between subpopulations of BLA projection neurons de-
termines the relative expression of fear and extinction memories
(10, 11). It is reported that prelimbic cortex (PrL) is critical for au-
ditory fear memory expression, and the existence of fear engram
cells in PrL is well established (12, 13). However, whether there
exist extinction cells in PrL remains unknown. In addition, the re-
lationship between fear and extinction cells and the dynamic mod-
ification of fear engram encoding underlying memory updating are
still unclear. In particular, whether memory erasure is mediated by
the inhibition or updating of fear engrams has always been a
question.

To answer the question, by using activity-dependent neuronal-
tagging technology, neuronal tracing technique combined with op-
togenetic manipulation and in vivo calcium imaging (7, 14, 15), we
identified the fear and extinction cells in PrL and BLA and investi-
gated the dynamic encoding of memory engram ensembles in PrL
and BLA during CS- versus US-initiated memory updating.

RESULTS

First, the mice were fear-conditioned using three tone-shock pair-
ings and were then divided into four experimental groups. Context
only, extinction only, CS(30 min) + Ext, and CS(24 hours) + Ext
groups were included to examine whether time window—controlled
post-retrieval extinction paradigm could erase fear memory. Con-
sistent with previous study (3), SR, renewal, and reinstatement were
found in the CS(24 hours) + Ext group but not in the CS(30 min) +
Ext group (fig. S1, A to C). In addition, memory saving could be
tested by retraining to determine whether memory was erased (3),
and we found that the freezing levels during the memory saving test
performed at 24 hours after retraining in the CS(24 hours) + Ext
group were significantly higher than those in home cage and
CS(30 min) + Ext groups. Moreover, there was no difference in
the memory saving test between the CS(30 min) + Ext group and
the home cage group, which suggests that there was no memory
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savings in the CS(30 min) + Ext group (fig. S1D). These results sug-
gested that the CS(30 min) + Ext paradigm could erase fear
memory. While BLA, PrL, and infralimbic cortex (IL) have been re-
ported to be respectively involved in cued fear learning, retrieval,
and extinction processes (16, 17), it remains unknown whether
they play roles in memory erasure. Therefore, we examined the c-
Fos expression at 90 min after the CS + Ext paradigm and found that
PrL and BLA but not IL showed increased c-Fos—positive cell
numbers in the CS(30 min) + Ext group compared with the
CS(24 hours) + Ext group (fig. SI1, E and F). Next, we want to
know whether the reactivation of fear engram cells contributes to
the increased c-Fos expression during memory erasure. We used
double transgenic c-fos:tTA and TRE:H2B-GFP TetTag mice and
c-Fos antibody to label and detect the memory engram cell reacti-
vation during memory erasure. By using doxycycline (Dox)—depen-
dent manner, the mice underwent auditory fear conditioning
(AFC) training under the Dox-off condition to label the fear
memory engram cells, and the cells activated by extinction, retrieval,
or erasure were labeled with the c-Fos antibody, where the GFP"c-
Fos" cells indicate the reactivated engram cells (Fig. 1, A to C). In
BLA and PrL, the GFP" cell number showed no difference between
CS(30 min) + Ext, CS(30 min) + Ctx, and CS(24 hours) + Ext
groups (Fig. 1D). The engram cell reactivation ratio in the CS(30
min) + Ctx group was significantly higher than that in the CS(24
hours) + Ext group; however, the CS(30 min) + Ext group
showed the highest engram reactivation ratio among the three
groups (Fig. 1E). In addition, in both BLA and PrL, the engram
cell reactivation was above chance in either the CS(24 hours) +
Ext group, the CS(30 min) + Ctx group, or the CS(30 min) + Ext
group, and the reactivation in the CS(30 min) + Ext group was sig-
nificantly greater than that in the CS(24 hours) + Ext or CS(30 min)
+ Ctx group (Fig. 1F). These findings indicate the increased
memory engram cell reactivation in BLA and PrL during memory
erasure, which might contribute to CS-initiated memory updating.

The activation of fear engram cells in PrL but not BLA is
crucial for CS-initiated memory updating
To investigate the role of BLA and PrL engram cells in CS-initiated
memory updating, we first bilaterally targeted injections of AAV-c-
fos:tTA and AAV,-TRE:eNpHR3.0-EYFP into BLA or PrL of wild-
type (WT) mice to label the fear engram cells induced by AFC train-
ing (Fig. 2, A to C). Optogenetic inhibition of BLA or PrL fear
engram cells during retrieval could significantly decrease the freez-
ing levels in the retrieval test, while it has no effect on the following
extinction performance (Fig. 2, D to F). Optogenetic inhibition of
PrL but not BLA fear engram cells during retrieval led to increased
freezing levels during the SR test, indicating fear memory recovery
(Fig. 2, E and F). It suggests that both BLA and PrL fear engram cells
are necessary for fear memory retrieval, while fear engram cells in
PrL but not BLA are essential for CS-initiated memory updating.
To further investigate whether artificially activating BLA or PrL
fear engram cells 30 min before Ext could induce memory erasure,
we labeled the BLA or PrL engram cells induced by AFC training by
bilaterally targeted injections of AAVy-c-fos:tTA and AAV,-
TRE:ChR2-mCherry (Fig. 3, A to C). Optogenetic activation of
BLA or PrL fear engram cells in the context B without CS recall
at 30 min before Ext could induce freezing behavior and has no
effect on the following extinction training (Fig. 3, D to F), which
is consistent with previous study that artificial activation of
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memory engram cells could induce memory expression (8). More-
over, there is no freezing recovery during the SR test following op-
togenetic activation of BLA or PrL fear engram cells at 30 min
before extinction (Fig. 3, E and F). To rule out the influence of
single CS retrieval or optogenetic activation of fear engrams on
the subsequent memory test, we further analyzed the freezing
levels during the first trail of Ext in different experimental groups.
The freezing levels during the first trail of Ext exactly reflect the
memory levels without extinction. Therefore, analyzing the freezing
levels during the first trail of Ext in Ext only, CS(24 hours) + Ext,
and CS(30 min) + Ext groups (data from fig. S1) could investigate
the effect of CS retrieval only on the subsequent memory test. The
freezing levels during the first trail of Ext in the optogenetic activa-
tion of the PrL or BLA engrams (data from Fig. 3) could reveal the
effect of optogenetic manipulation on the subsequent memory test.
We found that the freezing levels were no different across Ext only,
CS(24 hours) + Ext, and CS(30 min) + Ext groups, which suggests
that single CS exposure during the retrieval session could not affect
the subsequent fear memory test (fig. S2A). Similarly, the freezing
levels during the first trail of Ext showed no difference between the
ChR2 group and the mCherry group under the PrL or BLA engram
manipulation (fig. S2B). These results suggest that neither single CS
exposure nor single optogenetic activation of memory engrams
could affect the subsequent fear memory test. Together, our
results suggest that BLA or PrL fear engram cell activation at 30
min before extinction is sufficient for CS-initiated memory
updating.

To clarify the differential role of PrL and BLA fear engram cells
in CS-initiated memory updating, we bilaterally targeted injections
of AAVy-c-fos:tTA and AAV9-TRE:ChR2-mCherry into PrL for
fear engram cell activation, and AAV,-c-fos:tTA and AAV,-TRE:
eNpHR3.0-EYFP were simultaneously injected into BLA for fear
engram cell inhibition (fig. S3A). Activation of PrL fear engram
cells and simultaneous inhibition of BLA engram cells at 30 min
before extinction did not induce freezing behavior in the retrieval
test, while it could block freezing recovery during the SR test, indi-
cating erased fear memory (fig. S3B). We next inhibited the PrL fear
engram cells and simultaneously activated BLA engram cells at 30
min before extinction; mice freezing levels in the retrieval test were
significantly increased compared with the control group (fig. S3, C
and D). However, freezing levels during the SR test were increased
compared with that during the extinction memory (EM) test, indi-
cating fear memory recovery (fig. S3D). Thus, our data suggest that
the activation of BLA engram cells is critical for fear expression but
not CS-initiated memory updating, whereas the activation of PrL
fear engram cells is necessary and sufficient for CS-initiated
memory updating. Our data also demonstrate that it is the activa-
tion of fear engram cells but not the freezing behavior that is critical
for fear memory updating. To illustrate the mechanism that artifi-
cial activation of BLA fear engram cells could induce memory
erasure, we further bilaterally injected AAV,-TRE:ChR2-mCherry
into BLA in double transgenic c-fos:tTA and TRE:H2B-GFP
TetTag mice, which could allow us to examine the PrL engram
cell reactivation upon BLA engram cell activation (fig. S3E). BLA
fear engram cells induced by AFC training were labeled by ChR2-
mCherry, and optogenetic activation of BLA engram cells could
induce increased freezing levels in the context without CS recall
(fig. S3, F and G). Furthermore, we found that the c-Fos expression
and the engram cell reactivation in PrL were increased upon
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Fig. 1. The engram cells in BLA and PrL show increased reactivation during CS-initiated memory updating. (A) Labeling strategy of the inducible double transgenic
TetTag mouse and the experimental design used in the CS or CS + Ext paradigm. Activated neurons upon AFC training express H2B-GFP (green), while neurons activated
by CS or CS + Ext express endogenous c-Fos (red) and the overlapped cells were labeled (yellow). (B) Experimental schedule of engram cell labeling in CS(24 hours) + Ext,
CS(30 min) + Ctx, and CS(30 min) + Ext groups. (C) Representative images of GFP* (green) and c-Fos* (red) immunofluorescence in BLA (top) and PrL (bottom) during
CS(30 min) + Ext, CS(30 min) + Ctx, and CS(24 hours) + Ext. The white arrowheads marked colabeled GFP*c-Fos™ cells. (D) The CS(24 hours) + Ext, CS5(30 min) + Ctx, and
CS(30 min) + Ext groups showed similar GFP™ cell density, but the c-Fos™ cell density was significantly higher in the CS(30 min) + Ext group in both PrL and BLA (unpaired t
test, ***P < 0.001; n = 8 animals per group). (E) GFP*c-Fos™/GFP™ levels were significantly higher in the CS(30 min) + Ext group than in CS(24 hours) + Ext and CS(30 min) +
Ctx groups [one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test, *P < 0.05, ***P < 0.001]. (F) Compared with the chance (dashed line) level, the
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optogenetic activating BLA engram cells (fig. S3, H and I), which
suggests the functional connection between BLA and PrL fear
engram cells and is consistent with our conclusion that the activa-
tion of PrL engram cells is critical for CS-initiated memory
updating.

Identification of extinction cells in PrL

Contextual extinction training has been reported to induce the ac-
tivation of extinction cells, which shows high reactivation and sup-
presses the reactivation of fear cell ensembles in the EM test (9). We
hypothesized that the cross-talk between fear and extinction ensem-
bles may be critical for memory updating. As reported, fear cells and
extinction cells have been identified in BLA, whereas PrL was re-
ported to be involved in memory expression via inputs to BLA
but not extinction (11). A recent study described that extinction en-
sembles existed in the medial prefrontal context (mPFC), and they
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found that the extinction engram connectivity of BLA — mPFC and
ventral hippocampus (VHPC) — mPFC is available but weakened
during fear recovery. However, the subregion of mPFC was not clar-
ified in their study, and whether there exist extinction ensembles in
PrL remains unclear (18). Previous studies showed that the IL plays
an essential role in memory extinction (19-21), and IL efferent into
PrL is required for extinction learning in traced fear conditioning
(16, 22). Therefore, we injected the retrograde virus AAV,-hSyn-
EGFP into BLA to label the BLA projecting PrL cells (EGFP")
and simultaneously injected the anterograde trans-synaptic virus
AAV-hSyn-Cre into IL and AAV,-DIO-mCherry into PrL to
label the PrL cells receiving IL projections (mCherry"). Mice were
subjected to the AFC training after 2 weeks and divided into three
groups for context only: retrieval and extinction treatment followed
by c-Fos immunofluorescence staining (Fig. 4, A and B). Consistent
with our previous data (fig. S1, F and G), the c-Fos cell number in
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Fig. 2. The activation of engram cells in PrL but not BLA was necessary for CS-
initiated fear memory updating. (A) Labeling strategy of engram cells with
eNpHR3.0-EYFP. (B) Coronal sections of BLA with eNpHR3.0-EYFP (green). (C)
Coronal sections of PrL with eNpHR3.0-EYFP (green). (D) Schematic and experi-
mental design of the optogenetic inactivation of engram cells in BLA or PrL. (E)
Optogenetic silencing of engram cells in BLA during retrieval (Ret) reduced the
freezing levels (one-way ANOVA with Tukey's multiple comparisons test, ***P <
0.001; paired t test, “*P < 0.001; n = 10 animals per group). Freezing behavior
during extinction showed no difference. The freezing levels during the SR test
and EM test showed no difference. (F) Optogenetic silencing of engram cells in
PrL during retrieval reduced the freezing levels (one-way ANOVA with Tukey's mul-
tiple comparisons test, ***P < 0.001; n = 10 animals per group). Freezing behavior
during extinction showed no difference. The freezing levels during the SR test were
significantly increased compared to the EM test by optogenetic silencing of
engram cells in PrL, but there was no difference in the EYFP group [repeated-mea-
sures (RM) two-way ANOVA with Sidak’s multiple comparisons test, ***P < 0.001];
freezing levels of habituation showed the freezing levels in the context during the
pre-CS or preactivation period. Data are presented as means + SEM.

the retrieval group was increased compared with those in context
only and extinction groups (Fig. 4C). The c-Fos cell number in
the extinction group showed an increased trend (P = 0.1821) but
did not reach statistic difference compared with the context only
group. Next, we analyzed the c-Fos'mCherry” and c-Fos"EGFP*
colabeled cell number across groups. We found that the number
of mCherry" and EGFP" cells showed no difference across
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groups, whereas the percentage of colabeled c-Fos'mCherry" cells
was higher in the extinction group compared with context only and
retrieval groups (Fig. 4, C and D). Moreover, the overlap level of c-
Fos'mCherry" cell during extinction was significantly higher than
that in context and retrieval (Fig. 4D). In contrast, the percentage of
colabeled c-Fos"EGFP" cells and the overlap level of c-Fos"EGFP*
cells were significantly higher in the retrieval group compared with
context only and extinction groups (Fig. 4E). These results suggest
that PrL cells receiving IL projections displayed increased activation
during extinction, while PrL cells projecting to BLA were activated
during retrieval. We next investigate the functional roles of these
two cell populations by optogenetics. AAV;-hSyn-Cre was injected
into IL, AAVy-DIO-eNpHR3.0-EYFP was injected into PrL, and the
optic fiber was implanted into PrL to manipulate PrL cells receiving
IL projections (Fig. 5, A and B). AAVy-hSyn-eNpHR3.0-EYFP was
injected into PrL, and the optic fiber was implanted into BLA to
manipulate the PrL-BLA projections (Fig. 5, D and E). We found
that inhibition of PrL cells receiving IL projections has no effect
on memory retrieval but impairs extinction performance, while in-
hibition of PrL-BLA projections impairs memory retrieval but has
no effect on the rate of within-session extinction and EM test (Fig. 5,
C and F). These data suggest that there were two distinct ensembles
in PrL, where BLA projecting PrL neurons were mainly responsible
for fear encoding, while PrL neurons receiving IL inputs were in-
volved in memory extinction.

CS-initiated memory updating induced increased fear and
extinction overlapping ensembles in PrL but not BLA
To further investigate the cross-talk between fear and extinction
cells, we monitor Ca®" activity at the single-cell level in PrL and
BLA of freely moving mice by using miniaturized microscope.
We injected AAV5-hSyn-GCaMP6f into PrL or BLA of WT mice
and implanted a graded refractive index (GRIN) lens (Fig. 6, A, B,
and D). After enough recovery time, the mice experienced the AFC
training followed by memory extinction or erasure paradigm
(Fig. 6A). We functionally identified fear cells and extinction cells
in PrL and BLA (Fig. 6, C and E). Fear cells were selectively activated
during fear retrieval, while extinction cells were selectively activated
during the last trial of extinction, which is according to the defini-
tion of a previous study (23). To examine the relationship between
fear and extinction cells during memory extinction or erasure, we
calculated the vector distance by cosine distance between fear and
extinction cells in PrL and BLA (Fig. 6, F to I), which allowed us to
analyze the similarity of population activity patterns between fear
and extinction cells (24). Cosine distance is good for the analysis
of population activity pattern structure as it is independent of activ-
ity intensity. We found that the cosine distance between fear and
extinction cells in the CS(30 min) + Ext group was smaller than
that in the CS(24 hours) + Ext group in PrL, while there is no dif-
ference in BLA (Fig. 6, G and I). These data suggest that population
activity patterns between fear and extinction cells were much more
closely related during CS-initiated memory updating compared
with that during memory extinction in PrL but not in BLA. The dis-
crepancy in population activity similarity between fear and extinc-
tion cells in PrL and BLA during CS-initiated memory updating
may explain the differential role of fear engrams in PrL and BLA
in memory updating.

With the greater similarity between fear and extinction cells in
PrL during CS-initiated memory updating, we asked whether there
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Fig. 3. The activation of engram cells in either PrL or BLA could induce CS-initiated fear memory updating. (A) Labeling strategy of engram cells with ChR2-
mCherry. (B) Coronal sections of BLA with ChR2-mCherry (red). (C) Coronal sections of PrL with ChR2-mCherry (red). (D) Schematic and experimental design of the
optogenetic activation of engram cells in BLA or PrL. (E) Optogenetic activation of engram cells in BLA in context B without CS-induced increased freezing levels
(one-way ANOVA with Tukey's multiple comparisons test, ***P < 0.001; paired t test, ##p < 0.001; n = 10 animals per group). Freezing behavior during extinction
showed no difference. The freezing levels during the SR test were significantly increased compared to the EM test in the mCherry group, but there was no difference
in the ChR2-mCherry group in which the engram cells in BLA were activated by optogenetics (RM two-way ANOVA with Sidak’s multiple comparisons test, ***P < 0.001).
(F) Schematic and experimental design of the optogenetic activation of engram cells in PrL. Optogenetic activation of engram cells in PrL in context B without CS-induced
increased freezing levels (one-way ANOVA with Tukey's multiple comparisons test, ***P < 0.001; paired t test, ***P < 0.001; n = 10 animals per group). Freezing behavior
during extinction showed no difference. The freezing levels during the SR test were significantly increased compared to the EM test in the mCherry group, but there was
no difference in the ChR2-mCherry group in which the engram cells in PrL were activated by optogenetics (RM two-way ANOVA with Sidak’s multiple comparisons test,
***p < 0.001). Data are presented as means + SEM.

Teng et al., Sci. Adv. 9, eadf0284 (2023) 7 June 2023 50of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A

Context
PrL

L AEC 24 hours

——— Retrieval

B
=
2
c
o
)
T
>
2
°
x
[=
S
B
£
=
w
"'*,' —_ = m
% Ctx Ret Ext D 404 1257
15+ 30 %9 8 2.04
P s 2 154
o > ] J 5
E o & 201 & B S o4
= ¥ % 104 < 054
= 10 & ‘LSQ 0 5 00
= = it Ctx Ret Ext :
é R %% E 409 —,  T254
2 5'% % % o  &R304 28 g 204
= o £1.54
© w204 <
8 s & %ﬁ ng o 1.0
10+ 3 05
>
- 0 O 0.0
c:Fos,  mcherry’ EGEP Ctx Ret Ext Ctx Ret Ext

Fig. 4. PrL neurons receiving IL inputs showed high activation during memory
extinction. (A) Labeling strategy of the anterograde and retrograde tracing in PrL
and the behavioral experimental design; coronal sections of IL with anti-Cre immu-
nostaining (left) and coronal sections of BLA with retroAAV,-hSyn-EGFP expression
(right). (B) Representative images of c-Fos™ (white), mCherry™ (red), and EGFP*
(green) cells in PrL during context, retrieval, and extinction. (C) The three groups
(Ctx, context; Ret, retrieval; Ext, extinction) showed similar mCherry* and EGFP* cell
density, but the c-Fos™ cell density during retrieval was significantly higher than in
context and extinction groups (one-way ANOVA with Tukey's multiple compari-
sons test, ***P < 0.001; n = 8 animals per group). (D) c-Fos'mCherry*/mCherry*
levels were significantly higher in the extinction group than in context and retriev-
al groups; compared with the chance (dashed line) level, the overlap between
mCherry* and c-Fos™ cells (c-Fos"mCherry*/DAPI) was greater in the extinction
group, and the overlap was higher in the extinction group than in context and
retrieval groups (paired t test, ***P < 0.001; one-way ANOVA with Tukey's multiple
comparisons test, P < 0.001). (E) c-Fos"EGFP*/EGFP* levels were significantly
higher in the retrieval group than in context and extinction groups; compared
with the chance (dashed line) level, the overlap between EGFP* and c-Fos™ cells
(c-Fos"EGFP*/DAPI) was greater in retrieval groups, and the overlap was higher in
the retrieval group than in context and extinction groups (paired t test, ***P <
0.001; one-way ANOVA with Tukey’s multiple comparisons test, *#P < 0.001).
Data are presented as means + SEM.
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were overlapping ensembles in memory updating, as it was reported
that overlapping ensembles could alter the fear memory (25). The
Venn diagram showed the number of fear cells, extinction cells, and
overlapped cells in example mice in the memory extinction or CS
updating group, respectively (Fig. 6, ] and K). We found that the
overlapped percentage of fear and extinction cells in PrL was
higher in the CS(30 min) + Ext group compared with that in the
CS(24 hours) + Ext group, although the percentage of fear or extinc-
tion cells was similar (Fig. 6L). Unexpectedly, neither the percentage
of fear or extinction cells nor the overlapped percentage was differ-
ent between CS(24 hours) + Ext and CS(30 min) + Ext groups in
BLA (Fig. 6M), which suggested that the overlapping ensembles
in PrL might be the mechanism underlying CS-initiated memory
updating.

The original fear engram encoding in PrL was altered
during CS-initiated memory updating

Having known that there is increased similarity and overlapping
between fear cells and extinction cells during CS-initiated
memory updating in PrL but not in BLA, we hypothesized that
the original fear cell ensembles in PrL but not BLA were remodeled
during CS-initiated memory updating. We first analyzed the reacti-
vation of fear and extinction cells during different sessions to
support our hypothesis. In the CS(24 hours) + Ext group, compared
with those during the first trial of extinction, we found that the re-
activation of fear cells was decreased with extinction training in
both PrL and BLA, while it showed recoverable reactivation
during SR (fig. S4, A and D). In addition, extinction cell reactivation
in both PrL and BLA during SR was significantly lower than that
during the EM test, which suggests that fear cell reactivation was
positively related with the freezing level, while extinction cell reac-
tivation was negatively related with freezing levels (fig. $4, B, C, E,
and F). Our results were consistent with a previous study that shows
that fear engrams were inhibited during EM, while the increased
engram reactivation induced SR (9). Differentially, in the CS(30
min) + Ext group, the reactivation of fear cells and extinction
cells in PrL showed no difference across different sessions, although
the freezing levels were lower in EM and SR tests compared with the
first trial of extinction (fig. S4, A to C). On the contrary, in BLA, the
relationship between reactivation of fear cell and extinction cell with
the freezing levels across different sessions in the CS(30 min) + Ext
group was consistent with that in the CS(24 hours) + Ext group (fig.
$4, E and F). These results suggested that the coding pattern of orig-
inal fear cell ensembles might be altered in PrL but not in BLA
during CS-initiated memory updating.

Furthermore, to provide functional evidence to support our hy-
pothesis, we performed the optogenetic activation study. We trained
four groups of mice for our manipulation, PrL-CS(24 hours) + Ext,
PrL-CS(30 min) + Ext, BLA-CS(24 hours) + Ext, and BLA-CS(30
min) + Ext (Fig. 7A). With the similar training curve, similar freez-
inglevels in the retrieval test, and similar extinction curve, we found
that activation of PrL or BLA fear engram cells could induce fear
memory expression either before extinction or after extinction in
the CS(24 hours) + Ext group (Fig. 7, B and D). In the CS(30
min) + Ext group, activation of PrL or BLA fear cells before extinc-
tion could induce increased freezing levels (Fig. 7, C and E).
However, optogenetic activation of PrL fear engram cells at 24
hours or 14 days after extinction could not induce freezing behavior,
whereas BLA fear engram cell activation could still increase freezing
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Fig. 5. PrL neurons receiving IL inputs regulate memory extinction. (A) Labeling strategy of PrL neurons receiving IL projection with injection of DIO-eNpHR3.0-EYFP
in PrL and injection of AAV;-hSyn-Cre in IL; schematic and experimental design of the optogenetic inactivation of PrL neurons receiving IL projection. (B) Coronal sections
of PrL with DIO-eNpHR3.0-EYFP (green). (C) Optogenetic inhibition of PrL neurons receiving IL projection has no effect on retrieval but impairs EM acquisition, and the
freezing levels during the EM test were significantly increased in the eNpHR3.0 group compared to the EYFP group (RM two-way ANOVA with Sidak's multiple compar-
isons test, ***P < 0.001; n = 8 animals in the EYFP group, n = 7 animals in the eNpHR3.0 group). (D) Labeling strategy of PrL projections into BLA with injection of AAVy-
hSyn-eNpHR3.0-EYFP in PrL; schematic and experimental design of the optogenetic inactivation of PrL to BLA projections. (E) Coronal sections of BLA with PrL axons
expressing eNpHR3.0-EYFP (green). (F) The freezing levels during retrieval were significantly decreased in the eNpHR3.0 group compared with the EYFP group. The
freezing levels during Ext#1, Ext#2, and Ext#3 in the eNpHR3.0 group were significantly lower than those in the EYFP group, while the rate of within-session extinction
showed no difference (RM two-way ANOVA with Sidak’s multiple comparisons test, **P < 0.01, ***P < 0.001; n = 8 animals per group). Data are presented as means + SEM.

(Fig. 7, C and E). These data provided functional evidence that the
original engram coding information in PrL but not BLA was rewrit-
ten during CS-initiated memory updating.

conditioning experiment with CS1 and CS2, the mice could learn
CS1- and CS2-related fear memory, respectively. Then, the post-
CS or post-US extinction behavioral paradigm was applied to
erase the fear memory. To clarify the difference of neural ensembles

US-initiated memory updating induced increased fear and
extinction overlapping ensembles in BLA

The above results were focused on the specific CS-related memory
updating; next, we want to know the selectivity of the dynamic
coding remodeling of the original fear cell ensembles as there
were multiple CS associations to US in actual situation. Therefore,
the CS1-US and CS2-US behavioral paradigm was used to investi-
gate that the differences between memory erasure procedures de-
pended on the post-CS extinction and post-US extinction. CS1
and CS2 were two different tones that the mouse could distinguish
and learn with US association, respectively. After the fear

Teng et al.,, Sci. Adv. 9, eadf0284 (2023) 7 June 2023

activation during CS- or US-initiated memory erasure in PrL, we
tracked the Ca®" activity of cells in PrL during post-CS or US extinc-
tion procedures (fig. S5, A and B). The behavior paradigm showed
that the CS1(30 min) + Ext paradigm could specifically erase the
CS1 fear memory while leaving the CS2 memory intact (fig. S5A),
whereas the US(30 min) + Ext paradigm could erase both the CS1
and CS2 memory, which was consistent with previous studies (fig.
S5B) (5, 26). We accordingly identified CS1 fear cells, CS2 fear cells,
and CS1 extinction cells in PrL (fig. S5, C and D). Although we
found that both CS1 and CS2 fear cells in PrL showed high reacti-
vation levels during US retrieval (fig. S7A), the cosine distance
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between CS1 fear cells and CS1 extinction cells was smaller than that
between CS2 fear cells and CS1 extinction cells in PrL in both
CS1(30 min) + Ext and US(30 min) + Ext groups (fig. S5, E and
F). Furthermore, the overlapped percentage of CS1 fear and CS1 ex-
tinction cells in PrL was greater than that of CS2 fear and CS1 ex-
tinction cells in both CS1(30 min) + Ext and US(30 min) + Ext
groups (fig. S5, G and H). These results provide another evidence

Teng et al.,, Sci. Adv. 9, eadf0284 (2023) 7 June 2023

to support the essential role of increased fear and extinction over-
lapping ensembles in PrL for specific CS but not US retrieval-ini-
tiated memory updating.

Then, we tracked the Ca** activity of cells in BLA during the
CS1- and US-initiated memory updating paradigm, and the CS1
fear, CS2 fear, and CSI1 extinction cells in BLA were identified
(Fig. 8, A to D). We found that the reactivation of both CS1 and
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Fig. 7. The encoding of engram cells in PrL but not BLA was updated during CS-initiated memory updating. (A) Schematic and experimental design of the opto-
genetic activation of engram cells in PrL or BLA at different time points. The freezing levels with activation of PrL engram cells in context B without retrieval at 24 hours
after AFC and 24 hours or 14 days after extinction in the PrL-CS(24 hours) + Ext group (B) and the PrL-CS(30 min) + Ext group (C) (RM two-way ANOVA with Sidak’s multiple
comparisons test, ***P < 0.001; n = 10 animals per group). The freezing levels with activation of BLA engram cells in context B without retrieval at 24 hours after AFC and 24
hours or 14 days after extinction in the BLA-CS(24 hours) + Ext group (D) and the BLA-CS(30 min) + Ext group (E) (RM two-way ANOVA with Sidak’s multiple comparisons

test, ***P < 0.001; n = 10 animals per group). Data are presented as means + SEM.

CS2 fear cells in BLA was higher than by chance during US retrieval
(fig. S7B). In the CS1(30 min) + Ext group, we found that the cosine
distance between CS2 fear cells and CS1 extinction cells showed no
difference compared with that between CS1 fear cells and CS1 ex-
tinction cells in BLA. In contrast, the cosine distance between CS1/
CS2 fear cells and CS1 extinction cells in BLA in the US(30 min) +
Ext group was smaller compared with that in the CS1(30 min) + Ext
group (Fig. 8, E and F). In addition, the overlapped cells between
CS1/CS2 fear and CS1 extinction cells in BLA in the US(30 min)
+ Ext group were increased compared with those in the CS1(30
min) + Ext group (Fig. 8, G and H). These data further confirm
that the overlapping ensembles between fear and extinction cells
were essential for post-retrieval memory updating and suggest
that CS- versus US-initiated memory updating occurred in PrL
and BLA, respectively.

Next, we performed the optogenetic experiment to investigate
the functional role of BLA engram cells in US-initiated memory up-
dating. The BLA engram cells induced by CS1-US or CS2-US train-
ing was labeled by bilateral injection of AAVy-c-fos:tTA and AAV,-
TRE:eNpHR3.0-EYFP (fig. S6A). Optogenetic inhibition of either
CS1 or CS2 engram cells in BLA during US retrieval has no effect
on CS1 extinction but increases the freezing levels in the SR test,

Teng et al.,, Sci. Adv. 9, eadf0284 (2023) 7 June 2023

which suggests that the activation of CS1/CS2 engram cells in
BLA is necessary for US-initiated fear memory erasure (fig. S6, B
and C). In addition, we analyzed the overlap of CS1 and CS2 fear
cells in PrL and BLA during fear memory updating. We found that
the overlap level of CS1 and CS2 fear cells in BLA was significantly
higher than that in PrL, which explains how the inhibition of either
CS1 or CS2 engram cells in BLA could block both CS-associated
memory erasures by US(30 min) + Ext (fig. S7C).

The original fear engram encoding in BLA was altered
during US-initiated memory updating

We further asked whether BLA engram cell encoding was altered
during US-initiated fear memory updating. We labeled BLA
engram cells induced by CS1-US or CS2-US training by bilateral in-
jection of AAVy-c-fos:tTA and AAV,-TRE:ChR2-mCherry
(Fig. 9A). With the similar training and extinction curve, we
found that activation of CS1 or CS2 BLA fear engram cells could
induce fear memory expression before US(30 min) + Ext, while op-
togenetic activation of CS1 or CS2 BLA fear engram cells at 24 hours
or 14 days after extinction could not induce freezing behavior upon
US-initiated memory updating (Fig. 9, B and C). In contrast, acti-
vation of CS1 BLA fear engram cells either before CS1(30 min) +
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(C)- or US (D)-initiated memory updating. (E) The matrix showed the cosine distance from one example mouse between CS1 fear cells and CS1 extinction cells and CS2
fear cells and CS1 extinction cells of BLA. (F) Compared with the CS1(30 min) + Ext group, CS1 fear cells and CS1extinction cells or CS2 fear cells and CS1 extinction cells
showed closer cosine distance in the US(30 min) + Ext group [two-way ANOVA with Sidak’s multiple comparisons test, *P < 0.05; n = 3 animals, 320 neurons in the CS1(30
min) + Ext group; n = 3 animals, 328 neurons in the US(30 min) + Ext group]. (G) The Venn map showed the distribution of CS1 fear cells, CS2 fear cells, and CS1 extinction
cells in BLA from one example mouse. (H) The percentage of CS1 and CS2 fear cells (fear cells/total cells) in BLA showed no difference. Compared with the CS1(30 min) +
Ext group, the percentage of CS2 fear cells or CS1 fear cells and CS1 extinction overlapped cells (fear and extinction overlapped cells/fear cells) in the US(30 min) + Ext
group was significantly higher (two-way ANOVA with Sidak's multiple comparisons test, *P < 0.05). Data are presented as means + SEM.
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Fig. 9. The encoding of fear engram cells in BLA was altered during US-initiated memory updating. (A) Schematic and experimental design of the optogenetic
activation of CS1 or CS2 engram cells in BLA at different time points. The freezing levels with activation of CS1 fear engram cells (B) or CS2 engram cells (C) in BLA in
context B without retrieval at 24 hours after C52-US conditioning and 24 hours or 14 days after extinction during US-initiated memory updating (RM two-way ANOVA with
Sidak’s multiple comparisons test, ***P < 0.001; n = 7 animals per group). (D) Schematic and experimental design of the optogenetic activation of CS1 engram cells in the
BLA at different time points during CS1(30 min) + Ext. (E) The freezing levels with activation of CS1 fear engram cells in BLA in context C without retrieval at 24 hours after
CS2-US conditioning and 24 hours or 14 days after extinction during CS1-initiated memory updating (RM two-way ANOVA with Sidak’s multiple comparisons test, ***P <

0.001; n = 7 animals per group). Data are presented as means + SEM.
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Ext or 24 hours or 14 days after CS1(30 min) + Ext could still induce
freezing behavior in the CS-initiated memory updating group
(Fig. 9D). These data suggest that the original engram coding infor-
mation in BLA was rewritten in US-initiated memory updating but
not in CS-initiated memory updating. To explore the mechanism
underlying US-initiated memory updating in BLA, we compared
the BLA activation pattern by c-Fos staining after CSs retrieval or
US retrieval (fig. S8A). We found that CS2 and CSI1 retrieval
induced increased c-Fos" cells in BLA compared with the context
only group, while the c-Fos" cell number in US retrieval was signifi-
cantly greater than that during CS2 and CS1 retrieval (fig. S8, B and
C). These data suggest that US retrieval may induce a more gener-
alized BLA activation, which might account for the phenomena that
US instead of CS retrieval could induce BLA engram encoding up-
dating. Last, we labeled the activated cells during US retrieval in
BLA by bilateral injection of AAVg-c-fos:itTA and AAV-
TRE:ChR2-mCherry into BLA (fig. S8D). We optogenetically acti-
vated these US-activated cells for 20 s at 30 min before extinction,
which could increase the freezing levels and has no effect on CS1
extinction performance. However, we found that the freezing
levels at the CS2 EM test and CS1 and CS2 SR tests were lower in
the ChR2 group compared with the mCherry group, which suggest
that activation of US-induced engram cells 30 min before extinction
could induce US-initiated memory updating (fig. S8E). Moreover,
artificial activation of US-induced engram cells at 24 hours or 14
days after extinction could still induce freezing behavior, which
suggest that the innate US fear cells in BLA were unable to reverse
the valence but might contribute to the reshaping of memory
engram cells. Overall, our data show the physiological and function-
al evidence to support our hypothesis that the original fear cell en-
semble coding pattern in PrL was remodeled during CS-initiated
memory erasure, while US-initiated memory erasure induced
BLA engram encoding updating.

DISCUSSION

We first investigated the role of PrL and BLA engram cells in
memory updating. It is reported that reactivation of memory
engrams in the DG is critical for remote contextual fear attenuation
(6), which suggests that fear attenuation might involve memory
engram ensemble updating, but little is known about the role of
engram cells in memory erasure. Instead, we found that, compared
with extinction alone, the post-CS extinction paradigm induced in-
creased auditory fear engram cell reactivation in PrL and BLA.
Notably, we demonstrated that manipulating fear engram cells in
PrL but not BLA could bidirectionally regulate CS-initiated
memory erasure. The BLA engram cells have been reported to
play an essential role in fear memory acquisition, consolidation,
and retrieval (27). We found that the reactivation of BLA fear en-
semble is indispensable for US- but not CS-initiated memory up-
dating. Inhibiting BLA fear engram cells during CS retrieval
blocked freezing but could still induce memory erasure. In contrast,
activating BLA fear engram cells while inhibiting PrL fear engram
cells induced freezing behavior but blocked memory erasure, which
suggested that the reactivation of PrL engrams but not the freezing
level is essential for CS-initiated memory updating. In contrast, in-
hibiting BLA fear engram cells blocked US-initiated fear memory
updating. These studies suggested that CS- and US-initiated
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memory updating depends on the reactivation of engram cells in
PrL or BLA, respectively.

Next, our present work demonstrated that the increased overlap-
ping ensembles between fear and extinction cells are essential for
memory updating. A previous study found that contextual extinc-
tion training suppresses reactivation of the fear acquisition ensem-
ble and recruits a different EM ensemble in DG, which is examined
at the EM test and SR stage (9). The activation of fear cells induces
fear memory expression, while the activation of extinction cells pro-
motes EM expression. It is reported that distinct BLA neurons
encode fear and extinction (10, 11). Recently, BLA pyramidal
neurons were found to be composed of two genetically, functional-
ly, and anatomically distinct neuronal populations, which encode
positive and negative valences, respectively (28). Further study
found that BLA fear EM engram is formed and stored in the positive
valence encoding cells, which express protein phosphatase 1-regu-
latory inhibitor subunit 1B (Ppplrlb") (29). A previous study
showed that PrL was crucial for memory expression but not extinc-
tion (30); here, we found that BLA projecting PrL neurons mainly
encode fear expression, while PrL neurons receiving IL inputs were
highly activated in memory extinction and were essential for
memory extinction, which provides functional evidence that extinc-
tion cells in PrL exist. Our data indicate that there were distinct fear
and extinction ensembles in PrL, which provides a basis for the fear
and extinction ensemble interaction and information updating
in PrL.

Using a miniature fluorescence microscope, we found that the
vector distance between fear cells and extinction cells in PrL but
not BLA was closer in CS-initiated memory updating compared
with the extinction alone group. Moreover, CS-initiated memory
updating induced significantly increased overlapping between fear
and extinction cells in PrL but not BLA, which is selective to CS-
specific cells. To our knowledge, it is the first evidence to show
the increased overlapped ensembles between fear and extinction
cells during memory updating. Memory formation is dynamic in
nature, and acquisition of new information is often influenced by
previous experiences. In our study, the retrieval 30 min before ex-
tinction shifted the allocation of extinction cells into previous fear
cells. According to the memory allocation hypothesis (31-33), a
temporary increase in neuronal excitability could bias the represen-
tation of a subsequent memory to the neuronal ensemble encoding
the first memory. It is reported that the overlap between the hippo-
campal CA1 ensembles activated by two distinct contexts acquired
within a day is higher than when they are separated by a week (34).
Although fear and extinction cells encode different values, we found
that CS retrieval 30 min but not 24 hours before extinction induced
higher overlap between fear and extinction cells in PrL but not BLA.
The increased overlap of two neuronal representations might be due
to increases in intrinsic neuronal excitability triggered by activation
of the transcription factor cyclic adenosine monophosphate
(cAMP) response element-binding protein (CREB) of the first
memory engram cells (31, 35-37). Fear and EM that unfold in
close temporal proximity (hours apart) would share a more over-
lapped cell ensemble and could therefore become integrated into
an intertwined mnemonic structure.

Furthermore, in contrast to CS retrieval, US-initiated memory
updating could erase both CS1- and CS2-associated memory and
induce increased overlapping between fear and extinction cells in
BLA. Previous studies reported that US is a powerful reminder to
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trigger reconsolidation in the amygdala, which, when pharmacolog-
ically interfered, results in selective disruption of the multiple CS—
associated memory (26, 38). During US-initiated memory updating,
we found that the vector distance is closer and the overlap is greater
between both CS1/CS2 fear and CS1 extinction cells in BLA com-
pared with those during CS-initiated memory updating. In contrast,
in PrL, the increased overlap and decreased vector distance were
only observed between CS1 fear and extinction cells. These data
suggested that in contrast to CS retrieval, US-initiated memory up-
dating occurred in the BLA fear ensembles.

Last, our study provides an opportunity to investigate the
dynamic mnemonic encoding during memory updating. How the
engram cells are organized to constitute a corresponding memory is
a long-lasting question. We found that the reactivation of engram
cells by natural cue, US, or optogenetic manipulation could be a pre-
requisite for memory malleability to integrate the new information
outside the original memory trace and orchestrated to constitute an
updated memory. What is the underlying mechanism by which
memory is encoded within the engram cells? As formalized by
Morris and colleagues (39), the modification of the pattern of syn-
aptic connections mediated by synaptic plasticity is the mechanism
whereby the brain stores memory. Using synaptic optoprobe, Kasai
and colleagues (40) found that the acquired motor learning was dis-
rupted by the optical shrinkage of the potentiated spines but was not
affected by the identical manipulation of spines evoked by a distinct
motor task in the same cortical region, which suggests that acquired
motor memory depends on the formation of a task-specific, dense
synaptic ensemble. Optogenetic manipulation of the plasticity at
synapses specific to one memory affected the recall of only that
memory and did not affect another linked fear memory encoded
in the shared ensemble (41), which suggests that synapse-specific
connectivity of engram cells guarantees the identity and storage of
individual memories. Using the dual-eGRASP (GFP reconstitution
across synaptic partners) technique, it is reported that there is en-
hanced connectivity and larger spine morphology between engram
cells after fear conditioning and there was weakened connectivity
between engram cells after extinction (42, 43). However, the ques-
tion whether the memory information was updated in memory
erasure with no fear recovery was unanswered. Previous studies
showed that optogenetic activation of engram cell could induce
memory recovery from amnesia resulting from anisomycin-
induced disruption of reconsolidation, and similar results are also
found in mouse models of Alzheimer's disease and infantile
amnesia (44-46), which suggest that the strength of engram cell
connectivity critically contributes to the memory retrieval. In con-
trast, we found that optogenetic activation of the PrL or BLA
engram cells after CS- or US-initiated memory updating could
not induce memory recovery, whereas activating the engram cells
after extinction did. In addition, it has been reported that the
valence associated with the hippocampal DG memory engram
could be bidirectionally reversed; however, the BLA engrams were
not able to reverse the valence of the memory (47). Consistent with
this report, we found that the reactivation of BLA engram cells is not
sufficient for the memory valence updating; however, US stimulus,
which triggers a more generalized BLA activation, could induce the
BLA engram encoding updating. In addition, only a part of fear cells
showed increased activity at the end of extinction during CS- or US-
initiated memory updating, suggesting that a part of cell activation
pattern alteration might be sufficient for switching the function of
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the total cell ensembles, which was also reported in previous studies
(34, 47).

These results provide physiological and functional evidence to
support our hypothesis that memory information is stored in the
specific pattern of connections among engram cells. Memory up-
dating instead of extinction alters fear engram encoding rather
than induces a memory retrieval deficit, which may result from
the increased overlapping fear and extinction ensembles initiated
by the CS/US representation. Moreover, CS-/US-initiated
memory updating is specific to learning-associated memory encod-
ing as the valence of innate fear engrams (shock labeled) was
unchanged.

Overall, we demonstrate that memory updating reshaped the
neural ensemble representations of the original memory, which
depends on the overlapped ensembles between fear and extinction
cells, whereas memory extinction temporarily inhibited but not re-
shaped the original fear cells. Our study provides some previously
unidentified insights into understanding how the value of memory
was updated and switched.

MATERIALS AND METHODS

Mice

Adult male C57BL/6] mice, c-fos:tTA transgenic mice [The Jackson
Laboratory; strain B6.Cg-Tg(Fos-tTA, Fos-EGFP*)1Mmay/J; stock
number 018306], and TRE:H2B-GFP transgenic mice [The
Jackson Laboratory: strain Tg(tetO-HIST1H2BJ/GFP)47Efu/J;
stock number 005104] weighing between 23 and 25 g (8 weeks
old) at the beginning of the experiment and mice (three to four
mice per standard laboratory cage) were housed and maintained
at 22° + 2°C on a 12-hour light-dark cycle with water and food avail-
able ad libitum. Care was taken to minimize pain or discomfort for
the animals. All procedures were conducted according to the Na-
tional Institutes of Health (NIH) Guide for the Care and Use of Lab-
oratory Animals and were approved by the institutional animal care
and use committee of Shandong University.

Auditory fear conditioning

There are four groups with different behavioral treatments in our
study, and all groups received AFC training. After the AFC training
was performed, the mice received different treatments, which were
context only, extinction only, R(30 min) + Ext, and R(24 hours) +
Ext groups.

For AFC, the mice were habituated for 3 min without any stim-
ulation in a fear conditioning box (context A, which was measured
25 cm x 25 cm x 25 cm and located inside of a custom-built sound
isolation box). Each box contained a modular test cage with an elec-
trifiable floor grid and an ambient light supply. The inner walls were
painted black and were cleaned with alcohol before testing. Grid
floors were connected to a scrambled shock source. Auditory
stimuli were delivered via a speaker in the chamber wall. Delivery
of stimuli was controlled with a personal computer and a specific
software (Freezing, Panlab), and then mice were fear-conditioned
with three tone (CS: 20 s, 3 kHz, 80 dB)—footshock (US: 0.75 mA,
1 s) pairings. The interstimulus interval (ITI) between each CS was
120 s. After an additional 120 s following the last shock, the mice
were placed back to their home cages.
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Retrieval

The retrieval session was performed 24 hours after AFC; context
only and extinction only mice were put into a chamber consisting
of a white box context B with different floor, color, shape, and smell
from fear conditioning box context A without any stimulation for
200 s. The R(30 min) + Ext and R(24 hours) + Ext mice were pre-
sented with an isolated CS after 120-s habituation, then there was
60-s duration for resting, and the mice were returned to the home
cage to wait for the extinction training.

Extinction training

Mice underwent extinction training in context B. The extinction
protocol was conducted as described previously (3) with little mod-
ification. Context only mice were placed into the extinction box
context B for 1880 s without any stimulation, while extinction
only mice, R(30 min) + Ext mice, and R(24 hours) + Ext mice
were placed into context B for 180 s, then extinction only mice re-
ceived 40 tone-alone (20 s) presentations with 20-s ITIs to conform
to the total number of CSs, and CS(30 min) + Ext mice and CS(24
hours) + Ext mice received 39 tone-alone (20 s) presentations with
20-s ITIs. Extinction trials were binned into Ext#1, Ext#2, Ext#3,
and Ext#4, with Ext#1 representing the average of trails 1 to 9 for
CS(30 min) + Ext mice and CS(24 hours) + Ext mice and trails 1
to 10 for the extinction only group, and Ext#2, Ext#3, and Ext#4
representing the average of every 10 trails of 30 trails remaining.

EM test

Twenty-four hours after extinction, the mice received four tone-
alone (20 s) presentations with 30-s ITIs to measure the EM in
the extinction chamber (context B).

SR test

Two weeks after the EM test, the mice received four tone-alone (20
s) presentations with 30-s ITIs to measure the SR freezing in the
extinction chamber (context B).

Renewal
Twenty-four hours after the EM test, the mice were tested for the
freezing for CS back in the acquisition context (context A).

Reinstatement

Twenty-four hours after the EM test, the mice received five foot-
shocks without any CS recall. The next day, the mice were tested
for the freezing levels in response to the CS in the same context.

Retraining
Twenty-four hours after the EM test, the mice were reconditioned
with a single CS-US pair in context B.

Memory test
Twenty-four hours after retraining, the mice were tested for the
freezing levels to CS.

CS1 and CS2 AFC

We used the CS1-US and CS2-US (CS1: 20 s, 3 kHz, 80 dB; CS2:
auditory pips, 5-Hz pulses of auditory pips, 5-ms rise and fall, 20
s, 8 kHz, 80 dB; US: 0.4 mA, 1-s footshock) fear conditioning par-
adigm to distinguish two auditory fear memories in one mouse. On
day 1, the mice were fear-conditioned with three CS1-US pairings
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with a 120-s ITI between each pairing in context A. Twenty-four
hours later, the mice were trained with CS2-US, which was the
same as CS1-US procedure in context C.

For the CS1(30 min) + Ext experiment, the mice first underwent
CS2 retrieval (retrieval was performed as described above) in
context B on day 3. Ten minutes later, the mice underwent CS1 re-
trieval, and the extinction training of CS1 was performed 30 min
later. On days 4 and 5, the mice underwent CS1 retrieval and CS2
retrieval to test the CS1- and CS2-related fear memory (performed
as described above). On days 17 and 18, the mice underwent
memory measurement (performed as described above) to CS1
and CS2 to test the memory recovery.

For the US(30 min) + Ext experiment, the mice first underwent
CS1 and CS2 retrieval with a 10-min ITT in context B on day 3. The
US retrieval, in which a single US was provided, was performed, and
the extinction training of CS1 was performed 30 min later in a novel
context D on day 4. On days 5 and 6, the mice underwent CS1 and
CS2 retrieval to test the CS1- and CS2-related fear memory. On days
18 and 19, the mice underwent memory measurement to CS1 and
CS2 to test the memory recovery.

In all processes, the freezing was measured by a high-sensitivity
weight transducer (load cell unit), which could record and analyze
the animal movement intensity. The freezing level was scored
during each experimental phase by the software (Freezing,
Panlab). The freezing levels of retrieval, extinction, EM, SR,
renewal, and reinstatement were scored during the presentation of
the tone, while extinction trials were binned into four sessions,
which was previously described in the extinction training of AFC.
For the optogenetic activation experiment in Figs. 2, 5, and 7 and
figs. S3 and S8, the freezing was scored during the activation period
(20 s), which was the same as single CS duration. The freezing levels
in the context during the pre-CS or preactivation period were scored
as the freezing levels of habituation in Fig. 2 and fig. S3.

Immunohistochemistry and imaging

To prepare fixed brain tissue, the mice were transcardially perfused
with 0.9% normal saline and 4% paraformaldehyde (PFA; pH 7.4)
90 min after the behavioral treatment, and brains were removed into
4% PFA overnight at 4°C for post-fixation. Then, the brains were
sliced to 40-um coronal sections via vibratome (VT1200S, Leica,
Germany) and stored in antifreeze at —20°C.

For labeling c-fos—positive cells or Cre recombinase immunos-
taining, sections were incubated in blocking solution [0.4% Triton
X-100 and 15% donkey serum in phosphate-buffered saline (PBS)]
for 2 hours at room temperature and then incubated in 0.1% PBST
(0.1% Triton X-100 in PBS) containing anti—c-fos rabbit antibody
(1:3000; 22508, Cell Signaling Technology) or anti-Cre recombinase
mouse antibody (1:500; 22508, Cell Signaling Technology) for 12
hours at 4°C. Free-floating sections were washed three times with
0.1% PBST and then incubated with donkey anti-rabbit conjugated
to Alexa 594 (1:1000 in 0.1% Triton X-100 in PBS; A21207; Invitro-
gen) and donkey anti-rabbit conjugated to Cy5 AffiniPure (1:1000
in 0.1% Triton X-100 in PBS; 711-175-152, The Jackson Laboratory)
for c-Fos staining or donkey anti-mouse conjugated to Alexa 647
(1:1000 in 0.1% Triton X-100 in PBS; A31571; Invitrogen) for Cre
staining for 2 hours at room temperature. Subsequently, immuno-
labeled sections were washed with PBS three times, mounted on
slides, dehydrated, and immersed in ProLong Gold antifade
reagent with 4',6-diamidino-2-phenylindole (DAPI). Multiple
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images were captured at 20x objective (pixel size, 0.65 um) using a
Zeiss LSM880 confocal microscope (Zeiss, Germany) at Transla-
tional Medicine Core Facility of Shandong University.

Cell counting

For counting the c-Fos®, GFP", EGFP", or mCherry" cells, six
coronal BLA sections (from bregma —0.82 mm to bregma —1.94
mm) and five coronal sections containing IL and PrL (from
bregma 1.94 mm to bregma 1.34 mm) were used to analyze in all
experiments. The NIH Image] was used to count the number of
c-Fos®, GFP", or mCherry" neurons and calculate the area of
BLA, PrL, and IL in each section. Overlap in Fig. 1 was calculated
by (EGFP*c-Fos*/DAPI"), while (c-Fos"/DAPI*) x (GFP*/DAPI")
was calculated as the chance level of overlap in BLA and PrL, as pre-
viously reported (7). Overlap in Fig. 2 was calculated by (EGFP"c-
Fos"/DAPI") or (mCherry'c-Fos"/DAPI"), while (c-Fos"/DAPI")
x (EGFP"/DAPI") or (c-Fos"/DAPI") x (mCherry/DAPI") was
calculated as their chance level of overlap in PrL.

Stereotactic injection and fiber optic implants

The mice were fixed on a stereotaxic apparatus (RWD Life Science),
while the mice were anesthetized with isoflurane on an anesthetic
machine (RWD Life Science). Viruses were injected using a glass
micropipette through a microelectrode holder filled with mineral
oil. A microsyringe pump (Nanoliter 2010 Injector, WPI) and its
controller (Micro4, WPI) were used to control the speed with 40
nl/min of the injection. The needle was slowly lowered to the
target site and remained there for 10 min after the injection. For
the inhibition/activation of PrL engram cells, the mice were bilater-
ally injected with 100 nl of pAAVg-c-fos:t TA-pA (Addgene, plasmid
no. 34856) and AAVe-TRE-eNpHR3.0-EYFP (OBIO, AG26972) or
AAV,-TRE:ChR2-mCherry (OBIO, PT0515) into PrL [anterior-
posterior (AP): +1.94 mm, medial-lateral (ML): +0.5 mm, dorsal-
ventral (DV): —2.1 mm] and were bilaterally implanted with
optical fiber into PrL (AP: +1.94 mm, ML: 0.5 mm, DV: —1.9
mm) under the on-Dox condition. For the inhibition/activation
of BLA engram cells, the mice were bilaterally injected with 100
nl of AAVg-c-fos:tTA and AAVy-TRE-eNpHR3.0-EYFP or AAV,-
TRE:ChR2-mCherry into BLA (AP: —1.46 mm, ML: +0.33 mm,
DV: —4.68 mm) and were bilaterally implanted with optical fiber
into BLA (AP: —1.46 mm, ML: #3.3 mm, DV: —4.4 mm) under
the on-Dox condition.

For inhibition of PrL neurons receiving IL projection, 100 nl of
AAV,-hSyn-Cre-pA (Taitool, S02992-1) was bilaterally injected
into the IL (AP: +1.94 mm, ML: +0.5 mm, DV: —3.3 mm) with a
20° angle, while 80 nl of rAAV-Efla-DIO-eNpHR3.0 -EYFP-
WPRE-pA (BrainVTA, PT-0006) was injected into PrL (AP:
+1.94 mm, ML: £0.5 mm, DV: —2.1 mm), and optical fiber was
also implanted in PrL (AP: +1.94 mm, ML: 0.5 mm, DV: —1.9
mm). For inhibition of PrL-BLA projections, 100 nl of AAV,-
eNpHR3.0-EYFP (BrainVTA, PT-0010) was bilaterally injected
into PrL (AP: +1.94 mm, ML: £0.5 mm, DV: —2.1 mm), and
optical fiber was implanted into BLA (AP: —1.46 mm, ML: +3.3
mm, DV: —4.4 mm).

Activity-dependent cell labeling

To label the engram cells, we crossed c-fos:tTA transgenic mice with
TRE:H2B-GFP transgenic mice and subjected the double transgenic
mice to AFC, or we injected AAVy-c-fos:tTA and AAV,y-TRE-
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eNpHR3.0-EYFP or AAVy-TRE:ChR2-mCherry into WT mice for
engram cell labeling. The double transgenic mice were maintained
with the Dox-food condition (40 mg/kg) from their birth, and WT
mice were treated with Dox-containing diet 2 weeks before surgery
(7, 48). The mice were taken off Dox for 24 hours to open a window
for fear memory engram labeling in context A. Then, the animals
were exposed to context A for fear conditioning, and Dox diets were
resumed immediately after AFC training.

Optogenetic manipulation of PrL and BLA engram cells

In this study, we tested whether the activation/inhibition of PrL and
BLA engram cells labeled by ChR2-mCherry or eNpHR3.0-EYFP is
sufficient or necessary for memory updating by optogenetic manip-
ulation 30 min before extinction. A context distinct from the AFC
training chamber (context B) was used, and all mice had patch cords
fitted to the optic fiber implant before testing. For light-induced
freezing behavior, ChR2 was stimulated at 4 Hz (15-ms pulse
width) for PrL engram cells or at 20 Hz (15-ms pulse width) for
BLA engram cells using a 473-nm laser (10 mW). The manipulation
session was 200 s, and mouse received 20-s optical stimulation start-
ing from 120 s. At the end of 200 s, the mouse was detached and
returned to its home cage. In addition, eNpHR was stimulated for
both PrL and BLA engram cells using a 589-nm laser (5 mW)
during a retrieval trail; the laser was on during the tone onset and
off at the end of tone. Following behavioral experiments, brain sec-
tions were prepared to confirm efficient viral labeling in target areas.
Animals lacking adequate labeling were excluded before behavior
quantification.

Calcium imaging surgery and data acquisition

Ca’" imaging of PrL and BLA neurons was performed on WT mice.
AAV;-hsyn-GCaMP6f (Tailtool, S02245) was injected into right
PrL (AP: 1.94 mm, ML: +0.5 mm, DV: —2.15 mm) or BLA (AP:
—1.46 mm, ML: +3.3 mm, DV: —4.68 mm), then a GRIN lens
(0.5-mm diameter, 4.1-mm length; Inscopix) was implanted on
PrL, and a GRIN lens (0.5-mm diameter, 6.1-mm length; Inscopix)
was implanted on BLA after 2-week injection. Last, a baseplate (In-
scopix) was attached above the GRIN lens by ultraviolet-light
curable glue 2 weeks after GRIN lens implantation. The Ca**
imaging data were captured (20 frames/s) using the Inscopix min-
iature microscope and nVista acquisition software (Inscopix, CA,
USA) during retrieval, extinction, EM test, and SR test. In all the
fear memory-related behavior experiments, a Transistor-Transis-
tor-Logic (TTL) signal was used to synchronize the calcium signal
and the behavioral time points.

Calcium imaging data processing and cell sorting

The processing of calcium imaging data and calcium signal extrac-
tion was accomplished by using the Inscopix Data Processing Soft-
ware (IDPS, Inscopix) with the following steps. First, the raw videos
were preprocessed by cropping it to a specified pixel region. Then,
the images were then downsampled (x2) and filtered by using a
spatial band-pass filter to remove low and high spatial frequency in-
formation (low cutoff: 0.005 pixel™'; high cutoff: 0.500 pixel™").
Next, each frame of the movies was estimated to minimize the dif-
ference between the transformed frame and the reference frame
(blood vessels) using the rigid image registration algorithm for
motion correction (49). After this step, each pixel value was normal-
ized by AF(t) — Fy/Fy, where Fj is the mean value by averaging the
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signal of the entire video. Last, the spatial locations and calcium
signals of individual cells were identified using the principal com-
ponents analysis (PCA)/independent components analysis (ICA)
algorithm (29). Ideally, each component was supposed to be one
neuron, but it also identified some confounding components that
may be nonneurons or nonbiological signals, so we manually
removed those components by comparing their signal transients,
locality, and morphology.

Identifying fear cells and extinction cells

To define the responsive cells, a Wilcoxon rank sum test was per-
formed for the calcium signal of cells between the tone period and
the equivalent no-tone period with a significance threshold of P <
0.05, according to a previous report (23). A cell was defined as fear
cell if its signals during the tone period of retrieval were higher than
those during the equivalent no-tone period with a significance
threshold of P < 0.05, while cells whose signals during the last
trail of the extinction period were higher than those during the
equivalent no-tone period with the same threshold were defined
as extinction cells, and US retrieval responsible cells were defined
as the cells that show higher signal during the 20-s period from
the US retrieval onset compared with signals during the 20-s
period with no US. The reactivated fear cells or extinction cells in
fig. S4 were defined as fear cells or extinction cells with the higher
signals, which were examined during the tone period compared
with signals during the no-tone period by the Wilcoxon rank sum
test in different sessions. The reactivated fear cells or extinction cells
during US retrieval in fig. S7 were defined as fear cells or extinction
cells with the higher signals, which were tested during the 20-s
period from the US onset compared with signals during the 20-s
period with no US by the Wilcoxon rank sum test in US retrieval.
The fear or extinction cell reactivation ratio in fig. S4 was calculated
by reactivated fear cells/total fear cells or reactivated extinction cells/
total extinction cells, while the reactivation level during US retrieval
normalized to chance in fig. S7 was calculated by (reactivated fear
cells/total cells)/[(fear cells/total cells) x (US retrieval responsible
cells/total cells)]. The overlap of CS1 and CS2 fear cell was calculat-
ed by CS1 and CS2 co-responsible cells/total cells, while (CS1 fear
cells/total cells) x (CS2 fear cells/total cells) was the chance level.

The distance between fear cells and extinction cells

To calculate the vector distance between fear cells and extinction
cells, we performed the cosine distance calculation. The population
vector x was defined as the normalized Ca>* signal of fear cells in
retrieval and population vector y was defined as the normalized
Ca®" signal of extinction cells in last trail of extinction. The
cosine distance of two population vector x and y was calculated
by the following formula

cosine distance =1 —cos 8 =1 — _ b))
VXY
Statistics

GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA) was
used to analyze the data with Student’s ¢ test and one-way or two-
way analysis of variance (ANOVA), followed by Tukey's multiple
comparisons test or Sidak's multiple comparisons test. For single-
factor experiments involving two or more than two groups,

Teng et al.,, Sci. Adv. 9, eadf0284 (2023) 7 June 2023

Student's ¢ test or one-way ANOVA was used. For experiments com-
posed of multiple factors, a two-way ANOVA with test for interac-
tion was used. All data were displayed as means + SEM, and the
significance was set at P < 0.05.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8

View/request a protocol for this paper from Bio-protocol.
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SARS-CoV-2 infection and viral fusogens cause neuronal
and glial fusion that compromises neuronal activity

Ramén Martinez-Marmol’, Rosina Giordano-Santini'f, Eva Kaulich't, Ann-Na Cho?,
Magdalena Przybyla?, Md Asrafuzzaman Riyadh', Emilija Robinson?, Keng Yih Chew?,
Rumelo Amor?, Frédéric A. Meunier'®, Giuseppe Balistreri*®, Kirsty R. Short?, Yazi D. Ke?,
Lars M. Ittner?, Massimo A. Hilliard"*

Numerous viruses use specialized surface molecules called fusogens to enter host cells. Many of these viruses,
including the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), can infect the brain and are asso-
ciated with severe neurological symptoms through poorly understood mechanisms. We show that SARS-CoV-2
infection induces fusion between neurons and between neurons and glia in mouse and human brain organoids.
We reveal that this is caused by the viral fusogen, as it is fully mimicked by the expression of the SARS-CoV-2
spike (S) protein or the unrelated fusogen p15 from the baboon orthoreovirus. We demonstrate that neuronal
fusion is a progressive event, leads to the formation of multicellular syncytia, and causes the spread of large
molecules and organelles. Last, using Ca>* imaging, we show that fusion severely compromises neuronal activ-
ity. These results provide mechanistic insights into how SARS-CoV-2 and other viruses affect the nervous system,
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alter its function, and cause neuropathology.

INTRODUCTION

Infectious diseases that involve the nervous system are caused by a
wide spectrum of agents, including bacteria, fungi, parasites, and
viruses (1). Viruses from diverse families, such as rabies virus,
herpes simplex virus, Epstein-Barr virus, Zika virus, reovirus, and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
can infect neurons (2—8). Viral brain infections are characterized
by multiple neurological symptoms, including headache, fever, con-
fusion, epileptic seizures, and loss of taste or smell. In more severe
cases, viral brain infections can lead to encephalitis and meningitis,
as well as potentially irreversible neuronal deficits such as paralysis
and death. Clinical symptoms can originate from the loss of infected
neurons (9); however, some viruses do not kill their host cells, and
the chronic neurological sequelae of these infections cannot be ex-
plained by neuronal death (10). Other neuropathological mecha-
nisms must therefore underlie the progression of these viral
infections, leading to brain dysfunction. In non-neuronal tissues,
enveloped viruses and reoviruses use specialized molecules called
fusogens to fuse with host membranes and enter cells (11). These
viruses then hijack the cellular machinery to produce viral compo-
nents, with newly synthesized viral fusogens redecorating the cell
membrane and conferring the ability to fuse with neighboring
cells. This results in the formation of multinucleated syncytia,
which allow viral propagation “from within,” without the need for
virion release into the extracellular space (12—14). As defined more
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than 100 years ago by Santiago Ramon y Cajal, the nervous system is
composed of discrete neurons that act as individual units and do not
base their development or communication on cellular fusion. Pre-
serving neuronal individuality is critical for the correct function of
the nervous system, and it is still poorly understood whether viral
infection and the resulting presence of viral fusogens can cause neu-
ronal fusion and the formation of syncytia, thereby permanently al-
tering the neuronal circuitry and function.

RESULTS

SARS-CoV-2 infection causes neuron-neuron, neuron-glia
and glia-glia fusion in murine hippocampal cultures and in
human-derived brain organoids

SARS-CoV-2 causes primarily a respiratory disease, but increasing
evidence has revealed the presence of viral RNA and proteins also in
the brain and a multitude of neuropsychiatric syndromes (8, 15, 16),
which appear in the early stages of the disease and persist for
months after infection, in what has recently been termed long
COVID (17). Viral fusogens are involved in the recognition,
binding, and entrance of viruses into their host cells. During infec-
tion, these proteins are expressed de novo to form new viral parti-
cles, trafficking from secretory organelles to the host plasma
membrane and causing cell-cell fusion (18, 19). To determine
whether viral neuroinfection induces the fusion of neurons, we
used SARS-CoV-2 and a fluorescence fusion assay, whereby differ-
ent intracellular fluorophores transfer between fused cells. SARS-
CoV-2 wuses the human angiotensin-converting enzyme 2
(hACE2) as its main receptor on the surface of the host cell (20),
and neuropilin 1 (NRP1) as a cofactor to enhance infectivity (21).
Among other tissues, hACE2 is expressed in neuronal and glial cells
in the human central nervous system (22). Mouse neurons express
mACE2 (23), which shares 81.86% interspecies homology with the
human protein but lacks key residues for spike S binding (20), re-
sulting in modest to weak affinity for SARS-CoV-2 (24). We,
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therefore, expressed hACE2 in murine-derived brain cells. Immedi-
ately after embryonic hippocampal dissection, a population of these
brain cells was electroporated with a plasmid encoding hACE2 and
another encoding green fluorescent protein (GFP); a second popu-
lation of hippocampal cells was electroporated with a plasmid en-
coding hACE2 and another encoding mCherry. The two neuronal
populations were then plated together and maintained for 5 days in
vitro (5 DIV; Fig. 1A). The original ancestral SARS-CoV-2 was am-
plified in Vero cells expressing human transmembrane protease
serine 2 (TMPRSS2) and titrated by plaque assay (25). The neuronal
cultures were infected with 2 x 10°, 2 x 10°, or 20 plaque-forming
units (PFUs) or were mock-infected with control culture medium.
Seventy-two hours post-infection (hpi), the cultures were fixed and
examined by confocal fluorescence microscopy, revealing the pres-
ence of fused neurons [positive for the neuronal marker microtu-
bule-associated protein 2 (MAP2)], as characterized by the
presence of both the GFP and mCherry fluorescent proteins for
all the SARS-CoV-2 titers used (Fig. 1, B and C). Antibody staining
revealed that fused neurons were positive for the fusogenic spike S
protein (Fig. 1D and fig. S1, A and B) (26), which was distributed
across the surface of infected neurons (Fig. 1E). In contrast, neuro-
nal fusion was not observed in the mock control, and the spike S
protein was not detected (Fig. 1B and fig. S1, A and B). Upon
SARS-CoV-2 infection, glial cells expressing hACE2 were also pos-
itive for the spike S protein (fig. S1, C and D), and we observed ad-
ditional fusion phenotypes, including neuron-glia (fig. S2, A to C)
and glia-glia fusion (fig. S2, D to F). In agreement with previous
findings (2), we found that high doses of neuronal SARS-CoV-2 in-
fection resulted in cell damage, a phenotype that was not apparent at
the lowest doses used within 72 hpi (fig. S1, E and F).

We next investigated whether viral infection induced the fusion
of human neurons by infecting human embryonic stem cell
(hESC)—derived three-dimensional (3D) brain organoids with
SARS-CoV-2. Such organoids have become one of the preclinical
models of choice to study SARS-CoV-2 pathogenesis (27) and
have been used to demonstrate that the virus can infect human
neurons with endogenous expression of ACE2 (8, 27-30). To visu-
alize whether organoid infection induced neuronal fusion, 43- to
50-day-old brain organoids were generated using a modification
of previously reported protocols (31) and were transduced with
adeno-associated virus (AAV) expressing GFP. This resulted in
the stable expression of GFP in sparse neurons. The transduced or-
ganoids were then cultured for an additional 10 days before being
infected with SARS-CoV-2 or with mock control and were fixed 72
hpi. Similar to what was observed after infection of 2D neuronal cul-
tures, we found that SARS-CoV-2—-infected brain organoids exhib-
ited neuronal syncytia formed by GFP-interconnected neurons
(Fig. 1, F and G).

Viral fusogens cause neuron-neuron, neuron-glia, and glia-
glia fusion

To study whether and how the mere presence of viral fusogens on
the surface of host cells affect the nervous system, we used the spike
S protein of SARS-CoV-2 and the p15 fusogen isolated from the
baboon orthoreovirus (BRV), which infects the brain of these pri-
mates, causing meningoencephalomyelitis (5, 32). p15 is a fusion-
associated small transmembrane fusogen. Unlike the spike S
protein, p15 is the only viral protein required by the BRV to form
a syncytium (33), with no receptor protein on the host cell being
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needed to mediate fusion (34, 35). We first expressed p15 in embry-
onic mouse primary hippocampal neurons and visualized the pres-
ence of fusion through the fluorescence fusion assay described
above. Immediately after isolation, a population of neurons was co-
transfected by electroporation with a plasmid containing p15 and
another containing GFP; a second population of neurons was co-
transfected with a plasmid containing mCherry and an empty
control vector. The two neuronal populations were then plated to-
gether and maintained in culture for 7 DIV (Fig. 2A). Our results
revealed that the expression of p15 was sufficient to induce neuronal
fusion, as detected by the presence of neurons containing both the
GFP and mCherry fluorescent proteins [Fig. 2, B (first row) and C],
a phenotype that was never observed when the control vector was
cotransfected in the absence of p15 [Fig. 2, B (second row) and C].
To determine whether the fluorophore diffusion was caused by the
fusogenic properties of p15, we generated an inactive version of this
fusogen, p15A21-22, in which two residues of the N terminus of the
transmembrane domain were truncated (36). Expression of this in-
active fusogen completely abolished neuronal fusion [Fig. 2, B
(third row) and C].

Unlike p15, the spike S protein must bind to the hACE2 receptor
to trigger fusion, requiring both spike S and hACE2 to be expressed
to promote neuronal fusion mediated by the viral fusogen. Using a
similar approach to that described for p15, we electroporated two
neuronal populations, one with a plasmid expressing GFP plus a
plasmid containing a codon-optimized version of the spike S
protein (37) and the other with a plasmid expressing mCherry
plus a plasmid containing the hACE2 receptor. The two populations
were then plated together and cultured for 7 DIV. The expression of
the fusogen spike S and its receptor hACE2 in adjacent cells resulted
in the fusion of these neurons and the mixing of the fluorescent pro-
teins [Fig. 2, D (first row) and E]. The presence of both the fusogen
and its specific receptor was required to initiate cellular fusion, as
the expression of either spike S or hACE2 alone did not generate any
fusion events [Fig. 2, D (second and third rows) and E]. To deter-
mine whether the fusion of neurons was caused by the fusogenic
properties of spike S, we used two fusion-inactive versions of this
protein, spike S-2P and spike S-6P (HexaPro). We first generated
the spike S-2P variant, which contains two consecutive proline sub-
stitutions (K986P and V987P) in the C-terminal S2 subunit (38).
These two mutations retain spike S in a prefusion conformation,
blocking its fusion capacity (39). Spike S-6P contains four addition-
al proline substitutions (F817P, A892P, A899P, and A942P) that
further stabilize the prefusion conformation and increase protein
expression and the ability to withstand heat stress (40). Our
results reveal that neither of these versions of inactive spike S
induces neuronal fusion (Fig. 2, F and G). Spike S maturation is
driven by proteases, such as TMPRSS2. Viral entry and cell-to-
cell fusion are enhanced by TMPRSS2 and NRP1 (21). Thus, we
monitored their expression and detected both TMPRSS2 (fig. S3,
A to C) and NRPI (fig. S3, D to F) in our neuronal cultures, sug-
gesting that these proteins could be involved in the brain infectivity
and neuronal fusion induced by SARS-CoV-2. With both p15 and
spike S, we observed not only neuron-neuron fusion but also
neuron-glia and glia-glia fusion when the fusogens were expressed
in these cell types (fig. S4), a result that mimics our observation with
SARS-CoV-2 infection.

Neuronal fusion implies a temporary or permanent diffusion of
cytoplasmic material between cells (41). To confirm that this was
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Fig. 1. SARS-CoV-2 infection induces neuronal fusion. (A) Scheme of the fluorescence fusion assay. Two independent populations of hippocampal neurons were
electroporated with either hACE2 and GFP or hACE2 and mCherry. After electroporation, the neurons were cultured together and 5 days later were infected with
SARS-CoV-2 or mock control. (B) Representative images of SARS-CoV-2-infected fused neurons (top row) identifiable by GFP (green) and mCherry (red) appearing in
both neurons (yellow in merge), and nonfused mock control (bottom row). (C) Quantification of neuronal fusion expressed as the percentage of fused neurons out of the
total fluorescent neurons in close proximity (< 200 um). (D) Representative images of fused neurons positive for spike S staining. (E) Representative images showing the
distribution of spike S in infected neurons. The boxed area (i) is at higher magnification in the right panels, with GFP (top) and spike S (bottom) distributed along the
surface of the infected neuron (arrows). (F) Representative images of hESC-derived brain organoids infected with SARS-CoV-2 (left) or with mock control (right). Boxed
areas (i and ii) are magnified in the bottom panels, with examples of GFP-neurons (arrowheads) fused at their neurites (asterisks). (G) Quantification of neuronal syncytia
per organoid. In (B) and (F), immunocytochemistry shows nuclei (blue), neuronal MAP2 (magenta), GFP (green), and mCherry (red). In (D) and (E), immunocytochemistry
shows nuclei (blue), GFP (green), mCherry (red), and SARS-CoV-2 spike S (magenta). In all images, arrowheads indicate somas, asterisks indicate fused neurites, and arrows
indicate spike S protein on the membrane. Data in (C) and (G) represent means + SEM. In (C), n = 3 independent infections, with three dishes per infection, and 19 to 60
neurons per dish. In (G), n = 3 brain organoids were infected. Unpaired two-tailed Welch's t tests were used in (C) and (G). *P < 0.05 and **P < 0.01.
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the case, we used a variation of our fluorescence fusion assay. We
cotransfected neurons with the photoconvertible fluorescent
protein Kaede, which shifts from green to red fluorescence upon il-
lumination with ultraviolet (UV) light (350 to 400 nm), together
with either p15 or spike S and hACE2. After identification of inter-
connected adjacent green fluorescent neurons, we photoconverted
the green Kaede fluorophore by applying brief pulses of UV light in
a small region of one neuron (donor). The newly generated red pho-
toconverted Kaede molecules rapidly diffused to the adjacent
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neuron (acceptor; fig. S5, A and E and movie S1). This diffusion
was measured as a decrease in the red fluorescence within the
donor neurons (fig. S5, B and F), with a concomitant increase in
the acceptor neurons (fig. S5, C, D, G, and H), thereby conclusively
demonstrating the existence of an active cytoplasmic bridge
between pl5-fused neurons and between spike S~hACE2—fused
neurons. In the absence of fusion, red Kaede remained confined
within the photoconverted neuron (fig. S5, A, E, and I to K). The
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fused neurons retained their morphology, extended processes, and
remained viable.

Viral fusogens induce neuronal fusion in vivo and in hESC-
derived neurons

To determine whether the presence of viral fusogens can induce
neuronal fusion in vivo, we generated transgenic Caenorhabditis
elegans strains in which p15 and GFP were expressed simultane-
ously under the control of the mec-4 promoter (Pmec-4:p15 and
Pmec-4::GFP), which is active in the six mechanosensory neurons
(ALM left and right, AVM, PVM, and PLM left and right; fig.
S6A). Similar to what we observed in mammalian neurons in
culture, no fusion events with nearby neurons or tissues were de-
tected in control animals expressing GFP under the mec-4 promot-
er, and GFP was exclusively confined to the mechanosensory
neurons [fig. S6, A (i) and B]. In contrast, we observed the appear-
ance of additional GFP-positive cells in the head, mid-body, and tail
of animals expressing the p15 fusogen [strains carrying p15 trans-
gene vdEx1266 or vdEx1268; fig. S6, A (ii to v) and B]. On the basis
of its stereotypic location and morphology, we identified ALN as the
most prevalent additional GFP-positive neuron [fig. S6, A (ii) and
C]. The ALN neurons are a pair of sensory neurons located in the
tail of the animal that extend their axons in close association with
the axons of the ipsilateral ALM mechanosensory neurons (42).
Other frequently GFP-positive neurons were the pair of LUA inter-
neurons [fig. S6, A (iii) and C], which are located in the tail of the
animal and extend anterior neurites in close proximity with those of
the PLM neurons and the PVD mechanosensory neurons [fig. S6, A
(v) and C], which are positioned in the mid-body of the animal with
two extensively branched dendrites and a long axon (42). Despite
over 90% of the GFP-positive cells being neurons, we also identified
fluorescence in the hypodermal cells [fig. S6, A (iv) and C], which
have a glial-like function forming a tissue in which the PLM and
ALM axons are embedded (43, 44). Similar to mammalian
neurons, the expression of the inactive fusogen p15A21-22 within
the mechanosensory neurons (Pmec-4:p15A21-22) did not result
in fusion with neurons or hypodermal cells (fig. S6B). A temporal
analysis of neuronal fusion observed during different stages of C.
elegans life cycle revealed that the percentage of animals showing
additional GFP-fused cells increased during the larval stages (L1
to L3), remaining constant in adulthood (fig. S6C). During our
analysis of p15 expressed in mechanosensory neurons, we observed
additional phenotypes that included defects in axonal guidance and
axonal maintenance (visible as axonal breakages), as well as loss of
mechanosensory neurons (fig. S6, D and E).

Next, to determine whether fusion could occur in vivo in the
mammalian brain, we expressed p15 in the brains of adult mice.
We designed AAV vectors expressing either GFP alone (+empty)
or GFP and pl15 (+pl5) under the control of the neuronal human
Synapsin 1 (hSyn) promoter. AAVs were bilaterally injected into the
hippocampus and the cortex of 11-week-old wild-type (WT) mice.
Seven and 14 days after the AAV injections, the brains were removed
for immunohistochemical analysis of neurons expressing p15 (fig.
S7). Similar to what we observed in neuronal cultures and in C.
elegans mechanosensory neurons, p15 expression resulted in neuro-
nal fusion presenting as clusters of interconnected GFP-positive
cells (fig. S7, A to E, and movie S2). Neuronal fusion was observed
both in the hippocampus and in the cortex (fig. S7, F to I), repre-
senting up to 15% of transduced hippocampal neurons at 14 days
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after AAV infection (fig. S7H). Moreover, neuronal fusion resulted
in a significant increase of total GFP-positive neurons (fig. S7, G
and I) arising from the diffusion of GFP into adjacent cells, a
value that increased with transduction time from 7 to 14 days
(fig. S77).

We next sought to determine whether fusion could also be ob-
served in human-derived neurons by expressing either p15 or spike
S in two different hESC-derived neuronal systems: cortical neurons
differentiated in 2D cultures and 3D brain organoids. We first dif-
ferentiated cortical neurons from hESCs and neuronal progenitor
cells for 40 to 50 DIV and cotransfected them with GFP and
either p15, spike S, or the inactive spike S-6P. Three days after the
expression of the fusogens, the neuronal cultures were inspected,
revealing the formation of neuronal clusters of interconnected
GFP-positive cells that resembled the neuronal syncytium observed
after p15 expression in murine neurons (fig. S8, A to C). The fact
that cellular clusters were also observed when the spike S protein
was expressed is a direct indication that neuronal fusion can
occur using the endogenous hACE2 receptors expressed in these
human cells. In the absence of fusogens or in the presence of the
spike S-6P inactive mutant, no cell fusion was observed (fig. S8, A
to C). We then differentiated brain organoids from hESCs until 43
to 50 DIV and expressed a similar combination of plasmids, consist-
ing of the fluorescent protein mCherry and either p15, spike S, or
the inactive spike S-6P. We maintained the organoids for three ad-
ditional days before imaging them. Increments in the formation of
mCherry-positive cell clusters were only detected in response to the
expression of p15 or spike S (fig. S8, D and E), with both the empty
vector and the spike S-6P mutant failing to induce cell fusion (fig.
S8, D and E).

Neurons fuse at their neurites and exchange large
organelles

In most tissues, syncytia are normally formed at the level of the cell
bodies. However, the unique neuronal morphology with long pro-
cesses prompted us to ask whether fusion can occur at the level of
the neurites and, thus, at a distance from the neuronal cell bodies.
We found that, upon SARS-CoV-2 infection, neuronal fusion oc-
curred between the somas, as well as between the neurites far
from the somas (Fig. 1D and fig. S9, A and B). Similarly, fusion
driven by p15 and spike S resulted in fusion bridges of variable
lengths that could extend over hundreds of micrometers (Fig. 3, A
and B). This is remarkable, as it implies that neuronal fusion can
easily be missed if searching for classical multinucleated syncytia.
Next, we asked whether the observed fusion bridges allowed the ex-
change of cellular components larger than fluorescent proteins. To
address this question, we performed a variation of the tethered flu-
orophore assay (45). As a consequence of cell-cell fusion, small cy-
toplasmic elements such as fluorophores and other soluble proteins
can diffuse between cells, whereas larger organelles such as mito-
chondria remained tethered to the cellular microtubule cytoskele-
ton. We combined the expression of the soluble fluorescent
protein mCardinal, with that of the photoactivatable mitochondrial
marker mito-mPA-GFP, which allows visualization of mitochon-
drial movement. Our results reveal not only the presence of mCar-
dinal in both fused neurons but also the movement of mitochondria
between them (Fig. 3, C to E, and movie S3). To further confirm that
the mitochondria movement was bidirectional, we tagged mito-
chondria with two different fluorophores, mito-mPA-GFP and
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Fig. 3. Fused neurons form long neuronal bridges and exchange large organelles. (A) Representative fused neurons (arrowheads) transfected with p15 and GFP. (B)
Representative fused neurons (arrowheads) transfected with either spike S and GFP or hACE2 and mCherry before being cocultured. In both (A) and (B), fusion is observed
at the somas (top left) or the neurites (top right and bottom), with neuronal bridges (asterisks) of variable lengths. Immunocytochemistry for nuclei (blue), MAP2
(magenta), GFP (green), and mCherry (red). (C and D) Representative fused hippocampal neurons cotransfected at 7 DIV with p15, mCardinal, and mito-mPA-GFP. (C)
mito-mPA-GFP is caged and becomes visible only after UV photoactivation. In fused neurons, mitochondria diffuse from the donor to the acceptor neuron. (D) The boxed
area is magnified in the time series panels, with photoactivated mito-mPA-GFP moving anterogradely along the neuronal bridge. (E) Kymograph of mito-mPA-GFP
moving between fused neurons in (D). (F) Representative neurons fusing over time. Hippocampal neurons cotransfected at 7 to 10 DIV with p15 and GFP (top) or
with empty vector and GFP in control (bottom) and cultured for 1, 4, or 7 days. Immunocytochemistry for nuclei (blue), MAP2 (magenta), and GFP (green). (G) Quantifi-
cation of neuronal syncytia as the percentage of fused neurons out of the total number of GFP-positive neurons. (H) Quantification of the average number of neurons per
syncytium (more than five neurons). In all images, arrowheads indicate somas and asterisks indicate fused neurites. Data in (G) and (H) are means + SEM, n > 350 neurons
analyzed in more than four independent dishes from four cultures. Two-way ANOVA in (G) followed by Geisser-Greenhouse correction and Sidak post hoc test comparing
treatments (+empty vector versus +p15) within conditions (days in culture). One-way ANOVA Kruskal-Wallis test followed by Dunn'’s post hoc tests was used in (H) to
compare all groups to 1 day. *P < 0.05, **P < 0.01, and ****P < 0.0001.
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mito-mPA-mCherry 1, revealing an exchange of these organelles
between the fused neurons (fig. S10).

Last, we asked whether neuronal fusion was restricted to two ad-
jacent neurons or if it was a propagating event that generated syn-
cytia with a larger number of interconnected neurons. To address
this possibility, we monitored neurons cotransfected with p15 and
GFP for the appearance of syncytia over a 7-day period (Fig. 3F).
Expressing GFP under the CMV promoter ensures that high
levels of fluorescence are detected as early as 4 hours after transfec-
tion. In the absence of fusogen, the number of isolated GFP-ex-
pressing neurons remained constant; by contrast, in the presence
of p15, the number of neuronal syncytia increased over time, ap-
pearing as clusters of interconnected GFP-positive neurons that
progressively incorporated new cells (Fig. 3, F to H). Moreover,
through live confocal imaging performed over a period of 50
hours, we observed the progressive appearance of GFP in surround-
ing neurons, revealing the occurrence of fusion events (movie S4).
Similarly, after p15 expression in hESC-derived brain organoids, the
mCherry-positive cells progressively organized into clusters and
their numbers increased over time (fig. S11).

Fused neurons exhibit compromised neuronal activity

Our results suggest that fused neurons remain viable during long
periods of time. However, whether fusion has an effect on neuronal
activity remains unknown (46). To answer this question, we fused
differentiated neurons (14 to 18 DIV) using p15 and visualized
spontaneous neuronal activity with the fluorescent Ca®*-sensitive
indicator Cal-520. Individual neurons expressing mCherry and
the control empty vector exhibited spontaneous activity (fig. S12,
A and B), an effect that was not observed in glial cells (fig. S12, C
and D). The majority (~90%) of fused neurons resulted in synchro-
nized neuronal activity (Fig. 4, A and C, and movie S5), with over-
lapping of Ca** peaks (Fig. 4, D, G, and I), whereas the remaining
10% displayed a complete loss of neuronal activity. A close evalua-
tion of the latter subpopulation of cells revealed that it corresponded
to those neurons that were fused tightly at the level of their somas
(Fig. 4, J to L). In contrast, nonfused neurons presented a variable
pattern of neuronal activity (Fig. 4, B and E, and movie S6), ranging
from highly synchronized to completely asynchronized (Fig. 4, F, H,
and I). Every neuron that fused with glial cells presented a complete
loss in neuronal activity (fig. S12, E to G). Regardless of the synchro-
nization of fused neurons, the frequency of neuronal activity was
not altered (fig. S13). To further investigate the mechanisms respon-
sible for the simultaneous firing of fused neurons, we analyzed the
Ca®* levels along the neuronal bridge formed between these
neurons (fig. S14, A and B, and movie S7). The intracellular Ca**
concentration increased within the bridges (fig. S14, C to E),
forming Ca®" peaks that reflected the patterns of neuronal activity
(fig. S14, F and G).

DISCUSSION

Neuroinfectious diseases transmitted by viruses represent an
emerging public health threat due to the increasing appearance of
new zoonotic neurotropic viruses (47). Viral infections of the
nervous system cause a broad spectrum of acute neurological symp-
toms, including meningitis, encephalitis, meningoencephalitis, pa-
ralysis, and stroke, with long-term neurological sequelae or even
fatal outcomes commonly observed in severe situations. Respiratory
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viruses such as the human respiratory syncytial virus, the influenza
virus, the emerging coronaviruses (CoV), and the human meta-
pneumovirus, among others, are now also included in the list of po-
tential neurotropic viruses (48). Long-term and chronic
neurological manifestations derived from viral neuroinfections are
gaining increased attention, especially after the coronavirus disease
2019 (COVID-19) pandemic where long COVID has recently been
termed to describe a multitude of symptoms of neurological nature
that persist for months after the infection (17) and affect millions of
people worldwide (49). To date, the pathophysiological mecha-
nisms associated with the neurological symptoms derived from
viral infections are only started to be elucidated, with fusion being
a possible mechanism of transmission and spreading (50-56). Our
results indicate that viral infections, driving the expression of viral
fusogens, can initiate the irreversible fusion of brain cells, causing
alteration in neuronal communication and revealing a possible
pathomechanism of neuronal malfunction caused by infection.
The impact on neuronal fusion will depend on the viral load in
the brain and the specific areas infected; for example, in the case
of SARS-CoV-2, neuronal fusion depends on the expression of
hACE2 and, potentially, other accessory entry factors such as
TMPRSS2 and NRP1 in neighboring neurons. Our results also
imply that other viral infections can potentially cause neuronal
fusion. Several viruses can cause severe neurological symptoms
and/or death, such as HIV, rabies virus, Japanese encephalitis
virus, vesicular stomatitis virus, poliovirus, measles virus, herpes
simplex virus, varicella-zoster virus, Zika virus, cytomegalovirus,
dengue virus, Nipah virus, and chikungunya virus, among others.
Cell-to-cell contact has been shown to be involved in the spreading
of HIV (14), measles (51), and SARS-CoV-2 (57), but viral-mediat-
ed neuronal fusion remained poorly understood.

Fused neurons can result in compromised neuronal circuitry and
altered animal behavior, as previously shown for C. elegans chemo-
sensory neurons that ectopically express endogenous fusogens (46).
Our results demonstrate that neurons infected by viruses or express-
ing their viral fusogens can acquire the ability to fuse with neighbor-
ing neurons and glial cells, both in vitro and in vivo. This, in turn,
results in the sharing of large molecules and even organelles and in
compromised neuronal activity. While the latter can have direct im-
plications on brain function and animals’ behavior, sharing large
molecules implies a possible mechanism for the spread of toxic ag-
gregates as observed in several neurodegenerative diseases and
could also represent a mechanism of viral spreading that eludes
the immune system (12). Retroviruses induce the formation of
viral cytonemes, consisting of filopodial bridges that facilitate cell-
to-cell transmission (58). Tunneling nanotubes are similar cellular
bridges that allow communication between cells (59) and have been
reported to mediate the transport of toxic a-synuclein aggregates
(60). Our results demonstrate the formation of neuronal bridges
that can extend hundreds of micrometers, allowing the exchange
of small proteins and large mitochondria between interconnected
neurons. Given the diverse range of structures that can be transport-
ed through these viral fusogen-mediated cellular structures, it is
tempting to speculate that infecting viruses and other toxic aggre-
gates may also use these pathways to spread to neighboring cells. In
the case of SARS-CoV-2, the potential of fusion-mediated spread-
ing of infection would be determined by the delivery of viral
fusogen to the cell surface, which we have shown to occur, and by
the pattern of ACE2-expressing neurons (22) that are in contact
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Fig. 4. Neuronal fusion results in altered synaptic activity. (A and B), Representative hippocampal neurons (neuron 1 and neuron 2) cotransfected at 12 DIV with p15
and mCherry [(A), fused neurons] or with an empty control vector and mCherry [(B), nonfused neurons] and imaged 3 days later at 15 DIV after incubation with the Ca**
indicator CAL-520. Bottom: Pseudocolored images of the intracellular Ca>* levels in resting conditions and during an activity peak. (C) Plot of the relative intracellular Ca**
intensity levels over time from fused neurons 1 and 2 of (A). (D) Detail of one of the intracellular Ca®* peaks plotted in (C). (E) Plot of the relative intracellular Ca** intensity
levels over time from nonfused neurons 1 and 2 of (B). (F) Detail of one of the intracellular Ca** peaks plotted in (E). (G and H) Scatterplot of Pearson’s correlation
coefficient for the intracellular Ca®* intensity levels of fused neurons (G) and nonfused neurons (H) of traces in (D) and (F), respectively. (I) Quantification of the
average Pearson correlation (s) for the intracellular Ca®* peaks from nonfused (empty) and fused (p15) neurons. (J) Images of two fused-but-inactive hippocampal
neurons (neuron 1 and neuron 2) next to a nonfused active neuron (neuron 3). (K) Plot of the relative intracellular Ca®* intensity levels of the fused neurons 1 and 2
and the nonfused neuron 3, from (J). Note the absence of intracellular Ca?* peaks detected in neurons 1 and 2. (L) Percentage of inactive fused neurons. Data in (I) are
means + SEM. n = 147 Ca** peaks in nonfused (empty) and n = 318 Ca®" peaks in fused (p15) neurons. Data in (L) are means + SEM. All the data are obtained from >25
neurons imaged in five independent experiments. Unpaired two-tailed Welch's t-test was used in (I). ****P < 0.0001. a.u., arbitrary units.
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with a single infected neuron, even at large distances from their re-
spective cell somas. The neuropathological consequences of virus-
induced neuronal fusion events could underlie the remarkable as-
sociation between herpes simplex virus infection and Alzheimer's
disease (4), HIV and Parkinson's disease (61), Epstein-Barr virus
and multiple sclerosis (62), and Zika virus or Japanese encephalitis
virus with epileptic seizures (3, 63). An important consideration
that emerges from our results is that fused neurons remain viable
albeit with altered circuitry and function. This uncharacterized, dif-
ficult-to-detect event could explain some of the neurological conse-
quences of viral infections of the nervous system.

Most of the current immunization approaches for COVID-19
are based on expressing the spike S protein in the host cells as an
epitope to trigger the immune system response (64). These
nucleic acid-based vaccines deliver the antigen encoded as
mRNA, such as in the Pfizer-BioNTech BNT162b2 and the
Moderna mRNA-1273 vaccines (65), or as adenovirus-enclosed
DNA, such as in the Oxford-AstraZeneca ChAdOx1 nCoV-19/
AZD1222 (66) and Johnson & Johnson Ad26.COV2.S (39) vaccines.
The current versions of the Moderna, Pfizer-BioNTech, and
Johnson & Johnson SARS-CoV-2 vaccines encode the full-length
spike S protein with two mutations (spike S-2P) that stabilize the
prefusion conformation and inactivate its fusogenicity (39, 64, 67,
68). We used this same mutant form of spike S-2P as a negative
control, demonstrating the complete lack of fusogenicity when
two consecutive prolines were added at positions 986 and 987.
However, our findings demonstrate that it will be critical to consider
the fusogenic potential when designing any future vaccines in
which viral fusogens are to be expressed in mammalian cells.

MATERIALS AND METHODS

Molecular biology

Standard molecular biology methods were used. The pI15 DNA se-
quence was obtained from the National Center for Biotechnology
Information (www.ncbi.nlm.nih.gov/gene/). The plasmid was
then designed using the software “A Plasmid Editor,” and the
insert was generated by Integrated DNA Technologies. The Pmec-
4::p15 plasmid was constructed by subcloning p15 between Msc I
and Nhe I. The CMV::p15 plasmid was generated by subcloning
pl5 into the pmaxCloning vector (Lonza, no. VDC-1040)
between Hind III and Not I. The CMV::p15A21/22 plasmid was
generated as previously described (36) by deletion of the amino
acids 21 and 22 of the N terminus of the transmembrane domain.
The CMV:SARS-CoV-2-S-2P plasmid was generated by introduc-
ing two prolines at the 986 (K986P) and the 987 (V987P) positions
of the SARS-CoV-2-S gene of the pCMV14-3X-Flag-SARS-CoV-2
S plasmid. Mutations were generated using the QuikChange II Site-
Directed Mutagenesis Kit (p15A21/22 forward primer, 5'-
CCACCGCCAAATGCTTTTGTTGAAAGCAGTTCTACTG-3';
p15A21/22 reverse, primer 5-CAGTAGAACTGCTTTCAA-
CAAAAGCATTTGGCGGTGG-3"; SARS-CoV-2-S-2P forward,
plasmid 5'-CCTGAGTCGCCTTGATCCGCCGGAAGCT-
GAAGTTC-3"; and SARS-CoV-2-S-2P reverse plasmid, 5'-
GAACTTCAGCTTCCGGCGGATCAAGGCGACTCAGG-3").
Positive clones were confirmed by Sanger sequencing. The Kaede-
N1 plasmid was a gift from M. Davidson (Addgene, plasmid no.
54726; http://n2t.net/addgene:54726; RRID:Addgene_54726) (69).
The mito-mPA-GFP plasmid was a gift from R. Youle (Addgene,
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plasmid no. 23348; http://n2t.net/addgene:23348; RRID:Addg-
ene_23348) (70). The mito-7-mPA-mCherryl plasmid was a gift
from M. Davidson (Addgene, plasmid no. 57189; http://n2t.net/
addgene:57189; RRID:Addgene_57189) (71). The pCMV14-3X-
Flag-SARS-CoV-2 S plasmid was a gift from Z. Qian (Addgene,
plasmid no. 145780; http://n2t.net/addgene:145780; RRID:Addg-
ene_145780) (37). The pcDNA3.1-SARS2-Spike plasmid was a
gift from F. Li (Addgene, plasmid no. 145032; http://n2t.net/
addgene:145032; RRID:Addgene_145032) (72). The SARS-CoV-2
S-6P plasmid was a gift from J. McLellan (Addgene, plasmid no.
154754; http://n2t.net/addgene:154754; RRID:Addgene_154754)
(40). The pcDNA3.1-hACE2 plasmid was a gift from F. Li
(Addgene, plasmid no. 145033; http://n2t.net/addgene:145033;
RRID:Addgene_145033) (72).

Animal ethics and mouse strains

All experimental procedures using animals were conducted under
the guidelines of the Australian Code of Practice for the Care and
Use of Animals for Scientific purposes and were approved by the
University of Queensland Animal Ethics Committee (2019/
AE000243) or the Macquarie University Animal Ethics Committee
(2021/018). WT (C57BL/6 background) mice were maintained on a
12-hour light/12-hour dark cycle and housed in a PC2 facility with
ad libitum access to food and water.

Culture of cell lines

Human embryonic kidney (HEK) 293T cells (American Type
Culture Collection; 293T/17, ATCCCRL-11268) were cultured in
a humidified atmosphere at 37°C with 5% CO, and maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco—Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum
(Gibco—Thermo Fisher Scientific), 1x GlutaMAX (Gibco—Thermo
Fisher Scientific), and penicillin (100 U/ml)-streptomycin
(100 pg/ml; Sigma-Aldrich-Merck). Vero E6 cells expressing
TMPRSS2 were cultured in the same medium as the
HEK-293T cells supplemented with puromycin (30 pg/ml;
Sigma-Aldrich—-Merck). Cells were transfected using the
Lipofectamine LTX reagent according to the manufacturer’s in-
structions (Invitrogen—Thermo Fisher Scientific).

Murine neuronal culture

Primary hippocampal neurons were obtained from mice at embry-
onic day 16. Isolated hippocampi were prepared as previously de-
scribed (73, 74). Briefly, 250,000 neurons were plated onto poly-L-
lysine—coated 35-mm glass-bottom dishes (In Vitro Scientific) in
Neurobasal medium (Gibco) supplemented with 5% fetal bovine
serum (HyClone), 2% B-27, 2 mM GlutaMAX, and penicillin/strep-
tomycin (50 U/ml; Invitrogen). The medium was changed to
serum-free/antibiotic-free medium 24 hours after seeding, and
half the medium was changed every week.

hESC-derived neurons

hESC-derived cortical neurons were differentiated from hESCs (H9,
WIC-WA09-MB-001; WiCell) using a modification of a previously
published protocol (75). Briefly, the hESCs were maintained on Ma-
trigel (#354230; Corning) in Essential 8 medium (#A1517001; Life
Technologies). hESCs were dissociated with Accutase (#AT-104-
500; Innovate Cell Technologies) at 37°C for 1 min and seeded on
AggreWell 800 (#34815; STEMCELL Technologies) in Essential 8
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medium with ROCK inhibitor Y-27632 (10 puM, #72308, STEM-
CELL Technologies). After 24 hours, spheroids were collected and
transferred into ultralow-attachment plates (#CLS3471; Sigma-
Aldrich) with Essential 6 medium (#A1516401; Life Technologies)
containing dorsomorphin (2.5 uM; #P5499, Sigma-Aldrich), SB-
431542 (10 uM; #1614, Tocris) and cultured until day 13. The spher-
oids were then collected and placed into Matrigel (Corning)—coated
six-well plates with DMEM/F12 (#11330057; Thermo Fisher Scien-
tific), supplemented with 1x N2 (#17502048; Thermo Fisher Scien-
tific). The resultant neural progenitor cells were passaged until day
30 and then replated on poly-L-lysine—coated (10 pug/ml; #P2636;
Sigma-Aldrich) and laminin-coated (20 pg/ml; #23017015;
Thermo Fisher Scientific) plates and maintained in Neurobasal
medium (#21103049; Thermo Fisher Scientific) supplemented
with B-27 (Thermo Fisher Scientific), GlutaMAX (#35050061;
Thermo Fisher Scientific), brain-derived neurotrophic factor
(BDNF; #78133; STEMCELL Technologies), ascorbic acid (200
uM; #72132; STEMCELL Technologies), GDNF (20 ng/ml;
#78139.1, STEMCELL Technologies), and cyclic adenosine mono-
phosphate (1 uM; #A6885; Sigma-Aldrich) up to 50 days.

Brain organoids

hESC-derived brain organoids were produced as previously report-
ed (76). Briefly, hESCs were incubated with Accutase (#AT-104-
500; Innovate Cell Technologies) at 37°C for 1 min. Dissociated
single cells were seeded on AggreWell 800 (#34815, STEMCELL
Technologies). One thousand single cells were added per well in Es-
sential 8 medium supplemented with 10 pM ROCK inhibitor Y-
27632 and centrifuged at 100g for 3 min. The AggreWell 800
plates were incubated at 37°C and 5% CO,. After 24 hours, the or-
ganoids were transferred into ultralow-attachment 60¢ dishes
(#CLS3261, Sigma-Aldrich) in Essential 6 medium supplemented
with 2.5 uM dorsomorphin, 10 pM SB-431542, and 2.5 pM XAV-
939 (#3748, Tocris). The medium was changed every day for 5 days.
On day 6, the medium was changed into Neurobasal A (#10888;
Thermo Fisher Scientific) containing GlutaMAX (#35050;
Thermo Fisher Scientific) and B-27 without vitamin A (#12587;
Thermo Fisher Scientific). The medium was supplemented with
epidermal growth factor (20 ng/ml; #236-EG; R&D Systems) and
basic fibroblast growth factor (20 ng/ml; #233-FB; R&D Systems)
until day 24, when it was switched to Neurobasal A medium con-
taining GlutaMAX and B-27 without vitamin A and supplemented
with BDNF (20 ng/ml) and neurotrophin-3 (20 ng/ml; #78074;
STEMCELL Technologies) until day 43. Last, the medium was
changed to Neurobasal A containing GlutaMAX and B-27
without vitamin A. For the viral labeling of brain organoid
neurons, the adenovirus (AAV) hSyn-eGFP were constructed as pre-
viously described (77). Viral transduction was performed on 43 to
50 DIV organoids in ultralow-attachment 96-well plates (Corning)
using 5 x 10'" titers of virus and exchanging the medium after 3
days. Transduced organoids were maintained for 10 additional
days before SARS-CoV-2 infection.

SARS-CoV-2 preparation and infection

SARS-CoV-2 isolate hCoV-19/Australia/QLD02/2020 (QLDO02)
(used as the original ancestral virus) was provided by Queensland
Health Forensic and Scientific Services, Queensland Department
of Health. The virus was amplified in Vero cells expressing
human TMPRSS2 (hnTMPRSS2) and titrated by plaque assay. To

Martinez-Mérmol et al., Sci. Adv. 9, eadg2248 (2023) 7 June 2023

evaluate the neuronal fusogenicity of SARS-CoV-2, 2D neuronal
cultures were inoculated with 2 x 10°, 2 x 10%, or 20 PFUs or
were mock-infected with control culture media, resuspended in
neuronal culture medium, and incubated at 37°C until fixation
(30 min) with paraformaldehyde [4% in phosphate-buffered
saline (PBS)] 72 hours later. 3D hESC-derived brain organoids
were inoculated with 2 x 10* PFUs or were mock-infected, all resus-
pended in brain organoid culture medium and incubated at 37°C
until fixation (30 min) with paraformaldehyde (4% in PBS) 72
hours later. All experiments involving live SARS-CoV-2 and
SARS-CoV followed the approved standard operating procedures
in the Biosafety Level 3 facility from the School of Chemistry and
Molecular Biosciences at the Faculty of Science of The University
of Queensland.

Electroporation and transfection

When required, murine neurons were electroporated using the In-
vitrogen Neon transfection system (#MPK1025, Thermo Fisher Sci-
entific) following the manufacturer’s instructions. Briefly,
immediately after dissection, isolated neurons were washed twice
in Ca®*-Mg**~free PBS and resuspended in buffer R containing 1
to 2 ug of the DNA to electroporate. The conditions for the electro-
poration were as follows: voltage, 1500 V; width, 10 ms; and three
pulses. Alternatively, the neurons were transfected after 7 to 12 DIV
using the Lipofectamine 2000 (#11668027, Invitrogen) reagent as
previously described (73). Following the manufacturer’s instruc-
tions, human neurons were transfected with Lipofectamine 3000
(#L3000015, Thermo Fisher Scientific) and 1.6 ug of plasmid
DNA at 40 to 50 DIV; human brain organoids were transfected
with Lipofectamine 3000 and 2.4 ug of plasmid DNA at 43 to 50
DIV. The transfection medium was replaced after 24 hours.

C. elegans strain maintenance, genetic crosses, and
manipulation

Standard techniques were used for C. elegans maintenance, genetic
crosses, and manipulations (78). Experiments were performed on
hermaphrodite animals grown at room temperature (~22°C) on
nematode growth medium plates, seeded with OP50 Escherichia
coli. Transgenic strains generated during this study were obtained
by standard microinjection techniques (79) and include vdEx1266
[Pmec-4::p15; 5 ng/ul], vdEx1268 [Pmec-4::p15; 5 ng/ul]; vdEx1417
[Pmec-4::p15A21/22; 15 ng/ul], vdEx1487 [Pmec-4::p15A21/22; 5
ng/ul], and vdEx1489 [Pmec-4:p15A21/22; 5 ng/pl]. All injection
mixes had a total concentration of 100 ng/ul and contained the
transgene of interest, empty pSM plasmid as a filler, and a co-injec-
tion marker for the identification of transgenic animals. As the cell
cycle transfer of extrachromosomal arrays (vdEx) is unstable, some
animals lose the transgene. This provides an internal control for
each transgenic strain, with these controls being referred to as “non-
transgenic siblings” or transgene (—).

Murine brain AAV transduction and brain histochemistry

AAV expressing either eGFP alone (control) or eGFP and the viral
fusogen p15 under the hSyn promoter were stereotactically injected
at the level of the cortex (2 mm posterior to bregma, 2 mm bilateral
to midline, and 0.8 mm deep) and the hippocampus (2 mm poste-
rior to bregma, 2 mm lateral to midline, and 2 mm deep) of adult
WT mice (11 weeks old). Control and p15-injected animals were
randomly divided into two groups based on the duration of the
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transduction, and brains were processed either 7 or 14 days after
infection. Briefly, mice were anesthetized and transcardially per-
fused with cold PBS. Brains were then removed, post-fixed with
4% (w/v) paraformaldehyde (PFA) in PBS overnight, and cryopro-
tected with 30% (w/v) sucrose in PBS overnight. Frozen brains were
cryosectioned at 80 pm; they were permeabilized with 0.5% (v/v)
Triton X-100 (#X100; Sigma-Aldrich) in PBS for 30 min and
blocked in 5% (w/v) BSA (#A7906; Sigma-Aldrich), 1% horse
serum (#26050070; Thermo Fisher Scientific), and 0.1% (v/v)
Triton X-100 overnight. The brains were then incubated with
primary antibodies to GFP (#ab290; Abcam) and NeuN (#ab091;
Merck/MilliporeSigma) at 4°C for 3 days. Following PBS washing,
they were incubated at 4°C for 2 days with Alexa Fluor—conjugated
secondary antibodies (#A32732 or #A-11039; Thermo Fisher Scien-
tific), and nuclei were counterstained with DAPI (4',6-diamidino-2-
phenylindole; #D1306; Invitrogen) before being washed with PBS
and prepared for confocal imaging.

Immunofluorescence staining

Murine neurons and cells were fixed with a solution of 4% PFA in
PBS for 10 min. Neurons were rinsed in PBS and permeabilized
with a solution of 0.1% Triton-X-100 in PBS for 10 min. They
were then washed with PBS and incubated in blocking solution
(5% horse serum and 1% BSA in PBS) for 1 hour at room temper-
ature. After blocking, the neurons were incubated with the primary
antibodies to GFP (#AB16901, Merck Millipore), mCherry
(#ab167453, Abcam), NRP1 (#ABIN1173423, Antibodies-online.
com), TMPRSS2 (#ab109131, Abcam), and MAP2 (#188004, Syn-
aptic Systems), diluted in primary antibody solution (1% BSA in
PBS) overnight at 4°C. The antibody anti-TMPRSS2 required an
antigen retrieval step performed after fixation. After incubation
with the primary antibodies, the cells were then washed with PBS
and incubated with the secondary antibodies Alexa Fluor 488
goat anti-chicken (#A-11039, Thermo Fisher Scientific), Alexa
Fluor 555 goat anti-rabbit (#A32732, Thermo Fisher Scientific),
Alexa Fluor 647 goat anti-guinea pig (#A21450, Thermo Fisher Sci-
entific), and DAPI (#62248, Thermo Fisher Scientific) in the sec-
ondary antibody solution (5% horse serum in PBS) for 1 hour at
room temperature. Last, the neurons were washed and mounted
in VECTASHIELD PLUS Antifade mounting medium (#H-2000,
Vector Laboratories). The staining protocol was slightly modified
for human neurons; they were fixed for 5 min, permeabilized
with 0.1% (v/v) Triton-X-100 for 10 min, blocked with 5% (w/v)
BSA (#A9418, Sigma-Aldrich), and stained for MAP2 only. Orga-
noids were fixed with 4% PFA for 30 min at room temperature. PBS-
rinsed organoids were permeabilized with 0.5% (v/v) Triton X-100
(#X100; Sigma-Aldrich) in PBS for 30 min and blocked in 5% (w/v)
BSA for 5 hours. The organoids were then incubated with primary
antibodies to MAP2 (#ab5392, Abcam) at 4°C for 3 days. Following
PBS washing, they were incubated with Alexa Fluor—conjugated sec-
ondary antibodies (#A11039 or #A21437, Thermo Fisher Scientific)
at 4°C for 3 days. Nuclei were counterstained with DAPI for 30 min
and washed with PBS before imaging.

Confocal microscopy of fixed samples

Immunofluorescence imaging was carried out using a Zeiss Plan
Apochromat 40x/1.2 numerical aperture (NA) water-immersion
objective on a confocal/two-photon laser scanning microscope
(LSM 7105 Carl Zeiss) built around an Axio Observer Z1 body
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(Carl Zeiss), equipped with two internal gallium arsenide phos-
phide (GaAsP) photomultiplier tubes (PMTs) and three normal
PMT:s for epi (descanned) detection, or using a confocal microscope
(LSM 880, Carl Zeiss) built around an Axio Observer Z1 body (Carl
Zeiss), equipped with two internal gallium arsenide phosphide
(GaAsP) PMTs and three normal PMTs for epi (descanned) detec-
tion. Both systems were controlled by Zeiss Zen Black software.
Images were further processed and analyzed with Fiji-Image]
(80). Imaging of organoids and mice brain slices was performed
using a Yokogawa W1 inverted spinning disc confocal controlled
by SlideBook 6.0 software (31 Inc.). Large-field imaging of tissue
sections was performed using a 20x/0.8 NA air objective and a Ha-
mamatsu Flash4.0 scientific complementary metal-oxide semicon-
ductor (sSCMOS) camera. High-resolution Z-stacks were performed
using a 63x/1.4 NA oil-immersion objective and a Photometrics
Evolve electron-multiplying charge-coupled device
(EMCCD) camera.

Confocal and epifluorescence live imaging

C. elegans animals were immobilized using 0.05% tetramisole hy-
drochloride on 3.5% agar pads. The animals were imaged with a
Zeiss Axio Imager Z1 microscope equipped with a Photometrics
camera (Cool Snap HQ2) and analyzed using MetaMorph software
(Molecular Devices) and Fiji-Image]. Cytoplasmic GFP was visual-
ized with 470/80-nm excitation and 525/50-nm emission filters, and
mitochondria tagged with a monomeric red fluorescent protein
(mRFP) were visualized with 545/25-nm excitation and 605/70-
nm emission filters. Animals were imaged on a spinning-disk con-
focal system (Marianas; 31 Inc.) consisting of an Axio Observer Z1
(Carl Zeiss) equipped with a CSU-W1 spinning-disk head (Yokoga-
wa Corporation of America), an ORCA-Flash4.0 v2 sCMOS camera
(Hamamatsu Photonics), and a 100x/1.4 NA Plan-Apochromat ob-
jective. Image acquisition was performed using SlideBook 6.0 and
processed using Fiji-Image].

A photoactivation assay was performed to demonstrate the ex-
change of mitochondria between fused mammalian neurons. For
live-cell imaging of mito-mPA-GFP diffusion, a UV pulse was
applied on a 10 pm—by-10 pm region of interest (ROI). Before pho-
toactivation, mito-mPA-GFP is not visible as it remains caged (non-
fluorescent). After irradiation with UV light, mPA-GFP irreversibly
photoconverts to a green-emitting fluorescent protein. Photocon-
version resulted in the emergence of green mitochondria that
slowly moved from one neuron to the other along the fusion
bridge. Green images were collected every 5 min; seventy-two
images were acquired after photoconversion, and one last image
was acquired 13 hours later. To identify a bidirectional transfer of
mitochondria between fused neurons, 5 DIV neurons expressing
either spike S, blue fluorescent protein (BFP), and mito-mPA-
mCherry 1 or hACE2, BFP, and mito-mPA-GFP were imaged.
Fused BFP-positive neuronal syncytia were identified by using a
405-nm excitation laser. This identification step also photocon-
verted both mito-mPA-GFP and mito-mPA-mCherry 1, making
them visible and allowing the identification of interchanged mito-
chondria between fused neurons.

Fluorescence photoconversion was used to show the diffusion of
large molecules between fused mammalian neurons. For live-cell
imaging of Kaede diffusion, fusogen/empty vector-Kaede—trans-
fected neurons were bathed in imaging buffer [145 mM NaCl, 5.6
mM KCl, 2.2 mM CaCl,, 0.5 mM MgCl,, 5.6 mM p-glucose, 0.5 mM
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ascorbic acid, 0.1% BSA, and 15 mM Hepes (pH 7.4)]. Neurons
were visualized at 37°C on a Zeiss Plan Apochromat 40x/1.2 NA
water-immersion objective on a confocal/two-photon laser scan-
ning microscope (LSM 710; Carl Zeiss). In transfected neurons, a
UV pulse was applied on a 5 pm-by-5 um ROI. Photoconversion
resulted in the emergence of a spot of red fluorescence that rapidly
diffused through the soma and proximal neurites. Simultaneous
green and red images were collected every 785 ms; five images
were acquired before photoconversion, and 50 images were ac-
quired after photoconversion. Photoconversion and diffusion of
the fluorophore were performed on neurons separated by 25 to
100 pm. In control conditions, UV light was applied first outside
the neuron, 50 um away from the soma, and then inside the soma.

Ca®" imaging to visualize spontaneous neuronal activity was per-
formed on differentiated neuronal primary cultures (14 to 18 DIV).
Neurons were transfected with mCherry together with either the
control empty vector or pl5 and imaged 3 days later. Neurons
were incubated at 37°C for 2 hours in Neurobasal medium supple-
mented with 2 mM GlutaMAX, 2% B-27, 10 uM Cal-520 AM
(Abcam), and 0.03% Pluronic F-127 (Sigma-Aldrich). Following in-
cubation, neuronal cultures were washed three times, transferred to
imaging buffer, and imaged at 37°C on a Zeiss Plan Apochromat
40%/1.2 NA water-immersion objective on a confocal/two-photon
laser scanning microscope (LSM 710; Carl Zeiss).

Neuron-neuron, neuron-glia, and glia-glia fusion
quantification in mammalian neuronal cultures, human-
derived brain organoids, and murine brain sections

Cell-cell fusion efficiency in neuronal cultures was quantified as the
percentage of transfected neurons (GFP or mCherry) with their
somas within a radius <200 pm and that contained simultaneously
both GFP and mCherry. Neuron-neuron fusion was identified as
more than two fused cells that were both positive for MAP2 stain-
ing. Neuron-glia fusion was identified by one of the fused cells being
positive for MAP2. Glia-glia fusion was identified by neither of the
fused cells being positive for MAP2. Neuronal syncytia were quan-
tified as the percentage of interconnected neurons within a distance
<200 pm. Neuron-neuron fusion in human-derived brain organo-
ids and in murine brain sections was quantified as the percentage of
pairs of transfected neurons that appear as tightly interconnected,
with no gaps between them. In brain tissues, neuronal fusion was
inspected within voxels of 0.01236 mm>. Over 100 voxels through
each brain region (hippocampus or cortex) were analyzed per
animal. Z-stacks of images were deconvolved using Huygens soft-
ware (Scientific Volume Imaging), and the 3D analysis of neuronal
fusion was performed using the 3D viewer plugin from Fiji-Image].

Statistical analysis

Results were analyzed statistically using GraphPad Prism software
(GraphPad Software Inc.). The D'Agostino and Pearson test was
used to test for normality. The unpaired two-tailed nonparametric
Mann-Whitney U test was used for comparison of two groups,
when the data were not normally distributed. The unpaired two-
tailed Welch's ¢ test was used for comparison of two groups,
when the data were distributed following normality. For datasets
comparing more than two groups, we performed one-way analysis
of variance (ANOVA) Kruskal-Wallis test followed by Dunn's post
hoc test for multiple comparisons, one-way ANOVA Brown-For-
sythe and Welch tests followed by the Games-Howell's post hoc
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test for multiple comparisons, or two-way ANOVA followed by
Geisser-Greenhouse correction and the Sidék post hoc test for mul-
tiple comparisons. Statistical comparisons were performed on a
per-dish, per-neuron, per—human-derived organoid, or per-
animal basis, depending on the experiment, as stated in the figure
legends. Two to four technical replicate dishes were imaged, and
two to five independent cultures were used per condition. One
hundred to 103 C. elegans nematodes, three mice brains, and
three to eight human-derived organoids were used per condition,
as stated in the figure legends. Each mouse dissection provided
neurons from a pool of at least six different embryos. Values are rep-
resented as means = SD or means + SEM. The tests used are indi-
cated in the respective figure legends. A P value below 0.05 was
accepted as significant.
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EVOLUTIONARY BIOLOGY

Genotypes selected for early and late avian lay date
differ in their phenotype, but not fitness, in the wild

Melanie Lindner"?#, Jip JC Ramakers?, Irene Verhagen®, Barbara M Tomotan
1,24

A Christa Mateman’, Phillip Gienapp®, Marcel E Visser

Global warming has shifted phenological traits in many species, but whether species are able to track further
increasing temperatures depends on the fitness consequences of additional shifts in phenological traits. To test
this, we measured phenology and fitness of great tits (Parus major) with genotypes for extremely early and late
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egg lay dates, obtained from a genomic selection experiment. Females with early genotypes advanced lay dates
relative to females with late genotypes, but not relative to nonselected females. Females with early and late
genotypes did not differ in the number of fledglings produced, in line with the weak effect of lay date on the
number of fledglings produced by nonselected females in the years of the experiment. Our study is the first
application of genomic selection in the wild and led to an asymmetric phenotypic response that indicates

the presence of constraints toward early, but not late, lay dates.

INTRODUCTION

Anthropogenic global warming has led to drastic changes in the en-
vironment and species must cope with these changes. Many species
use ambient temperature as a cue to match the timing of seasonally
expressed life-history traits to the year-specific environment (1). For
many seasonally reproducing consumer species, ambient tempera-
ture predicts when food resources are plentiful. By using tempera-
ture as a cue, consumer species can match the timing of offspring
provisioning with the timing of maximum food resource abun-
dance. In many systems, however, consumer and resource species
differ in how strongly they respond to increasing temperatures (2,
3). They might differ in temperature sensitivity per se (i.e., the
number of days phenology shifts per 1°C in temperature change)
and/or in the time period at which they are temperature sensitive,
and the temperature in these time periods may change at different
rates (4). This way, increasing temperatures can uncouple the
timing of offspring provisioning from the timing of maximum
food resource abundance, leading to a phenological mismatch
between consumer and resource species with potentially severe con-
sequences on reproductive success of the consumer species (5). The
poster child example for this in evolutionary ecology is the pheno-
logical mismatch between great tits (Parus major) and their cater-
pillar prey (6-8). In this system, the match between the food
demands of great tit young and caterpillar biomass abundance is
a strong selection pressure on first egg laying date (hereafter lay
date). Hence, an advancement in the phenology of caterpillar
biomass without a concomitant advancement in lay dates and
thus chick rearing period is expected to negatively affect the
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reproductive success of great tits (6) and population stability in
the long run (7, 9).

Quantitative genetic studies have long used data from individu-
al-based long-term study populations to estimate the strength of di-
rectional selection and the magnitude of additive genetic variation
underlying focal traits to predict the potential for a microevolution-
ary response to selection (10, 11). Despite many examples of direc-
tional selection [e.g., (11-15)], microevolutionary responses to
selection in the wild that match the expectations based on estimates
of quantitative genetic studies are rare (16) and often populations
are in so-called evolutionary stasis (16). There are potential statisti-
cal and biological explanations for why this might be the case (17),
and one of them is that we might not know whether the predicted
response would indeed lead to an increased fitness if predicted re-
sponses lie outside the currently observed distribution. In other
words, we have no data to estimate the fitness consequences of
these shifted trait values and cannot assess whether the predicted
response to directional selection would have positive or negative
consequences for fitness.

For great tit populations, which are phenologically mismatched
with their main food resource for chick feeding, a directional mean
shift in phenotypes does not necessarily result in higher fitness (5).
In one scenario, early lay dates that reduce the phenological mis-
match between offspring provisioning and maximum food abun-
dance are expected to have higher reproductive success when the
phenological mismatch is the main selection pressure, i.e., fitness
is maximized with a reduced mismatch [figure 1 in (5)]. Then, a
phenological mismatch is considered true mistiming between con-
sumer and resource species. In an alternative second scenario, other
ecological variables, in addition to the match between consumer
and resource phenology, are important determinants of fitness
(5). For example, poor environmental conditions in early spring,
such as cold temperatures and limited food resources, might lead
to high fitness costs (e.g., increased mortality) for females that
attempt to breed early enough to reduce the phenological mismatch.
With these additional fitness components in place, the phenotype
that maximizes fitness might maintain (a certain degree of) the phe-
nological mismatch [figure 2 in (5)]. Then, the phenological
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mismatch is considered an adaptive mismatch between consumer
and resource species. Only when earlier phenotypes have increased
fitness (i.e., the phenological mismatch constitutes true mistiming;
first scenario), do we expect to see a shift in the distribution of trait
values as a response to directional selection [figure 4 in (17)]. We,
however, lack sufficient data at the very ends of the current lay date
distribution to test whether a phenological mismatch constitutes
mistiming (if earlier females with a reduced phenological mismatch
had higher fitness) or an adaptive mismatch (if earlier females had
lower fitness than females that retain a certain degree of the pheno-
logical mismatch).

Understanding the evolutionary consequences of a phenological
mismatch requires to move phenotypes toward earlier lay dates in
the wild and assess the fitness consequences. To directionally push
phenotypes toward earlier or later lay dates, some kind of experi-
mental manipulation is needed. It has, however, proven challenging
to perform “clean” manipulations of avian breeding time in the wild
(18). Methods that previously attempted to manipulate lay dates
constitute manipulations on the phenotypic level, such as the expo-
sure to a single long day (19), manipulation of photoperiod percep-
tion (20), a leptin implant treatment (2I), or the use of
supplemental food in the time before laying (22). These manipula-
tions either failed to advance lay dates or are known to induce a bias
in reproductive success as a consequence of the manipulation.
Hence, these methods are unsuitable for estimating the fitness com-
ponents of advanced lay dates, but see (23) for a successful popula-
tion-specific phenotypic manipulation of lay dates.

Genomic selection offers a previously unexplored approach to
induce directional shifts in lay dates of seasonally breeding birds
that have genomic breeding values (GEBVs) for extremely early
and late lay dates (24). In contrast to traditionally applied proce-
dures for artificial selection, where one selects on the expressed phe-
notype or breeding values (BVs) estimated using pedigree-based
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Fig. 1. Posterior predictions of standardized lay dates. (A) Posterior means of
mean-standardized lay dates with 89% credible interval for female recruits form
the early (yellow, n = 8) and late (blue, n = 9) selection line (posterior mean differ-
ence in standardized lay dates (late-early): 1.06; 89% credible interval: 0.30;1.81).
The crossed-out data point indicates an outlier female that was removed from the
data before analysis (see text S5 for a formal outlier analysis). (B) Posterior distribu-
tion of mean-standardized lay dates for female recruits from the early (yellow) and
late (blue) selection line and for local female recruits (dark gray, n = 433) [posterior
mean difference in standardized lay dates (local-early): 0.24, 89% credible interval:
—0.31,0.80; posterior mean difference in standardized lay dates (local-late): —0.82,
89% credible interval: —1.34;—0.29]. The posterior mean of standardized lay dates
for local female recruits is shown as vertical dashed line. Lay date observations
were standardized as z scores using a year-specific SD of 3.26, 5.45, and 4.82
days for 2018, 2019, and 2020, respectively.
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relatedness, genomic selection is based on GEBVs, the additive
effect of an individual's genotype on the phenotype relative to the
population mean phenotype estimated using genomic approaches
(25). Calculating GEBVs for a wild bird species allowed us to
follow females, which are expected to have extremely early or late
lay dates based on their GEBVs, throughout their lifetime. This
way, the fitness consequences of individuals that are expected to
have extremely early and late lay dates can be assessed while differ-
entiating between (i) the fitness costs in the time from fledging to
first-time recruitment and first egg lay date and (ii), if a female suc-
ceeds to recruit, the fitness benefits in the form of lifetime reproduc-
tive success. While genomic selection via GEBVs is a powerful tool
for artificial selection commonly applied in animal and plant breed-
ing (26) and its potential for studies in the wild has been acknowl-
edged (25), we are currently not aware of any study in which
genomic selection has been used in this way. Note, however, that
GEBVs have previously been estimated in a wild population (27).
This lack of application is likely explained by limitations in
sample size and statistical power, as a large number of individuals
genotyped at a sufficient marker density is required. These limita-
tions are especially relevant for phenological traits that generally
have low heritability [~0.2 for lay dates in our study population
(24)] and might require a training population with a sample size
of thousands.

Here, a training population of >2000 great tit females from a
long-term study population at the Hoge Veluwe National Park
(The Netherlands) with known lay dates and genotyped at
>500,000 single-nucleotide polymorphisms (SNPs) was used to es-
timate GEBV's using the “genomic best linear unbiased prediction”
(GBLUP) approach (24, 28). GEBVs were used as the criterion for
the selection procedure in such a way that birds with extremely neg-
ative and positive GEBV's were selected for the early and late selec-
tion lines for lay date. A detailed description of the selection
procedure can be found in (29), and a short description can be
found in Materials and Methods. We bred F3 generation breeding
pairs of the early and late selection line from 2017 to 2019 and
moved the F4 generation eggs they laid into the Hoge Veluwe
study population. In the following year(s), we identified and mon-
itored any selection line females of the F4 generation that recruited
into the study population as breeding bird to record the realized lay
dates and assess the fitness consequences.

RESULTS

Phenotypic response to genomic selection in the wild

Lay date

We recorded the lay dates of female selection line recruits at the
local study population in the years 2018 to 2020 to test whether
genomic selection for early and late lay dates translated into a phe-
notypic response in the wild. In total, 936 F4 selection line eggs pro-
duced by F3 selection line breeding pairs in aviaries were introduced
into the wild study population at the Hoge Veluwe of which <20
females locally recruited as breeding birds. Female recruits from
the early selection line (n = 8) had earlier lay dates than female re-
cruits from the late selection line (n = 9) (posterior mean difference
in standardized lay dates (late-early): 1.06, 89% credible interval:
0.30;1.81, Fig. 1A and tables S1 and S2) when a potential outlier ob-
servation was removed (see text S5 for a formal outlier analysis and
fig. S11). The finding did not change when the outlier remained
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included (fig. S12). The posterior mean difference in standardized
lay dates translated into a mean difference in lay dates of 3.45 (2018),
5.77 (2019), and 5.10 (2020) days. As lay dates were standardized,
the posterior distribution of standardized lay dates for nonselection
line female recruits (hereafter local female recruits; n = 433) was
centered at zero (posterior mean of standardized lay dates: 0.00,
89% credible interval: —0.08;0.08; Fig. 1B and tables S1 and S2).
While we did not succeed to advance the lay dates of female recruits
from the early selection line relative to the lay dates of local female
recruits [posterior mean difference in standardized lay dates (local-
early): 0.24, 89% credible interval: —0.31;0.80], we succeeded to
delay the lay dates of female recruits from the late selection line rel-
ative to lay dates of local female recruits [posterior mean difference
in standardized lay dates (local-late): —0.82, 89% credible interval:
—1.34;-0.29, Fig. 1B and tables S1 and S2]. This interpretation is also
supported by the posterior distribution of standardized lay dates for
female recruits from the early and late selection line (posterior mean
of standardized lay dates for female recruits from the early selection
line: —0.24, 89% credible interval: —0.79;0.31; posterior mean of
standardized lay dates for female recruits from the late selection
line: 0.82, 89% credible interval: 0.30;1.34; Fig. 1A and tables S1
and S2). Hence, the genomic selection experiment for early and
late lay dates led to a somewhat asymmetric phenotypic response
in the wild (Fig. 1B). However, there is no difference between the
selection lines in their phenotypic response relative to local
female recruits (posterior mean of difference in standardized lay
dates relative to local females between selection lines: 0.57, 89%
credible interval: —0.20;1.35; tables S1 and S2).

Phenological mismatch

We assessed whether the difference in lay date between female re-
cruits from the early and late selection line (Fig. 1) translated into a
difference in phenological mismatch, i.e., the difference in days
between the expected chick rearing period and the period of
maximum caterpillar biomass availability. Female recruits from
the early selection line (1 = 8) showed a reduced phenological mis-
match relative to female recruits from the late selection line (n = 9)
[posterior mean difference in standardized phenological mismatch
(late-early): 1.90, 89% credible interval: 0.44;3.38; Fig. 2 and tables
S3 and S4]. The phenological mismatch of female recruits from
either selection line did not differ from the phenological mismatch
of local female recruits, with a posterior mean difference in stan-
dardized phenological mismatch of 0.93 (local-early) (89% credible
interval: —0.17;2.02) and —0.97 (local-late) (89% credible interval:
—2.02;0.07; Fig. 2 and tables S3 and S4) for female recruits from
the early and late selection line, respectively. For local female re-
cruits (n = 433), the number of days of the phenological mismatch
differed between years (fig. S1 and tables S5 and S6). While females
were on average mismatched by 13.38 days in 2018 (89% credible
interval: 12.70;14.05) and 9.74 days in 2020 (89% credible interval:
9.17;10.31), they were, on average, better matched in 2019 with a
negative mismatch of 2.62 days (89% credible interval:
—3.22;-2.02; tables S5 and S6), i.e., they laid, on average, 2.62 days
too early rather than too late.

Consequences of genomic selection for fitness in the wild

To test for fitness differences between lines we analyzed the first-
year survival of selection line fledglings [in the form of (i) mortality
before laying and (ii) probability to locally recruit as a breeding bird
and (iii) lifetime number of fledglings produced when recruited].

Lindner et al., Sci. Adv. 9, eade6350 (2023) 7 June 2023

We then estimated the (iv) total fitness of selection line fledglings
as the product of their local recruitment probability and the lifetime
number of fledglings produced.

Consequences of genomic selection on mortality

before laying

One proxy for survival is the potentially selective disappearance of
early selection line females before their first breeding event. This
selective disappearance might arise as a consequence of higher mor-
tality risk for females that attempt to breed early, when the environ-
ment makes it challenging to produce eggs at that time [i.e., second
scenario (5)]. For this, we tested whether early selection line females
were less likely than late selection line females to recruit into the
local study population as a breeding bird when females were iden-
tified in late winter [n = 7 (early) and n = 15 (late)] or during nest
building in early spring [n = 13 (early) and n = 16 (late)]. We did not
find any difference between early and late selection lines females in
local recruitment probability irrespectively of whether females were
identified in January or early spring (figs. S2 and S3 and tables S7 to
S10). This analysis, however, is limited by low statistical power.
Consequences of genomic selection on local recruitment
probability

Another proxy for survival is the local recruitment probability [i.e.,
the probability that a fledgling survives to locally breed the following
year(s)], for which we did not find a difference between early (n =
318) and late (n = 331) selection line fledglings [posterior mean dif-
ference (late-early): —0.005, 89% credible interval: —0.035;0.026;
Fig. 3A and tables S10 to S12] or between selection line fledglings
and nonselection line fledglings (hereafter local fledglings; n =
1675) [posterior mean difference (local-early): —0.018, 89% credible
interval: —0.044;0.005; posterior mean difference (local late):
—0.014, 89% credible interval: —0.038;0.009; tables S10 to S12].
Overall, local recruitment probability of local fledglings was low at
the study site and showed a decrease throughout spring and an in-
crease with fledgling weight (Fig. 3B and table S10), in line with the
expectation that birds that fledge early and are heavier at the time of
fledging are more likely to recruit (30).

We moved the F4 selection line eggs in mixed-selection line
broods from the aviaries into the Hoge Veluwe study site. With
this, we aimed to rear selection line individuals in a common envi-
ronment in which early and late selection line individuals did not
differ in their realized hatch date and subsequent fledging date. We
formally tested this assumption and, indeed, did not find a differ-
ence in fledging date between early and late selection line fledglings
[posterior mean difference in standardized fledging date (late-
early): 0.074; 89% credible interval: —0.010;0.158; fig. S4 and
tables S13 and S14]. Hence, our experimental design removed any
differences between selection lines that, e.g., might arise as a conse-
quence of the maternal lay date (i.e., the lay date of F3 selection line
females in the aviaries) and, in turn, might induce a bias in local
recruitment probability.

We, furthermore, tested for a difference in the