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KEY PO INT S

l Gabbr1 is involved in
HSPC proliferation
and B-cell
differentiation.

l Treatment of human
UCB progenitors with
GABBR1 agonist
results in increased
long-term
engraftment after
transplantation.

Hematopoietic and nervous systems are linked via innervation of bone marrow (BM) niche
cells. Hematopoietic stem/progenitor cells (HSPCs) express neurotransmitter receptors,
such as the g-aminobutyric acid (GABA) type B receptor subunit 1 (GABBR1), suggesting
that HSPCs could be directly regulated by neurotransmitters like GABA that directly bind
to GABBR1. We performed imaging mass spectrometry and found that the endogenous
GABA molecule is regionally localized and concentrated near the endosteum of the BM
niche. To better understand the role of GABBR1 in regulating HSPCs, we generated a
constitutive Gabbr1-knockout mouse model. Analysis revealed that HSPC numbers were
significantly reduced in the BM compared with wild-type littermates. Moreover, Gabbr1-
null hematopoietic stem cells had diminished capacity to reconstitute irradiated recipients
in a competitive transplantation model. Gabbr1-null HSPCs were less proliferative under
steady-state conditions and upon stress. Colony-forming unit assays demonstrated that

almost all Gabbr1-null HSPCs were in a slow or noncycling state. In vitro differentiation of Gabbr1-null HSPCs in
cocultures produced fewer overall cell numbers with significant defects in differentiation and expansion of the B-cell
lineage. To determine whether a GABBR1 agonist could stimulate human umbilical cord blood (UCB) HSPCs, we
performed brief ex vivo treatment prior to transplant into immunodeficientmice, with significant increases in long-term
engraftment of HSPCs compared with GABBR1 antagonist or vehicle treatments. Our results indicate a direct role for
GABBR1 in HSPC proliferation, and identify a potential target to improve HSPC engraftment in clinical transplantation.
(Blood. 2021;137(6):775-787)

Introduction
Hematopoietic stem/progenitor cells (HSPCs) maintain hema-
topoiesis throughout life by self-renewal or multilineage dif-
ferentiation to producemature progeny.1 The bonemarrow (BM)
serves as the HSPC microenvironment niche, where HSPCs re-
ceive signals regulating their proliferation, differentiation, or
quiescence.2 The nervous system innervates the BM niche, and
regulates HSPCs during homeostasis and tissue regeneration.3

The nervous system indirectly regulates HSPCs by modulating
BM niche stromal cells.4 However, there is also evidence for
expression of neuroreceptors on HSPCs.5-10

g-Aminobutyric acid (GABA) is the main inhibitory neurotrans-
mitter in the central nervous system. It binds GABA A ligand-
gated ion channel receptors, or GABA B G protein–coupled

receptors.11 GABA is also found in peripheral tissues such as
pancreas, spleen, and lung.12,13 Surprisingly, human CD341 and
CD1331 HSPCs express GABA type B receptor subunit 1
(GABBR1),5,14 however, its function in hematopoiesis remains
unknown. Using a CRISPR-generated global Gabbr1-knockout
mouse model, we demonstrate that Gabbr1 can regulate the
HSPC pool. Gabbr1-null mice showed decreased HSPC BM
numbers and peripheral lymphoid cell numbers. Colony-forming
unit (CFU) assays indicated that Gabbr1-null mice had few cy-
cling progenitors. Significantly, Gabbr1-null HSPCs showed
reduced proliferative ability and hematopoietic reconstitution.
Expression profiling from Gabbr1-null HSPCs revealed signifi-
cant deregulation of B-cell differentiation. Additionally, human
CD341 umbilical cord blood (UCB) HSPCs treated with the
GABBR1 agonist, baclofen, produced sustained increases in BM
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chimerism and progenitor numbers for up to 16 weeks in a
xenograft mouse model. This indicates that neuroreceptor
GABBR1 is a critical regulator of the HSPC pool.

Materials and methods
Mouse strains
All mice were housed at University of Illinois Chicago (UIC)
AAALAC-certified animal facilities. Food and water ad libitum
were routinely given. The Institutional Animal Care and Use
Committees of UIC approved all experimental procedures. C57/
BL6 (CD45.2), CD45B6.SJL-PtprcaPep3b/BoyJ (CD45.1), and
Rag12/2 mice15 were purchased from The Jackson Laboratory
(Bar Harbor, ME) or Charles River (Wilmington, MA). CD45.1/2
were generated by crossing CD45.1 females with CD45.2 males.
Gabbr1 C57/BL6–knockout (Gabbr12/2) mice were generated at
the University of Chicago by CRISPR/Cas9 base pair insertion
leading to a nonsense mutation. Postnatal day 13 and 15 (P13
and P15) Gabbr12/2 mice were used due to survival defects at
P20.16-18

Imaging mass spectrometry
Femurs were harvested from female 6- to 8-week-old C57/BL6
mice, frozen fresh in 2% carboxymethylcellulose (217277; EMD
Millipore) in prechilled hexane on dry ice, and stored at 280°C.
Bones were sectioned at 10 mm using MX35 blades (Thermo
Scientific) on a Leica CM 1850 UV cryostat. We adhered the
copper tape to the slides prior to collection and a roll plate was
necessary to keep samples from fracturing. After femurs were
adhered to indium tin-oxide–coated glass sides (Bruker Daltonics)
using double-sided copper conductive tape (ElectronMicroscopy
Sciences), samples were prepared for matrix-assisted laser de-
sorption/ionization time-of-flight imaging mass spectrometry
(IMS).

Analysis of hematopoietic populations
After isolation and cellularization of BM and fetal liver (FL) he-
matopoietic cells, antibody staining was performed, followed by
flow cytometry (BD LSRFortessa Flow Cytometer; BD Biosci-
ences). Details of antibodies are in supplemental Table 1
(available on the Blood Web site). Data were analyzed using
FACSDiva 6.0 (BD Biosciences) and FlowJo software.

Noncompetitive stem cell transplantation
BM cells (1 3 106) harvested from 3 pooled P15 Gabbr11/1 or
Gabbr12/2 littermate mice were transplanted into lethally irra-
diated CD45.1 recipients. For hematopoietic stem cell (HSC)
transplantation, 350 HSCs (Lin2/Sca11/cKit1/CD482/CD1501)
from BM of Gabbr11/1 or Gabbr12/2 mice were injected into
irradiated CD45.1 recipients with 53 105 CD45.1/2 spleen cells.
Recipients were maintained on antibiotic water for 1 week be-
fore, and 2 weeks after, transplantation. Donor reconstitution
was measured in peripheral blood (PB; at 1, 2, 3 months, lysed
with ACK lysis buffer), and BM at 3 months. Details of antibodies
are in supplemental Table 1.

Competitive transplantation
For primary competitive transplantation, 350 HSCs (Lin2/Sca11/
cKit1/CD482/CD1501) from 3 to 4 Gabbr11/1 or Gabbr12/2

littermates (CD45.2) were sorted andmixed with 350 competitor
HSCs pooled from 3 to 4 CD45.1/2 wild-type (WT) mice. Mixed
cells were retro-orbitally transplanted into lethally irradiated

congenic CD45.1 recipients with 5 3 105 CD45.1 spleen cells.
Donor reconstitution was evaluated as above (see "Non-
competitive stem cell transplantation"). Secondary transplants
followed (see supplemental Methods).

Supplemental methods
Further details on sample processing, other assays, and bio-
informatic analyses are in supplemental Methods.

Results
HSPCs express Gabbr1
We investigated receptor Gabbr1 expression in mouse HSPCs
and presence of its neurotransmitter, GABA, in the BM. Pub-
lished HSPC microarray and single-cell RNA-sequencing (RNA-
seq) data were reanalyzed for Gabbr1 expression. A recent
study19 did not score Gabbr1 as expressed in HSPCs because of
low levels in bulk microarray data from Gene Expression
Commons (GEXC).20 Despite low expression levels of Gabbr1 in
HSPCs, relative levels are higher in HSCs compared with more
differentiated progenitors, with the exception of common
lymphoid progenitors (CLPs) that have the highest expression
level of Gabbr1 (Figure 1A; supplemental Figure 1A).21 We
analyzed single-cell RNA-seq data from 3 independent studies
that detected Gabbr1 in a subset of HSPCs (Figure 1B, and data
not shown).22-24 In order to confirm published results, we used
flow cytometry to test for Gabbr1 receptor surface expression in
BM HSPCs. A distinct population of Lin2Sca11cKit1 (LSK) pro-
genitors (;12%) and HSCs (LSK/CD482/CD1501; ;15%) has
detectable Gabbr1 surface expression (Figure 1C), indicating
that Gabbr1 is expressed in a subset of BM-resident HSPCs,
including HSCs.

GABA is present in the adult BM endosteal region
We set out to identify the cell type that produces GABA in BM,
based on expression of glutamate decarboxylase enzymes
GAD1 or GAD2 that convert glutamic acid to GABA.25 It was
suggested that non-neural cells in the BM were candidates for
GABA production, however, the specific cell type was not de-
termined.19 Single-cell RNA-seq data of BM stromal cells did not
reveal a cell type clearly expressing Gad1 or Gad2.26 However,
Haemopedia RNA-seq and microarray data of mouse hemato-
poietic populations found thatGad1 (but notGad2) was strongly
enriched in B cells (supplemental Figure 1B).27,28 Quantitative
reverse transcription polymerase chain reaction (RT-qPCR)
analysis of sorted B cells confirmed expression ofGad1 transcript
(Figure 1D). Intracellular flow cytometry analysis of B2201CD932

B cells found that 77.7% were positive for Gad1, whereas
CD11b1 myeloid cells were negative (Figure 1E). These results
were confirmed by immunofluorescence analysis of mouse BM
sternum that showed B2201 B cells, but not CD11b1 myeloid
cells, were positive for Gad1 (Figure 1F). We repeated in-
tracellular flow cytometry and immunofluorescence analysis
using BM from Rag12/2 mutants that lack B cells.15 Gad1 ex-
pression was largely absent in BM of these B-cell–deficient
mutants (supplemental Figure 1C-D). Together, this estab-
lishes Gabbr1 receptor expression by a subset of HSPCs, in-
cluding HSCs, and that B cells express Gad1 enzyme.

We determined whether endogenous GABA molecules are
present in the BM. To achieve spatial mapping of GABA across
different regions of the BM niche, we performed IMS analysis.29
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IMS is label-free and allows for direct detection and relative
quantification of endogenous metabolites. Femur sections from
WT adult mice were spotted with commercial GABA standard as
an internal control (supplemental Figure 2A-B). IMS was per-
formed at a spatial resolution of 20 mm, and data were nor-
malized to root mean square. GABA ions were detected in BM
sections (n5 4), and both the protonatedmolecule (C4H10NO2

1,
[M 1 H ]1, m/z 104), as well as the dehydrated ion (C4H8NO1,
[M2H2O1H ]1,m/z 86), were detected with high intensity in the
standard and femur (Figure 2A-C; supplemental Figure 2A-B).
Upon visual analysis of the IMS data, them/z 86 andm/z 104 ions

had the same spatial distribution in the samples (Figure 2B-C). In
the standard, the limit of detection was between 100 mM and
1 mM GABA (Figure 2B-C). High-resolution detail from BM di-
aphysis (Figure 2D) shows m/z 86 is highly localized to the outer
endosteal region.

To confirm detection of a molecule with a different spatial
distribution in the BM, we used IMS to detect heme, an in-
dicator of erythrocyte localization. Heme was at high levels
within the central sinus that carries large blood volumes.
Both unbound ([M 1 H]1, m/z 567) and iron-bound ([M 1 H]1,
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Figure 1. HSPCs express GABA B receptor Gabbr1 and B-cell lineages express glutamate decarboxylase Gad1. (A) RT-qPCR of relativeGabbr1 expression in sorted HSPC
populations. (B) Published single-cell RNA-seq data detected Gabbr1 in a subset of HSPCs.22 (C) Representative flow cytometry data and bar graph showing ;12% of Lin2

Sca11cKit1 (LSK) progenitors, and ;15% of HSCs (LSK/CD482/CD1501) express cell-surface Gabbr1 receptor. (D) RT-qPCR analysis of Gad1 expression in sorted phenotypic
B cells (B2201), CD11b1 cells, osteoblastic cells (OBCs), and BM endothelial cells (BECs) (n5 3, from 2 independent experiments). (E) Representative intracellular flow cytometry
data and bar graph showing that 77.7% of B2201/CD932 cells express Gad1, compared with CD11b1 cells that express almost none (n5 3, from 2 independent experiments).
***P , .001. (F) Immunofluorescent antibody staining (scale bar, 20 mm) of sternum BM showing that Gad1 (green) is expressed in B2201 (red) B cells (arrowheads point to cells
that express both markers). Gad1 is not expressed in Cd11b1/Gr11 myeloid cells (representative of n 5 9 sternum regions from n 5 4 mice) (see also supplemental Figure 1).
CMP, common myeloid progenitor; DAPI, 49,6-diamidino-2-phenylindole; GMP, granulocyte-macrophage progenitor; LT-HSC, long-term HSC; MEP, megakaryocyte-erythroid
progenitor; MPP, multipotent progenitor; N.D., not determined; Prog, progenitor.
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m/z 616) heme was detected in the central region of the BM
(supplemental Figure 2E), and was distinct from endosteal
localization of GABA (supplemental Figure 2F).

Following our finding that B cells express the GABA-producing
enzyme Gad1, and are potential sources of GABA, we used IMS
to evaluate relative contributions of B cells to GABA levels in the
BM. Although IMS is not completely quantitative, the limit of
detection, determined by ionization efficiency of the standard,
provides a general measure of GABA amounts produced in BM.
We compared GABA levels in Rag12/2 and WT femur sections.
GABA levels were significantly lower in Rag12/2 B-cell–deficient
bones (Figure 2E). Representative IMS data show GABA levels
reduced in the endosteal region of Rag12/2 femur (supplemental
Figure 2G-H).

Gabbr1-null mutants have reduced numbers of
hematopoietic progenitors and B lymphocytes
Reports established a neurological phenotype inGabbr1 loss-of-
function mouse mutants on various genetic backgrounds.16-18

To conduct consistent hematopoietic analysis, we generated a
Gabbr1-null (Gabbr12/2) mutant on a C57BL/6 background
using CRISPR/Cas9 gene editing (supplemental Figure 3A).
Guide RNAs designed to targetGabbr1 exon 5, which is shared
by all isoforms, generated a nonsense mutation due to a 1-bp
adenine insertion (11 bp [A]; supplemental Figure 3A). Mutants
were undersized compared with littermates (supplemental
Figure 3B) and had slightly reduced body weight (supple-
mental Figure 3C). We confirmed loss of Gabbr1 protein by
western blot of brain tissue (supplemental Figure 3D). Our
Gabbr1-null mutants phenocopied those previously generated
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on other mutant backgrounds, as confirmed by spontaneous
seizures and failure to survive beyond P20 because of neuro-
logical defects.16-18

Given specific expression ofGabbr1 in a subset of HSPCs (Figure
1B-C), we analyzed BM and PB of Gabbr12/2 mutants for he-
matopoietic phenotype. Due to poor survival, analysis was
consistently performed at P15. Characterization of LSK pro-
genitors showed moderate but consistent (n 5 9) defects in
absolute numbers of BM cells ofGabbr12/2 mice (Figure 3A). No
significant differences were observed in the long-term HSC (LT-
HSC) population and in total BM cellularity (Figure 3A). We
analyzed other populations, such as multipotent progenitor
(MPP) populations MPP1-3; all showed pronounced decreases in
numbers (supplemental Figure 4A). Downstream of LSKs, we
observed significant decreases only in percentages and absolute
numbers of CLPs (Figure 3B; supplemental Figure 4B). We an-
alyzed BM B-cell developmental stages by Hardy fraction
markers30,31 (supplemental Figure 4C) and detected dramatic
decreases in abundance of fractions B through E (supplemental
Figure 4C; Figure 3E). Consistent with this, PB showed defects in
white blood cells (WBCs) and lymphocytes, but not in neutro-
phils (Figure 3C). Flow cytometry indicated that PB B2201 B cells
were significantly reduced, with no differences in CD41 T cells,
CD11b1 and Gr11 myeloid cells (Figure 3D), or red blood cells
and hemoglobin content (supplemental Figure 3E). Platelet
counts were moderately decreased (supplemental Figure 3E).
This indicates that loss of Gabbr1 affects abundance of LSK
progenitors, without significant effects on phenotyped LT-HSCs,
and that developmental defects in BM maturation of B-cell
lymphocytes are the primary defects in PB.

Because our constitutive whole-body Gabbr12/2 mutants have
an early hematopoietic phenotype at P15, we evaluated any
hematopoietic development disruption in FL. Timed matings of
Gabbr11/2 parents produced viable embryonic day 14.5 (E14.5)
embryos with no apparent gross morphological phenotype (data
not shown). FL analysis indicated no significant difference in the
number of LSK progenitors and LT-HSCs between Gabbr12/2

and Gabbr11/1 littermates (supplemental Figure 3F). To de-
termine whether the Gabbr1-GABA axis was present in the FL,
we performed mass spectrometry to detect GABA ion in whole
BM of P15 mice and the FL of E14.5 embryos. We did not detect
GABA in the E14.5 FL (supplemental Figure 3G). This reveals a
specific BM niche requirement for Gabbr1 not applying to de-
velopment of HSPCs in FL.

Hematopoietic reconstitution potential is impaired
by loss of Gabbr1
Our results suggest that hematopoietic defects in P15 Gabbr12/2

mutants are specific to phenotypic LSK progenitors, but not LT-
HSCs (Figure 3A). As mutants are constitutive knockouts, their
hematopoietic phenotypes could be due to Gabbr1-dependent
BMniche defects. To confirm that the LSK progenitor defect is cell
autonomous, and to test functionality of hematopoietic cells that
lack Gabbr1 because phenotype does not always recapitulate
function of HSPCs,32 we performed direct transplantation of 1 3
106 whole BM cells from Gabbr11/1 or Gabbr12/2 P15 littermates
into lethally irradiated CD45.11 WT recipient mice in a non-
competitive assay (supplemental Figure 5A diagrammatic
representation). Reconstitution was monitored every 4 weeks
posttransplant for 3 months. Within the first 4 weeks, a significant

defect in total PB reconstitution was observed in the percentage
of CD45.21 Gabbr12/2 donor cells (supplemental Figure 5A).
However, by 2 months posttransplant, CD45.21 Gabbr12/2

donor cells overcame this initial deficit and fully reconstituted
irradiated recipients. This suggests that the phenotype 1 month
posttransplant may result from defects in short-term HSCs or
progenitors, and recovery of reconstitution could be due to LT-
HSCs. Thus, we repeated the transplant experiment, but instead
of whole BM, used 350 sorted CD45.21 LT-HSCs (LSK/CD482/
CD1501) from BM of P15 Gabbr11/1 or Gabbr12/2 donors, in-
jected along with 5 3 105 CD45.1/2 splenic support cells
(supplemental Figure 5B). Again, CD45.11 recipients trans-
planted with CD45.21 Gabbr12/2 donor cells showed initial
deficit in PB reconstitution but recovered to WT levels by 2 and
3 months after transplant (supplemental Figure 5B). Although
this suggested a cell-autonomous role for Gabbr1 in hemato-
poietic stem and/or progenitor cells, the dynamics of re-
constitution by Gabbr1-null cells was still not clear.

We hypothesized that loss of Gabbr1 in a competitive transplant
would permanently affect hematopoietic recovery because it
would test the fitness and ability of Gabbr1-null LT-HSCs to
compete for the same niche with WT LT-HSCs. We transplanted
350 sorted LT-HSCs, harvested from BM of Gabbr11/1 or
Gabbr12/2 littermates, in competition with 350 BM LT-HSCs
from a CD45.1/.2 donor, along with CD45.1 splenic support cells
(Figure 4A diagrammatic representation). In this competitive
setting, defects in Gabbr12/2 PB reconstitution persisted for
3 months, confirming lack of Gabbr12/2 cell fitness (Figure 4B).
Interestingly, lineage contributions of transplanted Gabbr12/2

HSCs to PB were reduced in lymphoid, but not myeloid, com-
partments (supplemental Figure 5C). Numbers ofGabbr12/2 BM
CD45.21 LSK progenitors and LT-HSCs were significantly re-
duced at 3 months (Figure 4C), as were several progenitor
populations (supplemental Figure 5D).

To determine the extent of the competitive reconstitution de-
fect, we performed secondary transplants with either 1 3 106

whole BM cells harvested from primary competitive recipients
(supplemental Figure 5E), or by sorting 350 CD45.21 LT-HSCs
derived from primary recipient BM, and initiating a secondary
competition with 350 HSCs from a CD45.1/.2 donor (Figure 4D).
In whole BM secondary competitive transplant, the ratio ofWT to
Gabbr12/2 reconstitution was maintained, demonstrating that
these defects were in a self-renewing HSC population (sup-
plemental Figure 5E); terminal analysis revealed dramatic de-
creases in the percentage of LSK progenitors and LT-HSCs
(supplemental Figure 5F). Secondary competitive transplant with
350 sorted Gabbr12/2 LT-HSCs also showed significant defects
in reconstitution (Figure 4D). At the terminal 4-month time point,
BM analysis of the recipients indicated decreased overall
Gabbr12/2 cellularity and significant defects in LSK progenitors
and LT-HSC frequency (Figure 4E). In both cases, reconstitution
defects persisted up to 4 months after secondary transplants.
These results support our hypothesis that there is a cell-
autonomous role for GABBR1 in hematopoietic reconstitution,
and in HSPC competitive fitness.

Proliferative capacity of the HSPC pool in
Gabbr12/2 mutants is reduced
To understand Gabbr1 signaling in HSPCs, we performed cell-
cycle and apoptotic assays in phenotypic populations of BM LSK
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progenitors of WT and Gabbr12/2 P15 littermates. Ki-67 and
7-aminoactinomycin D (7-AAD) counterstaining determined LSK
progenitor cell-cycle progression. Flow cytometry for quantifi-
cation of the LSK cell cycle indicated significant defects in
Gabbr12/2 LSKs during cell growth and entry into G1 phase
(Figure 5A). However, proapoptotic analysis by annexin V
staining or caspase 3 activity of LSK progenitors and HSCs in the
BM showed no difference between Gabbr11/1 and Gabbr12/2

P15 littermates (supplemental Figure 6A-B).

Phenotypic analysis of HSPCs confirms their presence, but it
does not allow assessment of functional characteristics of these
cells (eg, their proliferative and differentiation capacity). For
functional progenitor capacities, CFU assays are used. This al-
lows one to determine proliferative capacity, and the percentage
of specific progenitor cell types (CFU granulocyte macrophage
[CFU-GM], burst-forming unit erythroid [BFU-E], and CFU
granulocyte, erythroid, macrophage, megakaryocyte [CFU-
GEMM]) in S-phase of the cell cycle (cycling rate) by using a
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Figure 3.Gabbr12/2mutants have decreased numbers of LSK progenitors in BM and lymphocytes in PB. (A) Left panel, Representative flow cytometry gates. Right panels,
There are comparable numbers of total BM cells from 2 femur and 2 tibias. The number of LSK progenitors, but not HSCs (LSK/CD482/CD1501), is reduced in Gabbr12/2 BM
(n 5 5 WT vs n 5 5 mutants). (B) Left panel, Representative flow cytometry gates for CLP. Right panels, The number of Lin2Sca1lowcKitlowCD135highCD127low (CLP) progenitors,
but not CMP (Lin2Sca12cKit1CD34highCD16/32low), is reduced in Gabbr12/2 BM (n 5 5 WT vs n 5 5 mutants). (C) WBCs and lymphocytes, but not neutrophils, were reduced
in Gabbr12/2 PB (n 5 5 WT vs n 5 5 mutants). (D) Percentages of B2201, but not CD11b1 or Gr-11, cells were reduced in Gabbr12/2 PB (n 5 8 WT vs n 5 9 mutants). (E) The
analysis of Hardy B-cell fractions in the BM fromGabbr11/1 andGabbr12/2mice (n5 3WT vs n5 3mutants). Data are represented asmean plus or minus standard deviation (SD)
(*P , .05; **P , .01; ***P , .001). Analyses performed at P15 (see also supplemental Figures 3 and 4).
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well-established high specific activity tritiated thymidine cell-kill
procedure.33-37 We evaluated functional BM progenitors CFU-
GM, BFU-E, and CFU-GEMM of Gabbr11/1 and Gabbr12/2 lit-
termate mice (P13-15). Absolute numbers of BM CFU-GM in
Gabbr12/2 mice were significantly decreased compared with
Gabbr11/1 BM (Figure 5B). Almost all Gabbr12/2 progenitors
were in a slow or noncycling state (Figure 5C). No differences in
size or appearance of colonies were noted.

To understand proliferation defects inGabbr12/2mutant HSPCs,
we used a bioinformatics approach to find common charac-
teristics among subsets of HSPCs expressing Gabbr1
(Figure 1B). We performed gene-set enrichment analysis38

based on ranked correlation of coexpressed genes from
previously published single HSPC RNA-seq data.22 Four of the
top 10 gene-ontology annotations that correlated positively
with Gabbr1 expression were associated with type I or II

interferon signaling (supplemental Figure 7; supplemental
Tables 2 and 3). To test in vivo the prediction that Gabbr1 is
involved in type I interferon response, a known regulator of
HSPC proliferation,39 we treated WT and Gabbr12/2 P15 lit-
termates with an intraperitoneal injection of polyinosinic:
polycytidylic acid [poly(I:C)]. BM analysis of WT and
Gabbr12/2 littermates 48 hours after poly(I:C) injection in-
dicated significant decreases in numbers of Gabbr12/2 pro-
genitors; Ki-67 and 7-AAD cell-cycle analysis further
confirmed a G1-entry defect in Gabbr12/2 progenitors
(Figure 5D). Poly(I:C) treatment had no effect on the proa-
poptotic status of Gabbr12/2 LSK progenitors (supplemental
Figure 6C). To determine whether G1-entry defects in LSK
progenitors continued to affect Gabbr12/2 mutants during
S-phase, we injected 5-bromo-29-deoxyuridine (BrdU) in-
traperitoneally in P15 WT and Gabbr12/2 littermates and
analyzed BrdU incorporation by flow cytometry in LSK
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progenitors and long-term HSCs 48 hours later. For both
populations, significant decreases in BrdU incorporation were
observed (Figure 5E), confirming defects in proliferative ca-
pacity of phenotypically defined Gabbr12/2 hematopoietic
progenitors and stem cells.

Differentiation of Gabbr12/2 mutant progenitors
in vitro reveals proliferation defects in
B-cell lineages
To directly test whether loss of Gabbr1 affects overall pro-
liferation of progenitors, or whether it has specific consequences
in lineage commitment, we used OP9 stromal cells for lymphoid
and myeloid differentiation of sorted BM progenitors. Using
previously described OP9 conditions,40 we differentiated 4000
LSK progenitors from P15 Gabbr12/2 or Gabbr11/1 littermates
into myeloid or B-cell lymphoid lineages (Figure 5F). After
2 weeks, overall cellular content and phenotypic analysis of
differentiated lineages were conducted. Results indicated de-
creased overall numbers of CD451 cells produced byGabbr12/2

LSK progenitors (Figure 5G), in accordance with in vivo analysis
of proliferation defects in the mutants. Furthermore, a significant
defect in B-cell lineage development was indicated by reduced
CD191 and B2201 cells originating from Gabbr12/2 mutants
(Figure 5H). No defect was detected in the myeloid compart-
ment as indicated by presence of CD11b1 cells (Figure 5I). This
was confirmed by repeating differentiation assays and supple-
menting promyeloid cytokines interleukin-3 and interleukin-6
in our OP9 differentiation media. There was no significant

difference in expanded myeloid compartments between WT
and Gabbr12/2 mutant progenitors (supplemental Figure 6D).
Overall, this supports our in vivo analysis of Gabbr12/2 mutants
by confirming defects in progenitor proliferation, and in B-cell
differentiation.

B-cell program genes are dysregulated in
Gabbr12/2 mutant HSPCs
To better understand molecular phenotypes of Gabbr12/2

mutant HSPCs, we sorted and pooled ;12 000 LSKs from
Gabbr11/1 orGabbr12/2 P15 BM for bulk RNA-seq analysis. After
initial comparison of differentially expressed genes between WT
and mutant LSKs, and Ingenuity Pathway Analysis,41 we ob-
served significant increases in expression of genes associated
with B-cell development in mutant LSKs (ratio 5 0.33; 2log(B-H
P value) 5 8.69; supplemental Table 4). To further investigate
these changes, we used a recently published “blueprint” for
B-cell development to generate custom gene sets.42 These sets
were associated with progressive stages of in vitro MPP differ-
entiation into B lymphocytes (Figure 6A), or sorted BM pop-
ulations of phenotypically defined lymphoid-primed MPPs
(LMPPs), CLP, and pro-B cells (Figure 6B). Gene signatures from
the first and earliest stages of B-lineage differentiation
(Figure 6A), or sorted LMPPs (Figure 6B), were significantly
enriched in WT HSPCs compared with Gabbr12/2 HSPCs; al-
ternatively, this could be interpreted as downregulation of early
progenitor-associated genes in mutant HSPCs. The second
stage of B-cell differentiation or “transition”42 is similar to a CLP.

Figure 5 (continued) cycle were analyzed. (E) BrdU incorporation assay. BrdU (50 mg/kg) was intraperitoneal injected into WT (n 5 6) and Gabbr12/2 mice (n 5 5). Forty-
eight hours later, percentages of BrdU1 cells in LSK and LSK CD482 progenitor populations were analyzed. (F-I) In vitro B-cell differentiation assay. (F) Experimental design. Four
thousand sorted LSK progenitors from WT and Gabbr12/2 mice were seeded onto OP9 cells. After 1 week, cells were passaged onto fresh OP9 cells. At day 14, all cells were
collected, counted, and stained with CD45 (G), CD19 (H; left panel), B220 (H; right panel), and CD11b (I) antibodies. The absolute numbers were presented asmean plus or minus
SD (data were from 2 independent experiments with 4-5 replicates.). *P, .05; **P, .02; ***P, .001; ****P5 0 vsGabbr11/1 controls. Analyses of panels A and D-I performed at
P15; panels B and C performed at P13 and P15 (see also supplemental Figure 6).
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and false discovery rate (FDR) of gene-signature enrichment is
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Gabbr12/2 mutant HSPCs. (A) Gene signatures from in vitro B-cell
differentiation show a progressive shift from early B-lineage
markers in WT HSPCs (red text), to a mix of signatures in
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mitment signatures in Gabbr12/2 mutant HSPCs (blue text). (B)
This same pattern is mirrored in the gene signatures of sorted
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This gene signature is mixed, with some representative genes
enriched in WT, and some inGabbr12/2mutant HSPCs (Figure 6A-
B). Later-stage B-cell commitment and pro-B-cell gene signatures42

are very highly enriched inGabbr12/2mutant HSPCs (Figure 6A-B).
This demonstrates significant shifts in expression profiles of LSK
HSPCs from early, progenitor-like signatures to that of committed
pro-B cells (Figure 6C), suggesting that Gabbr1 plays a role in
differentiation of HSPCs to B-lineage cells.

Brief treatment with GABBR1 agonist increases
long-term engraftment of human UCB HSPCs
Findings from our mouse model indicated a role for the Gabbr1
neuroreceptor in 2 aspects of hematopoiesis: proliferation of
HSPCs and differentiation of B-lineage cells. To evaluate func-
tional conservation of Gabbr1 in hematopoiesis, and trans-
lational potential of GABA signaling for HSPCs, we exposed
CD341 UCB cells for 2 hours in vitro with increasing doses
of either baclofen, a clinically approved GABA agonist,43 or
2-hydroxy-saclofen, a selective antagonist of GABA B receptor.44

After treatment, cells were injected IV into sublethally irradiated
NOD-scid.Il2rgnull (NSG) recipients, and xenograft outcome was
assayed 16 weeks later. Treatment with 10 mM baclofen showed

dramatic enhancement over vehicle control in engraftment of
hCD451 cells in NSG recipients (Figure 7A). At 16 weeks, total
human blood CD451 (Figure 7B) and progenitor-specific
CD341 (Figure 7C) BM engraftment in NSG mice exhibited
a trend to increase after agonist treatment, and a significant
improvement after 10 mM baclofen. 2-hydroxy-saclofen
treatment did not significantly increase engraftment at any of
the tested doses. Further lineage analysis of BM chimerism in
vehicle control and 10 mM baclofen treatment revealed sig-
nificant increases in overall engraftment (CD451), and in
progenitor engraftment (CD341 and CD381; Figure 7D). In the
spleen of transplanted NSG mice, this pattern persisted with
significant increases in overall engraftment, and a near twofold
enhancement in CD191 B-cell reconstitution (Figure 7E). At
16 weeks posttransplantation, CFU assays indicated that
progenitor colonies in the BM derived from NSG mice trans-
planted with baclofen-treated CD341 UCB cells were threefold
higher than controls (supplemental Figure 8B). Interestingly,
CD341 UCB cells analyzed for in vitro CFUs after a 2-hour
treatment, baclofen did not produce increased colonies,
suggesting that conditions in vivo are required for a sustained
increase in progenitor numbers (supplemental Figure 8A). This
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Figure 7. The GABBR1 agonist baclofen increases long-
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supports our conclusions that Gabbr1-mediated HSPC sig-
naling promotes engraftment, reconstitution potential, and
differentiation of the B-cell lineage.

Discussion
It has been known that human HSPCs express neurotransmitter
receptors. However, their function in vivo has remained enig-
matic. We studied the role of GABA B type receptor Gabbr1,
expressed in a subset of HSPCs, in a loss-of-function mouse
model. In steady state, Gabbr12/2 mutants have reduced MPP
and LSK progenitors, as well as WBCs, lymphocytes, and B cells.
This specific role for Gabbr1 in B-cell development was further
highlighted by custom gene-signature analysis.42 Although we
were directly comparing the expression profiles of phenotypic
LSK progenitors isolated from WT and Gabbr12/2 mutants, we
observed a significant change from the expected MPP gene
signature, indicating a dysregulation of B-cell differentiation in
HSPCs. Analysis of developing B cells in the BM (Hardy fractions)
showed dramatic reduction in B-cell maturation. This specific
defect in B-lineage potential was confirmed by in vitro differenti-
ation of Gabbr12/2 mutant LSK progenitors. We showed a pre-
mature transcriptional B-cell program in Gabbr12/2 HSPCs, which,
when combinedwith a pronounceddefect starting as early asHardy
fraction B, suggest that loss of Gabbr1 signaling causes loss of
immature B cells in the BM. Decreases in peripheral WBCs and
B cells likely result from removal of highly autoreactive B cells during
the pre–B-cell receptor central tolerance checkpoint.45

Transplanted HSPCs from Gabbr12/2 mutants had reduced
proliferative capacity and competed poorly against WTHSPCs in
a competitive transplant setting. Gene-set enrichment analysis
found that the single-cell expression profile of Gabbr1-
expressing HSPCs (ie, the gene set that positively correlated
with Gabbr1 expression) was enriched for interferon pathway
genes. Consistent with this finding, HSPC proliferation was re-
duced in Gabbr12/2 mutants after poly(I:C) treatment, sug-
gesting a defective type I interferon response. Conversely, a
brief ex vivo treatment of human UCB CD341 cells with clinically
approved GABA agonist, baclofen, enhanced engraftment and
reconstitution of hematopoiesis in xenotransplant models.

A decrease in HSPC proliferation and function along with early
defects in B-cell development indicate a unique, lineage-specific
role for Gabbr1 signaling in the BM niche. IMS analysis indicated
that GABA was present in the endosteal region of the BM. To
better identify the cells responsible for production of GABA in
the BM, we analyzed several cell types for the expression of
GAD1, the enzyme required for GABA production. We showed
messenger RNA and protein expression levels of GAD1 to be
high in B cells. In the context of the phenotype of Gabbr12/2

mice, this indicates an intricate connection between GABA
production by BM B cells with proliferation and differentiation of
HSPCs. Because CLP and immature B-cell compartments are
severely affected by Gabbr1 loss, this suggests a possible in-
structive feedback loop of GABA-Gabbr1 signaling in early
B-lymphoid development.

Overall, there is still little known about GABA signaling in he-
matopoiesis and multilineage differentiation. Recently, a GABA
A type receptor Rho 1 subunit GABRR1 was found to be
expressed in HSCs and megakaryocyte progenitors,19 and

played a conserved role in platelet production. Taken together
with our current study, there appears to be a complex role for
GABA signaling in multiple hematopoietic lineages that act via
different receptors, with GABA A type receptor Rho 1 subunit
GABRR1 regulating megakaryocyte progenitors, and GABA B
type receptor GABBR1 regulating HSPC numbers and B-cell
differentiation. Studies in Drosophila and bony fish showed
that GABA signaling regulates hematopoietic progenitors, sug-
gesting an ancient and deeply conserved role in hematopoiesis.46,47

Interestingly, genome-wide association studies have identified a
rare variant in the GABBR1 locus that produces a change inWBC
and lymphocyte counts.48,49 Although further mechanistic in-
vestigation is required to fully determine the role of neurotransmitter
signaling in BMHSPCpopulations, our ex vivo findings suggest a
potential direct translational application for activation of GABA
signaling in enhancing engraftment during clinical transplant.
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18. Quéva C, Bremner-Danielsen M, Edlund A,
et al. Effects of GABA agonists on body
temperature regulation in GABA(B(1))-/- mice.
Br J Pharmacol. 2003;140(2):315-322.

19. Zhu F, Feng M, Sinha R, et al. The GABA re-
ceptor GABRR1 is expressed on and func-
tional in hematopoietic stem cells and
megakaryocyte progenitors. Proc Natl Acad
Sci USA. 2019;116(37):18416-18422.

20. Seita J, Sahoo D, Rossi DJ, et al. Gene Ex-
pression Commons: an open platform for
absolute gene expression profiling. PLoS
One. 2012;7(7):e40321.

21. Gazit R, Garrison BS, Rao TN, et al; Immu-
nological Genome Project Consortium.
Transcriptome analysis identifies regulators of
hematopoietic stem and progenitor cells.
Stem Cell Reports. 2013;1(3):266-280.

22. Nestorowa S, Hamey FK, Pijuan Sala B, et al. A
single-cell resolution map of mouse hemato-
poietic stem and progenitor cell differentia-
tion. Blood. 2016;128(8):e20-e31.

23. Olsson A, Venkatasubramanian M, Chaudhri
VK, et al. Single-cell analysis of mixed-lineage
states leading to a binary cell fate choice
[published correction appears in Nature.
2019;569(7755):E3]. Nature. 2016;537(7622):
698-702.

24. Weinreb C, Wolock S, Klein AM. SPRING: a
kinetic interface for visualizing high di-
mensional single-cell expression data.
Bioinformatics. 2018;34(7):1246-1248.

25. Erlander MG, Tillakaratne NJ, Feldblum S,
Patel N, Tobin AJ. Two genes encode distinct
glutamate decarboxylases.Neuron. 1991;7(1):
91-100.

26. Baryawno N, Przybylski D, Kowalczyk MS,
et al. A cellular taxonomy of the bone marrow
stroma in homeostasis and leukemia. Cell.
2019;177(7):1915-1932.e16.

27. Choi J, Baldwin TM, Wong M, et al.
Haemopedia RNA-seq: a database of gene
expression during haematopoiesis in mice
and humans. Nucleic Acids Res. 2019;47(D1):
D780-D785.

28. de Graaf CA, Choi J, Baldwin TM, et al.
Haemopedia: an expression atlas of murine
hematopoietic cells. Stem Cell Reports. 2016;
7(3):571-582.

29. Gessel MM, Norris JL, Caprioli RM. MALDI
imaging mass spectrometry: spatial molecular
analysis to enable a new age of discovery.
J Proteomics. 2014;107:71-82.

30. Hardy RR, Carmack CE, Shinton SA, Kemp JD,
Hayakawa K. Resolution and characterization
of pro-B and pre-pro-B cell stages in normal
mouse bone marrow. J Exp Med. 1991;173(5):
1213-1225.

31. Petkau G, Turner M. Signalling circuits that
direct early B-cell development. Biochem J.
2019;476(5):769-778.

32. Chen Y, Yao C, Teng Y, et al. Phorbol ester
induced ex vivo expansion of rigorously-
defined phenotypic but not functional human
cord blood hematopoietic stem cells: a cau-
tionary tale demonstrating that phenotype
does not always recapitulate stem cell func-
tion. Leukemia. 2019;33(12):2962-2966.

33. Capitano M, Zhao L, Cooper S, et al.
Phosphatidylinositol transfer proteins regulate
megakaryocyte TGF-b1 secretion and hema-
topoiesis in mice. Blood. 2018;132(10):
1027-1038.

34. Capitano ML, Mor-Vaknin N, Saha AK, et al.
Secreted nuclear protein DEK regulates he-
matopoiesis through CXCR2 signaling. J Clin
Invest. 2019;129(6):2555-2570.

35. Mantel CR, O’Leary HA, Chitteti BR, et al.
Enhancing hematopoietic stem cell

786 blood® 11 FEBRUARY 2021 | VOLUME 137, NUMBER 6 SHAO et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/137/6/775/1800157/bloodbld2019004415.pdf by guest on 29 M

ay 2024

https://orcid.org/0000-0002-7066-7666
https://orcid.org/0000-0001-9223-7977
https://orcid.org/0000-0001-9223-7977
https://orcid.org/0000-0001-6031-5707
https://orcid.org/0000-0001-9146-4860
mailto:kvp@uic.edu
mailto:tamplin@wisc.edu
https://doi.org/10.1182/blood.2019004415
mailto:tamplin@wisc.edu
mailto:kvp@uic.edu
mailto:kvp@uic.edu
http://www.bloodjournal.org/content/137/6/723


transplantation efficacy by mitigating oxygen
shock. Cell. 2015;161(7):1553-1565.

36. Broxmeyer HE, Hoggatt J, O’Leary HA, et al.
Dipeptidylpeptidase 4 negatively regulates
colony-stimulating factor activity and stress
hematopoiesis. Nat Med. 2012;18(12):
1786-1796.

37. Gotoh A, Takahira H, Mantel C, Litz-Jackson S,
Boswell HS, Broxmeyer HE. Steel factor in-
duces serine phosphorylation of Stat3 in hu-
man growth factor-dependent myeloid cell
lines. Blood. 1996;88(1):138-145.

38. Subramanian A, Tamayo P, Mootha VK, et al.
Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-
wide expression profiles. Proc Natl Acad Sci
USA. 2005;102(43):15545-15550.

39. Pietras EM, Lakshminarasimhan R, Techner
J-M, et al. Re-entry into quiescence protects
hematopoietic stem cells from the killing ef-
fect of chronic exposure to type I interferons.
J Exp Med. 2014;211(2):245-262.
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