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A B S T R A C T   

GREMLIN1 (GREM1) is a secreted protein that antagonizes bone morphogenetic proteins (BMPs). While 
abnormal GREM1 expression has been reported to cause behavioral defects in postpartum mice, the spatial and 
cellular distribution of GREM1 in the brain and the influence of the GREM1-secreting cells on brain function and 
behavior remain unclear. To address this, we designed a genetic cassette incorporating a 3×Flag-TeV-HA-T2A- 
tdTomato sequence, resulting in the creation of a novel Grem1Tag mouse model, expressing an epitope tag 
(3×Flag-TeV-HA-T2A) followed by a fluorescent reporter (tdTomato) under the control of the endogenous Grem1 
promoter. This design facilitated precise tracking of the cell origin and distribution of GREM1 in the brain using 
tdTomato and Flag (or HA) markers, respectively. We confirmed that the Grem1Tag mouse exhibited normal 
motor, cognitive, and social behaviors at postnatal 60 days (P60), compared with C57BL/6J controls. Through 
immunofluorescence staining, we comprehensively mapped the distribution of GREM1-secreting cells across the 
central nervous system. Pervasive GREM1 expression was observed in the cerebral cortex (Cx), medulla, pons, 
and cerebellum, with the highest levels in the Cx region. Notably, within the Cx, GREM1 was predominantly 
secreted by excitatory neurons, particularly those expressing calcium/calmodulin-dependent protein kinase II 
alpha (Camk2a), while inhibitory neurons (parvalbumin-positive, PV+) and glial cells (oligodendrocytes, as
trocytes, and microglia) showed little or no GREM1 expression. To delineate the functional significance of 
GREM1-secreting cells, a selective ablation at P42 using a diphtheria toxin A (DTA) system resulted in increased 
anxiety-like behavior and impaired memory in mice. Altogether, our study harnessing the Grem1Tag mouse 
model reveals the spatial and cellular localization of GREM1 in the mouse brain, shedding light on the 
involvement of GREM1-secreting cells in modulating brain function and behavior. Our Grem1Tag mouse serves 
as a valuable tool for further exploring the precise role of GREM1 in brain development and disease.   

1. Introduction 

Bone morphogenetic proteins (BMPs) are a group of potent mor
phogens that are critical for the development and function of the central 
nervous system (Hart and Karimi-Abdolrezaee, 2020). The human 
genome contains >20 types of heterodimers or homodimer BMPs. Ac
cording to the sequence homology of their amino acids, structures, and 
functions, they are divided into four separate subfamilies: (1) BMP2 and 

4; (2) BMP5, 6, 7, 8a, and 8b; (3) BMP9 and 10; and (4) BMP12, 13, 14 
(Bal et al., 2020). The BMPs exert their cellular response through two 
types of receptors: type I (BMPR1a, BMPR1b, ACVR1 and ACVR1b) and 
type II (BMPR2, ACVR2a, and ACVR2b), both of which are serine/ 
threonine protein kinases (David and Massague, 2018). During the 
developmental stage, although widely expressed in telencephalon, BMP 
ligands (BMP2/4/5/6/7) limit the growth of the neuroectoderm by 
inhibiting cell proliferation and inducing local cell death (Furuta et al., 
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1997). BMP receptors are also extensively expressed in the CNS (Central 
Nervous System), especially during development, followed by restricted 
distribution of BMPR2 in the cortex and hippocampus as well as 
ACVR2a/2b in the dentate gyrus in adulthood (Söderström et al., 1996). 
Meanwhile, BMP signaling is essential for homeostatic functions in the 
CNS. There is growing evidence that BMP signaling regulates CNS 
injury/repair, such as ischemic brain injury, frontotemporal dementia, 
spinal cord injury and demyelinating conditions (Ding et al., 2022; 
Petersen et al., 2021; Pous et al., 2020; Setoguchi et al., 2004). Addi
tionally, BMP plays an essential role in maintaining homeostatic func
tions in various tissue types of adult vertebrates, especially in the 
context of brain tumors (Sun et al., 2022). Beyond these aspects, the 
bioavailability of BMPs is regulated by diffusible BMP antagonists, such 
as Noggin, Chordin, and GREM1. These antagonists have been demon
strated to inhibit BMPs action across different cell types and develop
mental stage-specific contexts, providing precise spatiotemporal 
regulation of the pathway (Correns et al., 2021). For instance, the roles 
of noggin and chordin have been partially elucidated, as they are 
required for forebrain development (Bachiller et al., 2000). 

Recently, GREMLIN1 (GREM1) has attracted more attention because 
of its various biological functions. It is a secreted glycoprotein formed by 
184 amino acids and shares a conserved cysteine-rich region containing 
a cysteine knot motif, belonging to the transforming growth factor-β 
(TGF-β) superfamily (Marquez-Exposito et al., 2020). Studies have re
ported that GREM1 can restrict BMP activity by antagonizing BMP2/4/7 
from binding to their receptors, subsequently inhibiting the transduction 
of Smad signals. This positions GREM1 as an antagonist of BMPs (Church 
et al., 2015). Additionally, GREM1 showed the capacity to bind and 
activate vascular endothelial growth factor receptor 2 (VEGFR2), and 
the interaction between them is independent of BMPs (Mitola et al., 
2010). Not only is GREM1 structurally similar to vascular endothelial 
growth factor A (VEGF-A), a well-known cystine node homologous 
secreted ligand for VEGFR2, but both exhibit high affinity for VEGFR2, 
with 47 nM and 3 nM, respectively, (Claesson-Welsh, 2010; Maiolo 
et al., 2012). In homeostasis, GREM1 depletion leads to haematopoietic 
failure and disturbs normal bowel epithelial function in adult by 
tamoxifen administration using a ubiquitous Cre recombinase in 
ROSA26-CreERT2: Grem1 flox/flox mice (Rowan et al., 2020). In addi
tion, GREM1 causes a transient increase in bone formation and bone 
mass regulation due to BMP signaling activity from conditional deletion 
of Grem1 in the bone at one month (Gazzerro et al., 2007). GREM1 
secreted from PDGFRAlow cells and CD81+ cells also plays a critical role 
in maintaining robust intestinal stem cell viability (Kraiczy et al., 2023). 
Although the role of GREM1 has been well studied in maintaining in
testinal stem cells and their niche, and in regulating bone formation in 
homeostatic conditions, the research investigating the biological im
plications of GREM1 under physiological and pathological conditions of 
the brain is still insufficient. 

Up to date, accumulating evidence suggests that GREM1 may be a 
critical regulator in the CNS. A conceivable genetical association has 
been established between Grem1 and neuropsychiatric disorders 
because the Grem1-encoding gene is located in the 15q13.3 chromo
somal region (Topol et al., 2000). Notably, both microduplication and 
deletion at 15q13.3 contribute to severe clinical phenotypes, including 
autism spectrum disorder (ASD), mood disorders, seizures, and 
attention-deficit/hyperactivity disorder (ADHD), with different degrees 
of penetrance and severity (Antony et al., 2023). Early studies have also 
shown a high expression of GREM1 in the human brain (Topol et al., 
2000). Recently, conditional knockout of Grem1 from the dorsal termi
nal brain of mice could lead to a reduction of thickness of the forebrain 
and midbrain, and impair the movement balance in mice, indicating that 
GREM1 is required for the development of the brain (Ichinose et al., 
2021). Besides, GREM1 may be a potential agent for neuron degenera
tion disorders such as Parkinson’s Disease and ischemic stroke. Treat
ment with GREM1 protected dopamine neurons against neurotoxin 
MPP+/MPTP-induced cell death (Phani et al., 2013). The expression of 

GREM1 in the serum of ischemic stroke patients had a marked decrease, 
but increased significantly after treatment, suggesting GREM1 may play 
a role in regulating neuroinflammation and nerve recovery after stroke 
(Fan et al., 2020). However, the specific localization of GREM1 
expression and the function of GREM1-secreting cells in the brain have 
not yet been clarified. 

In the present study, we focus on the expression of the BMP antag
onist GREM1, as well as the effects of GREM1-secreting-cell depletion in 
the mouse brain. We first assessed the source of GREM1 in mouse brain 
using the Grem1-3×Flag-TeV-HA-T2A-tdTomato transgenic reporter 
mouse. Next, by tamoxifen-induced DTA in the Grem1-CreERT2 : DTA 
mice, we eliminated a subset of GREM1-secreting-cells in mice to 
examine their functional contribution in the brain. 

2. Materials and methods 

2.1. Construction of Grem1-3×Flag-TeV-HA-T2A-tdTomato mouse 

Mice were housed in specific pathogen-free (SPF) facilities in the 
Center of Laboratory Animal Science, Southern University of Science 
and Technology, China. Six mice per each cage were housed in trans
parent plastic cages with free access to water and food, and the tem
perature was controlled at 23 ± 1 ◦C with relatively stable humidity (50 
± 10%) and a light/dark cycle of 12/12 h (lights on at 7:00). All ex
periments were performed by the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (NIH Publication No. 80–23, 
revised 1996), and the experimental procedures were approved by the 
Animal Care Committee of the Southern University of Science and 
Technology, China. 

Under the conditions of CRISPR-Cas9 gene editing technology, we 
inserted the exogenous sequence of 3×Flag-TeV-HA-T2A-tdTomato 
behind the second exon of the Grem1 gene in C57BL/6J mouse embry
onic cells, thereby constructing a mouse strain containing the Grem1- 
3×Flag-TeV-HA-T2A-tdTomato allele (Grem1Tag mice). Grem1Tag 
transgenic mice were genotyped using WT allele and mutant allele 
primer pairs with polymerase chain reaction (PCR). A 538 base pair (bp) 
band corresponded to the wild-type (WT) allele, while a 408 bp band 
indicated the presence of the mutant allele. Heterozygotes exhibited 
both bands. Homozygous WT mice displayed a single band at 538 bp, 
while homozygous mutants showed a single band at 408 bp. 

WT allele Forward primer: 5’-CAACAGCCGCACTATCATCAAC-3’. 
WT allele Reverse primer: 5’-CACAATGACAAAGCCAACTACAGC-3′. 
mutant allele Forward primer: 5’-TATGGCCAGTGCAACTCCTTCTA- 

3′. 
mutant allele Reverse primer: 5’-CTCTTTGATGACCTCCTCGCC-3′. 

2.2. Grem1-CreERT2 : DTA mouse 

Grem1-CreERT2 and Rosa26-loxP-stop-loxP-DTA mice were pur
chased from Cyagen (Suzhou, China). Then Grem1-CreERT2 : DTA mice 
were generated by crossing the Grem1-CreERT2 and Rosa26-loxP-stop- 
loxP-DTA mice. For adult induction, tamoxifen suspended in corn oil 
(100 mg/kg) was administered once daily via oral gavage to mice aged 
between postnatal days 42 and 49 (P42 to P49). 

2.3. Open field test (OFT) 

An Open Field Test (OFT) paradigm was employed to assess rodent 
locomotor activity and anxiety phenotypes. Mice were allowed a 30 min 
acclimation period before the test. The experiment utilized an open field 
box measuring 40 cm in length, 40 cm in width, and 40 cm in height. The 
field was divided into 16 squares, with the central 4 squares designated 
as the center area (20 cm × 20 cm). During the 10 min formal test, mice 
were placed in the open field and observed. The SMART 3.0 system 
(Panlab, Spain) was used to record the distance traveled and time spent 
in each zone (Chang et al., 2023). 
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2.4. Elevated plus maze (EPM) test 

The elevated plus maze (EPM) is a classic behavioral test to study 
anxiety-like behaviors in rodents. The apparatus elevated 50 cm above 
the ground consisting of four arms arranged in the shape of a plus sign. 
Two opposing open arms (5 cm × 35 cm) and two closed arms (5 cm ×
35 cm) with 15 cm high walls of the same dimensions are crossed 
vertically to each other at the central platform. The mice were indi
vidually located in the center of the maze facing an open arm and 
allowed 10 min of free exploration. Entry was recognized as all four 
paws in the arms. Exploration time of the mice in the two types of arms 
and total traveled distance were recorded. Then, the total movement 
distance and the time spent in each area were recorded and analyzed 
using SMART 3.0. 

2.5. Novel object recognition test (NOR) 

The novel object recognition (NOR) test is based on the rationale that 
mice tend to explore new objects more than familiar ones. We therefore 
used NOR to assess whether transgenic cassette (3×Flag-TeV-HA-T2A- 
tdTomato) impairs cognition in Grem1Tag mice. NOR was divided into 
two main phases: familiarization and recognition test phases. Mice were 
given 30 min for environmental adaptation before the start of NOR. (1) 
In the familiarization phase, mice were allowed to explore an open field 
(40 cm long × 40 cm wide × 45 cm high) freely for 10 min where two 
same objects 1 and 2 were placed at marked points with 10 cm. The mice 
were then taken back in the home cage and rested for one hour. (2) In 
the recognition test phases, the mice were re-exposed to the open field 
where object 2 was replaced with the new object. The time of explora
tion of objects 1 and 2, as well as object 1 and the new object, was 
recorded and analyzed by SMART 3.0. 

2.6. Three-chamber social interaction test (TCT) 

The social preference and social novelty of mice were examined by a 
three-chamber social interaction test. An open rectangular box (60 cm 
long × 40 cm wide × 25 cm high) with two medical-organic baffles in 
the middle is divided into three separate chambers, each with a small 
door below the baffle that can be opened and closed to allow the mouse 
free access to each chamber. The corners of the left and right chambers 
had a plastic grid restraint. The experiment was divided into 3 stages: (1) 
Habituation: the mice were placed in the central chamber, and the doors 
of the left and right baffles were opened to allow them to explore freely 
for 10 min to get familiar with the environment; (2) Sociability: after 10 
min, the mice were put back into the central chamber, the doors of the 
left and right baffles were closed and a mouse with same gender and age 
was placed in the restraints of the left chamber (stranger1), while 
another was kept vacant (empty). The small doors of the left and right 
baffles were opened to allow free movement for 10 min and the activities 
recorded; (3) Social novelty: After the sociability phase, the mice were 
put back into the central chamber, the small doors of the left and right 
baffles were closed. Stranger 1 continued to be kept in restraint of the 
left chamber, then another mouse with same gender and age (stranger 2) 
was put into the restraint of the right chamber, the small doors of the left 
and right baffles were opened to allow mice to explore freely for 10 min. 
At the end of the experiment, the mice were put back into the rearing 
cage, the behavior box was cleaned, and the exploration time of stranger 
1, stranger 2, and the empty chamber by the experimental mice at each 
phase was recorded. During the experiment, the light inside the behavior 
box was maintained at 40 lx, and the temperature was kept at 24 ◦C. The 
experimenter, avoided being in the sight of the mice, reduced the noise 
generation, and maintained the ambient volume below 30 dB to keep 
quiet. The interaction time of mice with stranger 1 or 2 was recorded and 
analyzed by SMART 3.0. 

2.7. Immunofluorescence staining 

After behavioral tests, mice were anesthetized with Avertin and then 
sequentially perfused with cold PBS and 4% PFA via the heart. Subse
quently, the brains were dehydrated with 10%, 20% and 30% gradient 
sucrose solution for 24 h, respectively. After embedding with Tissue-Tek 
OCT (Sakura Seiki, Japan), brain sagittal sections (30 μm) and coronal 
sections (10 μm) were cut using a cryostat microtome (Leica CM1850, 
Germany). Subsequently, brain slices were first rinsed with 1×PBS three 
times (10 min/session) and then blocked with blocking solution (5% 
BSA supplemented with 0.3% Triton X-100 in PBS) for 1 h at room 
temperature, followed by incubation with primary antibodies at 4 ◦C 
overnight. The next day, brain slices were rinsed three times with 
1×PBS, and then incubated with the corresponding fluorescent sec
ondary antibodies for 90 min. After washing three times with 1×PBS, 
the slices were treated with 1 μg/mL DAPI for 10 min at room temper
ature. The following commercially available antibodies were used: 
rabbit monoclonal anti-Neun (Abcam, ab177487), guinea pig polyclonal 
anti-Neun (Oasis Biofarm, OB-PGP006), mouse monoclonal anti-Flag 
(CST, 8146), rabbit monoclonal anti-Flag (CST, 14793), rabbit mono
clonal anti-HA (CST, 3724), chicken polyclonal anti-mCherry (Abcam, 
ab205402), rabbit monoclonal anti-Iba-1 (FUJIFILM, 018–28523), goat 
monoclonal anti-GFAP (Abcam, ab302644), rabbit monoclonal anti- 
Olig2 (Abcam, ab109186), mouse monoclonal anti-MOG (Millipore, 
MAB5680), guinea pig polyclonal anti-PV (Oasis Biofarm, OB-PGP005), 
mouse monoclonal anti-Camk2a (Santa Cuz, sc-5306). Fluorescent im
ages were captured through fluorescence microscope (ZEISS Axio 
Imager 2, Germany) and confocal microscope (ZEISS LSM980, Ger
many). Analysis and quantification were performed by ImageJ software. 

2.8. Flag and tdTomato signal quantification in sagittal brain regions of 
Grem1Tag mice 

For localization and quantification of Flag and tdTomato signals in 
the sagittal brain region of Grem1Tag mice, images were captured using 
a ZEISS Axio Imager 2 microscope at a 20× objective lens. The ZEISS 
software ZEN blue was used to stitch the captured images into a com
plete sagittal image of the whole brain. Afterward, 2D Flag and tdTo
mato signals was rendered by IMARIS “Spots” function with same 
parameters respectively. Brain region partitions were adapted from 
Paxinos and Franklin’s mouse brain in stereotaxic coordinates whilst the 
IMARIS MATLAB-based (MathWorks) plugin “close to Surface Objects” 
was utilized to assess the number of Flag and tdTomato signals puncta 
with 0 distance of the surface. The IMARIS surface function was used to 
calculate area of each brain region. Lastly, the collected value percent
ages of Flag and tdTomato signals in each brain region as well as the 
intensity were calculated. 

2.9. Three-dimensional (3D) reconstruction for signal quantification 

The 30 μm coronal slices were subjected to overnight staining using 
anti-Iba-1, anti-Neun, and anti-mCherry antibodies. Subsequently, sec
ondary antibody staining was carried out using Alexa Fluor 488 for Iba-1 
and Neun, and Alexa Fluor 568 for mCherry. Imaging was conducted on 
a Zeiss LSM980 microscope with a 100× /1.3 NA oil objective. The 
imaging parameters, including laser power, gain, and offset, were kept 
consistent throughout all experiments. The number of tdTomato signals 
reconstructed using the IMARIS “Spots” function was quantified via 
IMARIS software to create a 3D surface rendering of the microglia and 
neuron cells which contained tdToamto signals, with a same threshold 
established to ensure accurate reconstruction of microglial and neuron 
cell bodies. 

2.10. Statistical analysis 

Independent sample t-tests were applied to assess the difference in 
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experimental data of the open field test, elevated plus maze, new object 
recognition test, three chamber socialization tests, etc. Assumptions of 
normality and homogeneity of variances were evaluated by Shapiro- 
Wilk tests and Levene’s tests, respectively. The results in the graphs were 
expressed as mean ± standard error of the mean (SEM). A value of p <
0.05 was defined as statistically significant. GraphPad Prism 8.0 was 
used to synthesize graphics. 

3. Results 

3.1. Construction of Grem1Tag mouse 

The Grem1 gene (NCBI Reference Sequence: NM_011824.4) in mice 
is located on chromosome 2 and consists of two exons. In this study, to 
enable effective tracking of GREM1, we engineered a mouse containing 
a Grem1-3×flag-HA-TeV-T2A-tdTomato allele. The construction of this 
allele involved the use of CRISPR/Cas9 technology to remove the TAA 
terminator within the coding sequence (CDS) region of the exon2 of 
Grem1. Subsequently, we inserted the cassette ‘3×flag-HA-TeV-T2A- 
tdTomato’, preserving the original 3’ UTR of Grem1 (Fig. 1a). The 
sequence of the cassette is provided in Supplementary Table. S1 and 

includes several functional elements: epitope tags (3×Flag and HA) for 
GREM1 protein detection, a TeV protease recognition site for site- 
specific cleavage, a self-cleaving peptide (T2A) (Donnelly et al., 2001) 
and a tdTomato for localizing the GREM1-secreting cells. The targeting 
vector was microinjected into fertilized eggs of C57BL/6J strain mice 
using a microinjection technique with Cas9 mRNA and gRNA to obtain 
F0 generation Grem1Tag transgenic mice. Positive F0 mice were iden
tified through PCR amplification and sequencing. These positive F0 mice 
were then mated with C57BL/6J mice to obtain positive F1 generation 
mice. Genotyping of the mice was performed using short fragment PCR, 
where a 538 bp band represented the wild-type (WT) allele, a 408 bp 
band indicated the presence of the mutant allele, and heterozygous in
dividuals displayed both bands (Fig. 1b). Furthermore, immunofluo
rescence staining was conducted to confirm the successful transcription 
and translation of the inserted 3×Flag-TeV-HA-T2A-tdTomato tags. The 
presence of Flag and HA signals indicated the expression of GREM1 
molecules, while the presence of the tdTomato signal indicated cells 
capable to secrete GREM1 (Fig. 1c and S1a). WT negative control cor
responding to the primary antibody was used to demonstrate the spec
ificity of the staining (Fig. 1d and S1b). The mice through these 
identification methods were classified as Grem1Tag transgenic-positive 

Fig. 1. Generation of a Grem1Tag mouse. 
(a) Schematic representation of the strategy for the construction of Grem1Tag mouse. (b) PCR genotyping analysis showing a heterozygous Grem1Tag mouse with a 
wild-type (WT) allele (538 bp band) and a mutant allele (408 bp band). (c) Immunofluorescence (IF) staining showing GREM1 molecules labeled by Flag (Green) and 
cells expressing GREM1 marked by tdToamto (Red), in the cerebral cortex of Grem1Tag mice. (d) IF staining on WT control tissue using the same primary antibodies 
and second antibodies as those used in (c). ZEISS Axio Imager 2 microscope using a 40× / 0.95 NA objective. 
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mice. 

3.2. Grem1Tag mice did not exhibit abnormalities in behavioral tests 

No significant behavioral abnormalities were observed in Grem1Tag 
mice under standard housing conditions. To further confirm this, we 
conducted behavioral tests on adult mice (Fig. 2a), including the open 
field test (OFT), elevated plus maze (EPM) test, novel object recognition 
(NOR) test, and three-chamber test (TCT). In the OFT (Fig. 2b), we found 
no significant differences between Grem1Tag and wild-type mice in 
terms of the cumulative duration spent in the central area and total 
distance traveled (Fig. 2c). These results indicated that Grem1Tag mice 
did not display altered locomotor activity or anxiety-like behavior 
compared to their wild-type counterparts, which was further supported 
by the EPM results (Fig. 2d-e). Furthermore, the NOR and TCT were 
conducted to assess cognitive ability, sociability, and social novelty. The 
NOR results showed that Grem1Tag mice exhibited a similar preference 
for exploring new objects compared to their wild-type counterparts 
(Fig. 2f and g). Additionally, in the sociability phase of the TCT, the 
cumulative sniffing time between the mouse-containing box and the 
empty box did not differ significantly between Grem1Tag and wild-type 
mice (Fig. 2h). Similarly, in the social novelty phase, the cumulative 
sniffing time for the familiar mouse and the novel mouse did not differ 
significantly between Grem1Tag and wild-type mice (Fig. 2i). Overall, 
these results demonstrated that Grem1Tag mice did not exhibit im
pairments in cognitive function, social and anxiety behavior, or loco
motor ability compared to wild-type mice. 

3.3. Distribution pattern of Flag-labeled and tdTomato-labeled signal in 
the brain 

T2A is a highly efficient self-sheared protein, separating the trans
lated Grem1-3×Flag-TeV-HA-T2A-tdTomato protein into tdTomato 
remaining in the cytosol and Grem1–3×Flag-TeV-HA excreted out of 
cytosol. Therefore, we illustrated the distribution of GREM1 original 
signals labeled by a tdTomato antibody and the expression of GREM1 
labeled by a Flag antibody through immunofluorescence staining across 
various brain regions using a general fluorescence microscope (Objec
tive lens 20×). The results demonstrated that GREM1 signals were 
widespread in the brain when matching the sagittal section of the brain 
atlas (1.20 mm lateral to the midline). Based on the expression pattern of 
GREM1, we divided the entire brain into 11 major brain regions and 
quantified all the Flag-positive signals, which represent the quantity of 
GREM1 molecules using Imaris software. The analysis of the GREM1 
signal percentages in the sagittal section revealed that cortex (Cx), 
midbrain (MB), and medulla had higher proportions of GREM1 signals, 
accounting for 24.12%, 13.24%, and 12.13%, respectively (Fig. 3a). 
Furthermore, the intensities of GREM1 signals were also correspond
ingly higher in the Cx, MB, and medulla regions with insignificant dif
ferences in intensity (Fig. 3b). These findings suggested that GREM1 
may play an important role in these brain regions, particularly in the 
cortex. 

On the other hand, the expression of the GREM1-secreting signal 

labeled with tdTomato was also observed in 11 brain regions, with the 
following percentages: Cx 14.64%, Cerebellum (Cb) 12.13%, and me
dulla 10.66% (Fig. 3c). These findings align with the In Situ Hybridi
zation (ISH) results from Allen’s brain dataset, which can be accessed at 
https://portal.brain-map.org/. Both tdTomato and Grem1-ISH experi
ments indicate a higher proportion of Grem1 expression, primarily in 
gray matter regions such as the cortex, cerebellum, and medulla. In 
contrast, lower levels of Grem1 expression were observed in white 
matter regions, such as the corpus callosum (Fig. 3c and e). Moreover, 
based on the statistical results from both tdTomato and Grem1-ISH, we 
observed that brain regions exhibiting robust Grem1 expression intensity 
were predominantly localized in gray matter areas abundant with, 
including the cortex, cerebellum, medulla, and thalamus. (Fig. 3d and f). 

3.4. Specific cell types expressing GREM1 in the cerebral cortex of 
Grem1Tag mice 

To investigate GREM1 specific cell types expressing tdTomato and 
GREM1, we focused on the cortex, where GREM1 expression is partic
ularly enriched. Although the intensity of GREM1 expression is also high 
in other brain regions such as the medulla and thalamus, the follow-up 
studies focusing on the behavioral effects of GREM1 on emotion, so
cialization, and memory are highly correlated with cortex. By fluores
cence co-localization staining, we utilized seven specific markers, Neun 
for neurons, Camk2a for excitatory neurons, PV for interneurons, Iba-1 
for microglia, GFAP for astrocytes, Olig2 and MOG for oligodendrocytes. 
These markers were co-stained alongside tdTomato labeled with 
mCherry and GREM1 labeled with Flag. We found that neurons (Fig. 4a) 
including excitatory neurons (Fig. 4c), and interneuron (Fig. 4d), and 
microglia (Fig. 4b and 5a) demonstrated observable tdTomato signals. 
Notably, neurons displayed a more robust and abundant tdTomato 
signal compared to microglia (Fig. 5a and b). Interestingly, GFAP and 
oligodendrocytes did not demonstrate overlapping or closely associated 
signals with the tdTomato and GREM1 (Fig. S2b and S2c-d). In sum
mary, our findings elucidate the secretion of GREM1 by neurons and 
microglia with Neun+ and microglia+ accounting for 91.24% and 3.76% 
of tdTomato+ cells, respectively (Fig. 4e). Within this context, Camk2a+

cell proportion was much higher than PV+ cell proportion in tdTomato+

cells in the cerebral cortex of Grem1Tag mice (Fig. 4f). Furthermore, the 
absence of GREM1 expression in oligodendrocytes suggested that 
GREM1 may not play a role in myelin sheath growth and development. 
These comprehensive results contribute to our understanding of the 
crucial involvement of GREM1 in central nervous system development 
and maintenance, underscoring its significance in neuronal processes 
and highlighting potential avenues for further research. 

3.5. Evaluation of GREM1 production capacity 

Based on the staining results above, tdTomato-positive signals were 
observed in neurons and microglia, indicating the potential of these two 
types of cells secreting GREM1. To quantify the production capacity 
indicated by tdTomato signal expression, Imaris software was utilized to 
analyze tdTomato signals using consistent computational parameters for 

Fig. 2. Behavioral assessments of Grem1Tag mice. 
(a) Timeline of behavioral tests conducted on Grem1Tag mice versus wild-type (WT) mice. (b) Representative trajectory diagrams showing the time spent in each 
region of the open field box for both WT and Grem1Tag mice. Red boxes denote central area. (c) Bar chart illustrating the cumulative time spent in the central area 
(left panel) and the total distance traveled by Grem1Tag mice compared to WT mice (right panel) during a 10 min open field test (OFT). (d) Representative trajectory 
diagrams illustrating the exploration time of WT and Grem1Tag mice in both the open (denoted in blue) and closed (denoted in red) arms of the elevated-plus-maze 
(EPM) during testing. (e) Bar graphs showing the cumulative time spent in the open and closed arms of the EPM test for Grem1Tag mice compared to WT mice. (f,g) 
Two phases of the Novel Object Recognition (NOR) test, including the habituation (f) and recognition phase (g). Left panels depict pattern diagrams of the testing, 
and right panels show the corresponding statistical graphs. (h,i) Two phases of the Three-Chamber Test (TCT), including the sociability (h) and social novelty (i) 
phase. Representative trajectory diagrams (left panels) and corresponding statistical graphs (right panels) illustrate the socialization time of WT and Grem1Tag mice 
spent with stranger1 mouse versus the empty cage (h) or with the stranger1 (familiar) mouse versus the stranger2 (novel) mouse (i). For all tests (OFT, EPM, NOR, 
and TCT), n = 10, male, P60 for both WT and Grem1Tag mice. Data are presented as means ± SEM. Statistical significance is determined by a two-tailed student t- 
test, ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0. 001; ****p < 0.0001. 
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each 3D cell. Our statistical analysis of the staining results demonstrated 
that neurons exhibited the highest production capacity for tdTomato, 
displaying approximately a 3-fold higher secretion capacity compared to 
microglia (Fig. 5a-c; The number of microglia cells, n = 17; The number 
of neuron cells, n = 21). 

3.6. Ablation of GREM1-secreting cells led to abnormal behavior and 
brain damage in mice 

To confirm the functional contribution of GREM1-secreting cells in 
the brain, we generated Grem1-CreERT2 : DTA (DTA+) mice and Grem1- 
CreERT2 littermates as controls. In these mice, Cre-mediated excision of 
a STOP signal leads to the expression of the Diphtheria toxin (DTA) and 
thus ablation of GREM1-secreting cells. We administered seven daily 

Fig. 3. Brain region distribution of GREM1 molecule and its secretion signal by Grem1Tag mice at P60. 
(a) Brain atlas of mice with a sagittal section labeled by Flag antibody (1.20 mm lateral to the midline), adapted from Paxinos and Franklin’s mouse brain in ste
reotaxic coordinates. The “others” refers to the proportion of GREM1-positive molecules in brain regions outside of the 11 major regions. (b) The signal intensity of 
the Flag in different brain regions. (c) Brain atlas of mice with a sagittal section labeled by mCherry antibody (1.20 mm lateral to the midline). (d) The signal intensity 
of the tdTomato in different brain regions. ZEISS Axio Imager 2 microscope using a 20× / 0.8 NA objective. (e) Brain atlas of mice with a sagittal section labeled by 
Grem1 FISH probes. (f) The signal intensity of the Grem1 mRNA in different brain regions. 
Abbreviation: Ob: olfactory bulb, Cx: cerebral cortex, CC: corpus callosum, HPC: hippocampus, Cpu: corpus striatum, TH: thalamus, HPA: hypothalamus, MB: 
midbrain, Cb: cerebellum, Pons, Medulla, Others: Other than 11 brain regions. 
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Fig. 4. Specific cell types expressing GREM1 in the cerebral cortex of Grem1Tag mice at P60. 
Immunofluorescence staining with an anti-Neun, Iba-1, Camk2a, PV to label (a) neurons (b) microglia (c) excitatory neurons (d) interneurons (Green), and anti- 
mCherry antibody to label tdTomato (red). (e) Percentage of double positive cells (i.e., tdTomato+ signals co-stained with Neun+ or Iba-1+ cells) in total 
tdTomato+ cells in the cerebral cortex of Grem1Tag mice. (f) Percentage of double positive cells (i.e., tdTomato+ neurons co-stained with Camk2a+ or PV+ neurons) 
in total tdTomato+ neurons in the cerebral cortex of Grem1Tag mice. ZEISS Axio Imager 2 microscope using a 40× / 0.95 NA objective. (Neurons, n = 5 slices; iba1, 
n = 5 slices; Camk2a+, n = 6 slices; PV+, n = 5 slices, Grem1Tag male, P60). Data are presented as means ± SEM. Statistical significance is determined by a two-tailed 
student t-test, ns, no significant. p > 0.05; *p < 0.05; **p < 0.01; ***p < 0. 001; ****p < 0.0001. The white arrow indicates the positive cells in the co-staining. 
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doses of 2 mg subcutaneous tamoxifen starting at P42, followed by 
behavioral tests and measurement of mouse brain alterations at P56 
(Fig. 6a). The OFT and EPM tests showed that DTA+ mice exhibited 
shorter travel distances in the center area and open arms (Fig. 6b and c, 
respectively). In NOR tests, there was a significant decrease in explo
ration times toward novel context in DTA+ mice versus the control mice 
(Fig. 6d). Meanwhile, we observed that DTA+ mice exhibited an indis
tinguishable social interaction behavior toward a novel or familiar 
mouse in the TCT test (Fig. 6e). The above results displayed that ablation 
of GREM1-secreting cells resulted in anxiety behavior and memory 
impairment in mice. Furthermore, we observed pathological changes in 
the brain in DTA+ mice. It was found that the number of Neun+ GREM1+

double positive cells decreased significantly in the cortical cortex (Fig. 6f 
and g). Similarly, the number of Iba-1+ cells decreased significantly in 
the cortical cortex (Fig. S3a). 

4. Discussion 

The BMP signaling not only controls a variety of biological processes, 
including cell proliferation, differentiation, and apoptosis, but also is 
crucial in regulating the development and maintaining homeostasis of 
CNS (Bal et al., 2020; David and Massague, 2018; Furuta et al., 1997; 
Hart and Karimi-Abdolrezaee, 2020; Söderström et al., 1996). Further
more, the BMP signaling pathway is modulated at the cellular or cyto
plasmic level during neural induction (Manzari-Tavakoli et al., 2022). 
As an endogenous modulator of BMP signaling, Grem1 marks committed 
layer V and VI glutamatergic neurons in the embryonic mouse brain and 
regulates early forebrain development and cortical formation (Ichinose 
et al., 2021). In terms of neurodevelopmental disorder, increased Grem1 
mRNA level was found in endothelial-specific 16p11.2 microdeletion 
mice, which develop autism spectrum disorder (ASD) symptoms that are 
characterized by diminished social interactions and communication, 
restricted and/or repetitive behaviors or interests, and abnormal sensory 
responses (Ouellette et al., 2020). Despite the above-mentioned research 
on developing brain, to date, no investigation has focused on the dis
tribution pattern of GREM1 in the adult brain. Here, we successfully 
generated the Grem1Tag mice using CRISPR/Cas9 to insert the cassette 
‘3×flag-HA-TeV-T2A-tdTomato’ behind the exon2 of Grem1 by which 
we could map out the distribution pattern of GREM1 and further 
determine where GREM1 originated from and where GREM1 was to go 
in cell levels at postnatal 60 days (Fig. S2a). The inclusion of the self- 
cleaving peptide T2A in Grem1Tag mice facilitated the seamless sepa
ration of the two proteins flanking the T2A sequence. Consequently, 
tdTomato signals served as a reliable indicator of GREM1 origin, while 
the presence of Flag or HA signals traced the expression of GREM1 
protein. Our immunofluorescence staining results of Flag showed the 

distribution map of GREM1 protein in mouse brains. Simultaneously, 
tdTomato revealed the full view of GREM1 origin, as tdTomato labeling 
correlates with Grem1 mRNA expression levels. To further validate our 
research findings, we conducted statistical analysis and comparisons 
between our experimental data and the Grem1 In Situ Hybridization 
(ISH) result from the Allen Brain Database. Although the comparative 
analysis revealed slight discrepancies in Grem1 expression intensity in 
certain brain regions, the overall distribution pattern remained consis
tent, primarily concentrated in the gray matter areas such as the cortex 
and thalamus. These differences in Grem1 expression intensity in specific 
brain regions may stem from variations in brain area delineation and 
differences in the shape of brain slices, leading to variations in surface 
area and consequently impacting signal intensity. Despite minor dif
ferences, our results demonstrate a substantial degree of consistency 
between the two statistical results, indicating a reliable depiction of 
Grem1 distribution by Grem1Tag mice. At the cellular level, we observed 
a significantly higher abundance of Tdtomato signals in neurons 
compared to the relatively fewer signals in microglial cells. Upon per
forming 3D imaging and utilizing Imaris software for signal quantifi
cation, we determined that neurons exhibited approximately three times 
higher GREM1 secretion capability than microglial cells. Besides, 
distinct colocalization between Flag and Neun by immunofluorescence 
staining implied that effector cells of GREM1 were neurons. Notably, a 
previous report suggested that GREM1 typically acts on nearby or 
adjacent cells (Mitola et al., 2010; Worthley et al., 2015). In line with 
this, our data show that Flag staining exhibits a soma-like structure of 
cells that express tdTomato signals simultaneously (Fig. S2a). These 
results suggest that neurons may be enriched with relative receptors for 
GREM1 on the soma. In fact, there is a wide expression of BMP receptors 
in neurons, each exhibiting specific cell type expression patterns. For 
instance, in the development of the cortical cortex, the expression of 
BMPR1a/1b, ACVR2b, and ACVR1b/1/1c/2a, as well as BMPR2, 
correlated with the neurogenesis or differentiation of the upper-layer 
and deep-layer neurons based on the mouse scRNA-seq cortical neuron 
dataset (Ichinose et al., 2021; Yuzwa et al., 2017). This could explain 
why GREM1 expression (Flag staining) highlights the soma-like struc
ture and is co-localized with neurons. However, there is a restricted 
distribution of BMPR2 in the cortex and hippocampus as well as 
ACVR2a/2b in the dentate gyrus in the hippocampus in adults 
(Söderström et al., 1996). To date, the exact BMP receptor corre
sponding to GREM1 still needs to be further elucidated. 

Secreted proteins are an important category of drug targets for anti- 
cancer drug development. It seems that GREM1 can be defined as a 
potential anti-tumor target because accumulating evidence shows that 
Additionally, GREM1 promotes tumor growth. For example, GREM1 
overexpression drives prostate cancer survival and proliferation through 

Fig. 5. Quantification of tdTomato signals and in the cerebral cortex of Grem1Tag mice at P60. 
(a,b) 3D fluorescence reconstruction for co-staining of tdTomato (Red) with Iba-1 (a) and Neun (b) (Green). Zeiss LSM980 microscope using a 100× / 1.3 NA oil 
objective. (c) Quantification of secretory capacity in GREM1-secreting cells. The number of tdTomato signals within microglia cells and neurons was performed using 
Imaris software with consistent parameters (n = 17, microglia; n = 21, neuron from Grem1Tag male mice, n = 3, P60). Data are presented as means ± SEM. 
Statistical significance is determined by a two-tailed student t-test, ns, no significant. p > 0.05; *p < 0.05; **p < 0.01; ***p < 0. 001; ****p < 0.0001. 

P. Yao et al.                                                                                                                                                                                                                                      



Experimental Neurology 373 (2024) 114649

10

Fig. 6. Abnormal behavior and brain alternation of Grem1-CreERT2 : DTA mice at P56. 
(a) Schematic diagram of the Grem1-CreERT2 : DTA mice reproductive strategies and timeline of tamoxifen gavage and behavioral tests in Grem1-CreERT2 and Grem1- 
CreERT2 : DTA mice. Behavior test in Grem1-CreERT2 and Grem1-CreERT2: DTA mice, including (b) open field test, (c) elevated-plus-maze, (d) novel object recognition 
test and (e)Three-chamber social interaction test as well as the corresponding statistical graph. n = 6 mice / group. (f) brain alternation of Grem1-CreERT2 : DTA mice 
at P56 was observed by double immunofluorescence staining of Neun and GREM1, and (g) data analysis in the percentage of Neun+ GREM1+ cell to DAPI. ZEISS Axio 
Imager 2 microscope using a 40× / 0.95 NA objective. (n = 10 slices / group from 6 mice, Scale bars = 50 μm). Data are presented as means ± SEM. Statistical 
significance is determined by a two-tailed student t-test, ns, no significant. p > 0.05; *p < 0.05; **p < 0.01; ***p < 0. 001; ****p < 0.0001. 
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the activation of FGFR1 and downstream MEK-ERK signaling (Cheng 
et al., 2022). GREM1 promotes proliferation and suppresses astrocyte 
differentiation of cancer stem cells in glioblastoma (Yan et al., 2014). Of 
note, it was reported that GREM1 may play paracrine/autocrine roles in 
tumor neovascularization (Mitola et al., 2010). Our results supported 
GREM1 exhibiting biological effects on target cells in an autocrine or a 
paracrine manner (Fig. S2a). Therefore, clearing GREM1-secreting cells 
may be an option for treating brain tumors, but one of the problems with 
this is that doing so perhaps damages normal cells. In addition, the 
function of GREM1-secreting cells, especially those with tdTomato- 
positive neurons, remains unclear. To assess the risks associated with 
this cell deletion strategy and to confirm the functional contribution of 
GREM1-secreting cells in normal brains, we deleted GREM1-secreting 
cells based on Cre recombination-mediated expression of the DTA. 
Consequently, we found that ablation of GREM1-secreting cells trig
gered anxiety-like behavior in mice and impaired their memory, 
including object and biological object memory. The histological analysis 
showed that the number of neurons significantly decreased in layers V 
and VI of the cerebral cortex in Grem1-CreERT2 : DTA+ mice compared to 
mice in Grem1-CreERT2 group. Specifically, projections from layer V 
neurons in the cortical cortex to the spinal cord, cerebellum, striatum, 
and thalamus form a motor cortex circuit (Baker et al., 2018; Shipp, 
2007), controlling movement preparation, guidance and the timely 
execution (Li et al., 2015). Emerging evidence suggests that layer VI 
neurons play a central role in modulating thalamic and cortical neurons 
during sensory processing (Wang et al., 2018), and pyramidal neurons 
exert high-level cognitive functions in the neocortex (Ichinose et al., 
2021). Therefore, the observed decrease in layer V/VI neurons would 
give rise to impaired preparation for and coordination of movement in 
DTA+ animals, explaining the motor balance defect in these animals in 
comparison with littermate controls. Similarly, our behavioral testing 
confirmed that tamoxifen-induced clearance of GREM1-secreting cells 
caused damage to neurons and microglia, implying a direct correlation 
between behavioral disorders and neuropathic alterations. However, it 
is worth noting that GREM1-secreting cells are not confined to the CNS, 
but abundantly expressed in the digestive system and bones. Recent 
research has indicated that GREM1 is primarily expressed in specific 
cells surrounding intestinal stem cells, including PDGFRAlow cells and 
CD81+ cells within the mesenchymal layer (Kraiczy et al., 2023). The 
elimination of these GREM1-secreting cells might indirectly disrupt the 
growth and differentiation of intestinal stem cells, resulting in an 
imbalance in intestinal homeostasis. This imbalance may further influ
ence behavioral abnormalities through the gut-brain axis. For example, 
previous study has shown that in mice with EphB6 deficiency-induced 
intestinal homeostatic imbalance, disruptions in gut microbiota bal
ance led to deficiencies in vitamin B6 and dopamine neurons, impacting 
social behaviors in mice through the gut-brain axis (Li et al., 2020). 
Additionally, research employing Grem1-CreERT2 : R26-LSL-ZsGreen : 
R26-LSL-DTA mice with tamoxifen administration resulted in the 
clearance of GREM1-secreting cells, leading to impairments in skeleto
genesis (Worthley et al., 2015), abnormalities of which are recognized as 
contributing factors to reduced motor ability. We considered that the 
abnormal behavioral phenotypes observed in Grem1-CreERT2 : DTA 
mice may primarily result from the elimination of GREM1-secreting cells 
in the CNS, but it is likely that the deletion of these cells in organs such as 
the digestive system and bone may also contribute to such behavioral 
deficits. 

In conclusion, we found that GREM1 is ubiquitously expressed in the 
brain, especially in the gray matter such as Cx, Cb, and Th. Furthermore, 
we discovered that GREM1 is secreted mainly by excitatory neurons, and 
to a much lesser extent by microglia. Finally, by the tamoxifen-induced 
clearance of GREM1-secreting cells, we detected anxiety-like behavior 
and memory impairment in Grem1-CreERT2 : DTA mice. Of note, there 
was a significant decrease in neurons and microglia in the Grem1- 
CreERT2 : DTA mice brain, which in turn corroborates the synthesis of 
GREM1 by these two types of cells. 
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