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ABSTRACT
The kallikrein–kinin system (KKS) has been extensively studied in peripheral tissues, but its role in the central nervous system 
(CNS) remains poorly understood. The bradykinin B2 receptor (B2R) is constitutively expressed in the brain, where it may mod-
ulate neuronal differentiation, neuroplasticity, and behavioral aspects. Here, we investigated the functional role of striatal B2R 
by conditionally deleting the Bdkrb2 gene in the dorsal striatum of adult male mice (Bdkrb2flox/flox) using bilateral stereotaxic 
injections of an AAV8 that induces Cre and tdTomato expression. Mice lacking B2R in the dorsal striatum displayed several 
context-dependent behavioral alterations, such as reduced anxiety-like behavior and decreased sucrose preference. Moreover, 
these animals showed enhanced voluntary wheel running, suggesting alterations in motivation-related behavioral output. 
Immunofluorescence analysis revealed that among dTomato-positive neurons, approximately 17% co-expressed DARPP-32, in-
dicating that a subset of the transduced cells corresponds to dopaminoceptive medium spiny neurons. Together, these findings 
show that dorsal striatal B2R deletion alters anxiety-related and motivational/hedonic behaviors in male mice and suggest that 
these effects may involve striatal neuronal populations, including a subset of dopaminoceptive neurons.

1   |   Introduction

The kallikrein–kinin system (KKS) is a regulatory cascade in-
volved in multiple physiologic processes, particularly in vascular 
homeostasis and inflammatory response. It comprises kinino-
gens, kallikreins, kinins, kininases, and kinin receptors, which 
together act on the vascular system to modulate blood pressure, 
vascular permeability, and heart rate [1–5]. Kinins are produced 
in the plasma and peripheral tissues in response to infection, tis-
sue injury, or during inflammatory processes [6]. A significant 
component in KKS signaling is bradykinin (BK), a nonapeptide 

generated from kininogens by the action of kallikrein enzymes 
[7]. BK was first described in 1949 by Brazilian scientists, who 
identified it as a vasodilatory factor released in the plasma upon 
exposure to Bothrops jararaca venom [8, 9].

Kinins exert their effects through two G-protein coupled recep-
tors: the bradykinin B1 receptor (B1R) and the bradykinin B2 
receptor (B2R) [10, 11]. BK and kallidin are high-affinity ago-
nists of B2R, which is constitutively expressed in most tissues 
under physiological conditions. Kininase I and carboxypepti-
dase-M remove an arginine residue from the carboxy-terminus 
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of kinins, generating des-Arg9-BK and des-Arg10-kallidin. These 
kinin derivatives act as agonists of B1R, which is primarily ex-
pressed under stress conditions [7].

The KKS has been extensively studied in peripheral tissues, 
where it exerts protective effects in the renal and cardiovas-
cular systems [12, 13]. However, KKS dysregulation has been 
associated with pathological conditions, including diabetic 
complications, nephropathy [14, 15], retinopathy [16, 17], and 
cardiovascular disease [18]. Although the peripheral roles of 
KKS are well documented, accumulating evidence indicates 
the involvement of the KKS in the central nervous system 
(CNS), particularly in the context of brain injury and neuroin-
flammation [7]. Due to its inflammatory profile, B1R contrib-
utes to the pathogenesis of neurodegenerative diseases, while 
B2R seems to be a neuroprotective agent [19]. Studies have 
also shown a contribution of B2R in neurogenesis and neuro-
nal differentiation [20–24].

Interestingly, global B2R knockout mice exhibit deficits in physi-
cal performance [24], further suggesting a role for this receptor in 
the CNS and behavioral regulation. Our goal was therefore to in-
vestigate the physiologic role of B2R in the brain, since this recep-
tor is widely expressed in the mouse cerebral tissue, particularly 
in the cortex, striatum, and hippocampus [25]. Investigating the 
localized impact of B2R deletion within discrete brain circuits 
may provide important insights into its role in CNS function. 
In this study, we focus on the dorsal striatum, a key structure 
involved in motor control, cognition, and reward processing 
[26]. Targeted deletion of the Bdkrb2 gene in the dorsal stria-
tum was achieved in mice via bilateral stereotaxic injection of 
an adeno-associated virus (AAV) that induces Cre expression in 
Bdkrb2flox/flox mice.

2   |   Materials and Methods

2.1   |   Mice

Male Bdkrb2flox/flox mice (12–14-week-old) carrying loxP-flanked 
alleles for the bradykinin B2 receptor gene (Bdkrb2) were used in 
all experiments (The Jackson Laboratory, JAX stock #030446). 
Animals were homozygous for the floxed Bdkrb2 alleles and were 
subjected to stereotaxic injection procedures for regional gene de-
letion. Genotyping was performed from tail biopsies collected at 
weaning (3–4 weeks of age) using the REDExtract-N-Amp Tissue 
PCR Kit (Sigma-Aldrich, St. Louis, Missouri, USA). The presence 
of the floxed Bdkrb2 alleles was confirmed by PCR following the 
supplier's protocol. Mice were housed in standard cages under 
controlled conditions (12-h light/dark cycle, 22°C ± 2°C, 50%–60% 
humidity) with ad libitum rodent chow (Nuvilab CR-1, Quimtia, 
Brazil) and water, unless otherwise specified. All experimen-
tal procedures were approved by the Ethics Committee on the 
Use of Animals of the Universidade Federal de Sao Paulo (Date: 
02/10/2023 No: 5501010623).

2.2   |   Stereotaxic Surgery

For bilateral injections into the dorsal striatum, Bdkrb2flox/flox 
mice were anesthetized with a ketamine-xylazine cocktail (90 

and 13.8 μg/g body weight, respectively, intraperitoneally, IP). 
After the loss of reflexes, preoperative analgesia was adminis-
tered with ketoprofen (12 mg/kg; subcutaneous injection). Mice 
were positioned in a stereotaxic apparatus (Stoelting, Wood Dale, 
Illinois, USA), and anesthesia was maintained with Isoflurane 
(2%) throughout the procedure. To induce region-specific dele-
tion of the Bdkrb2 gene in striatal neurons, an adeno-associated 
virus (AAV8-hSyn-Cre-P2A-dTomato; Addgene plasmid 
#107738, Watertown, Massachusetts, USA) was bilaterally 
injected (800 nL per side; infusion rate: 200 nL/min) using a 
Hamilton microsyringe (1 μL). Injections were targeted to the 
dorsal striatum at the following coordinates relative to bregma 
(according to the Allen Mouse Brain Atlas, https://​mouse.​brain-​
map.​org/​static/​atlas​) as the reference: +1.00 mm anteroposte-
rior, ±1.70 mm mediolateral, and –3.00 mm depth. Control mice 
received a bilateral injection of AAV8-hSyn-mCherry (Addgene 
plasmid #114472). Bdkrb2flox/flox mice were randomly assigned 
to receive either AAV8-hSyn-Cre-P2A-dTomato (STΔB2R) or 
AAV8-hSyn-mCherry (CTL). After injection, the needle was 
kept in place for 5 min before withdrawal to minimize backflow. 
The skin was sutured using a sterile nonabsorbable nylon suture 
6–0 (Supermedy, Sao Paulo, Brazil). Mice were monitored until 
they had fully recovered from anesthesia. There was a mini-
mum recovery period of 4 weeks before undergoing behavioral 
or molecular analyzes. The surgeries were performed in two 
separate cohorts at different time points. Since injections were 
variable, only mice in which the dorsal striatum was accurately 
and bilaterally targeted were included in the STΔB2R group. Viral 
expression was assessed using reporter fluorescence across se-
rial coronal sections to ensure accurate localization within the 
dorsal striatum. Targeting accuracy was verified across multiple 
rostrocaudal sections based on anatomical landmarks. Animals 
showing unilateral expression or significant off-target spread 
were excluded from the analysis (n = 6 excluded), corresponding 
to 37.5% of injected animals.

2.3   |   Glucose Tolerance Test (GTT)

The glucose tolerance test was performed as previously de-
scribed [27] in a single cohort of operated animals (n = 3–6 per 
group). Mice were fasted for 4 h during the light phase (from 
9:00 a.m. to 1:00 p.m.) with free access to water. Following the 
fasting period, a glucose solution (2 g/kg of body weight; d-
glucose, Sigma-Aldrich, St. Louis, Missouri, USA) was adminis-
tered intraperitoneally (IP). Blood glucose levels were measured 
from the tail vein at baseline (0 min) and at 15-, 30-, 60-, 90-, 
and 120-min postinjection using a handheld glucometer (Accu-
Chek Performa, Roche Diagnostics, Mannheim, Germany). 
Glucose tolerance was evaluated based on the area under the 
curve (AUC) calculated from individual glucose–time profiles. 
All measurements were conducted under controlled ambient 
conditions (22°C ± 1°C, 40%–60% humidity) and by an experi-
menter blinded to group allocation.

2.4   |   Behavioral Assessments

All behavioral assessments were conducted in both cohorts, 
between 2:00 and 4:00 p.m., to minimize circadian variability, 
except for voluntary wheel running, which was continuously 
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monitored over multiple days. Experiments were conducted 
as previously described [27]. Between trials, all apparatuses 
were thoroughly cleaned with 20% ethanol and allowed to 
air dry to eliminate olfactory cues or residues from previous 
animals. Behavioral sessions were video-recorded, and data 
were automatically tracked and analyzed using EthoVision XT 
17 software (Noldus Information Technology, Wageningen, 
Netherlands, RRID:SCR_000441). All behavioral assessments 
were performed in a quiet, dimly lit room, with the experi-
menter blinded to the experimental groups. Data were ana-
lyzed by combining both cohorts. The tests were conducted in 
the order described in the Methods section, and the intervals 
are specified within the description of each test. Mice that did 
not respond to the behavioral tests were excluded from the 
analyzes.

2.5   |   Open Field (OFT) and Elevated Plus Maze 
Tests (EPM)

Mice were placed in a round open field arena (40 cm [w] × 40 cm 
[d] × 30 cm [h]) for 5 min to evaluate spontaneous locomotor ac-
tivity and exploratory behavior. Total distance traveled and the
time spent in the center versus the periphery were quantified
[27]. The apparatus was made of acrylic and illuminated at 35 lx. 
Before testing, animals were habituated to the experimental
room for at least 30 min to minimize novelty-induced stress. For
the elevated plus maze, animals were placed in the center of a
maze apparatus elevated 40 cm above the floor, consisting of
two opposing open arms (35 cm × 4 cm) and two enclosed arms
of identical dimensions. The EPM test was conducted 48 h after
the OFT to avoid carry-over effects. The total distance traveled
and the time spent in the open versus closed arms were re-
corded during a 5-min session [27]. A minimum recovery period 
of 1 week was allowed before conducting the hedonic behav-
ior tests.

2.6   |   Hedonic Behavior: Taste and High-Fat Diet 
Preference Test

The sucrose preference test was used to evaluate hedonic be-
havior. Mice were first given two bottles of filtered water for 
3 days to allow for habituation. After this period, one bottle was 
replaced with a sucrose solution (0.8 M), while the other contin-
ued to contain filtered water, and both were provided for 24 h. 
To control for side preference, the positions of the bottles were 
switched halfway through the test. The volume of each solution 
consumed was then measured [28]. A 72-h washout period was 
provided between the 24-h sucrose preference test and the high-
fat diet preference test, during which animals had ad  libitum 
access to a single bottle of water.

For the high-fat diet (HFD) preference test, mice were simul-
taneously offered two food sources: standard chow (11.8% 
kcal fat, 62.6% carbohydrate, 25.6% protein; Nuvilab CR-1, 
Quimtia) and a high-fat diet (HFD—45% kcal fat, 35% kcal 
carbohydrate, 20% kcal protein; D12451—Pragsolucoes 
Biociencias, Jau, Brazil) for 5 days. Containers with the differ-
ent diets were placed on opposite sides of the cage, and their 

positions were switched daily to avoid side bias. Body weight 
and food intake were monitored and recorded daily through-
out the testing period [29].

2.7   |   Voluntary Wheel Running

Voluntary wheel running assessments were performed after a 
1-week recovery period following the high-fat diet preference
test, as previously described [27]. Briefly, mice were individually 
housed in standard cages (30 × 20 × 13 cm) equipped with a freely 
rotating running wheel with an automatic counter (Commercial 
Bicycle Computers). The wheels were freely accessible, allowing 
the animals to engage in voluntary exercise without restriction
throughout the duration of the experiment. Wheels were con-
tinuously accessible, allowing unrestricted voluntary activity
throughout the 7-day experimental period. Running distance
was automatically recorded using digital counters, and data
were collected daily to quantify spontaneous physical activity
levels. Animals that did not access the wheels were excluded
from the study. All analyzes were performed by an experimenter 
blinded to group allocation.

2.8   |   Fluorescent in Situ Hybridization

Following the experimental procedures, mice were anesthe-
tized with isoflurane and transcardially perfused with sa-
line, followed by fixation with 10% neutral-buffered formalin. 
Brains were extracted, postfixed for 1 h in the same fixative, 
and cryoprotected overnight at 4°C in 0.1 M phosphate-
buffered saline (PBS) containing 20% sucrose. Coronal brain 
sections (30-μm-thick) were obtained using a freezing mi-
crotome (SM2010 R Leica Microsystems, Wetzlar, Germany). 
Coronal sections of the dorsal striatum were submitted to 
an RNAscope multiplex fluorescent V2 assay (Cat#323110, 
ACDBio, Newark, California, USA) according to the manu-
facturer's instructions, followed by an immunofluorescence to 
detect mCherry-expressing cells. Briefly, sections were rinsed 
in PBS, dried at 60°C for 30 min, and dehydrated in ethanol. 
After incubation in H2O2 for 10 min at room temperature and 
Protease III for 30 min at 40°C, sections were incubated with 
Bdkrb2 mRNA probe (Mm-Bdkrb2, Cat#424351, ACDBio) for 
2 h at 40°C. The Bdkrb2 mRNA was visualized with TSA Plus 
Fluorescein (1:1500, Cat#NEL741001KT, Akoya Biosciences, 
Marlborough, Massachusetts, USA). Immediately after, sec-
tions were incubated in a primary antibody anti-mCherry 
made in chicken (1:1000, Cat#mcherry-0100, Aves Labs) 
for 90 min at 37°C, followed by incubation in Alexa Fluor 
594-anti-chicken antibody made in donkey (1:500, Cat #703-
586-155, Jackson ImmunoResearch) for 60 min at 25°C.
Finally, slides were counterstained with DAPI, cover-slipped 
with ProLong Gold antifade media (#P36930, ThermoFisher 
Scientific), and stored in the dark at 4°C until imaging.

2.9   |   Image Analysis

To evaluate the potential astrocytic involvement at the injection 
site and assess neuronal co-localization, immunofluorescence 
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staining was performed. Since dTomato and mCherry re-
porter proteins emit native fluorescence, no additional stain-
ing was required. Fluorescent images were acquired using an 
AxioImager A1 microscope (Carl Zeiss, Germany) equipped 
with an Axiocam 512 camera. Free-floating sections were 
rinsed in 0.02 M potassium PBS, pH 7.4 (KPBS) and blocked in 
3% normal serum for 1 h, followed by overnight incubation in 
the following antibodies: anti-GFAP (1:1000 Abcam, Waltham, 
MA; Cat#AB68428), anti-parvalbumin (1:1000 Sigma 
Aldrich, Saint Louis, Missouri, USA; Cat#P3088), and anti-
DARPP-32 (1:1000 Invitrogen, Waltham, Massachusetts, USA; 
Cat#PA5-85788). In the following step, sections were rinsed 
in KPBS and incubated for 90 min in Alexa Fluor-conjugated 
secondary antibodies (1:500, Jackson ImmunoResearch 
Laboratories, Cambridge, Massachusetts, USA). After rinsing 
in KPBS, sections were mounted onto gelatin-coated slides 
and covered with Fluoroshield with DAPI (Sigma-Aldrich, 
Saint Louis, Missouri, USA; Cat#F6057). For quantification, 
DARPP-32-positive and double-labeled cells were manu-
ally counted at 100× magnification photomicrographs using 
ImageJ software (RRID:SCR_003070). The mean of five rep-
resentative coronal sections per hemisphere was obtained for 
each animal (n = 4). Photoshop 2023 (Adobe Inc.) was used to 
adjust image brightness and contrast, as well as to integrate 
graphs and digital images into composite figures.

2.10   |   Statistical Analysis

Data normality was analyzed using the Shapiro–Wilk test, 
and homogeneity of variances was assessed prior to selecting 
parametric tests. For datasets following a normal distribu-
tion, two-way repeated-measure ANOVA was used to analyze 
changes over time, and an unpaired two-tailed Student's t-test 
was used to analyze possible differences between the exper-
imental groups. When significant differences were detected, 
Sidak's and Tukey's post hoc analyzes were conducted to iden-
tify pairwise differences. In cases of nonnormal distribution, 
the nonparametric Mann–Whitney test was applied. Results 
are expressed as mean ± standard error of the mean (SEM), and 
statistical significance was defined as p < 0.05. All bar graphs 
display individual data points overlaid on the bars. All statisti-
cal analyzes were carried out using GraphPad Prism software, 
version 8.0.1 (GraphPad Software, San Diego, California, USA, 
RRID:SCR_002798). Detailed information on statistical tests, 
degrees of freedom, and sample sizes for each experiment is pro-
vided in Table S1.

3   |   Results

3.1   |   Striatal B2R Deletion via Bilateral Stereotaxic 
Injections of AAV-Cre

To investigate the role of constitutive B2R expression in dor-
sal striatal neurons, we conditionally deleted the Bdkrb2 gene 
in this region using the Cre-LoxP recombination system. 
Subsequently, mice were subjected to a series of behavioral and 
physiological assessments. AAV8-hSyn-Cre-P2A-dTomato was 
bilaterally injected into the dorsal striatum of Bdkrb2flox/flox mice 

(Figure  1A,B) while Bdkrb2flox/flox mice injected with AAV8-
hSyn-mCherry served as controls (Figure 1C,D). As shown in 
Figures 1A–D, the distinct expression patterns of mCherry and 
dTomato confirmed that B2R expression is restricted to specific 
neuronal populations within the dorsal striatum. Only mice in 
which the dorsal striatum was accurately and bilaterally tar-
geted were included in the STΔB2R group.

To confirm the selective deletion of Bdkrb2 following AAV-
Cre-dTomato administration, RNA in  situ hybridization was 
performed to evaluate Bdkrb2 mRNA expression in virus-
transduced dorsal striatum neurons. As shown in Figure  2, 
Bdkrb2 mRNA signals (green grains) were detected in the dorsal 
striatum of control animals, including in mCherry-expressing 
neurons (left panel, white arrows). In contrast, Bdkrb2 mRNA 
staining was practically absent in AAV-Cre-dTomato–trans-
duced striatal neurons (STΔB2R mice, right panel). Thus, the ge-
netic ablation of B2R was successfully accomplished in striatal 
infected neurons.

3.2   |   Striatal B2R Deletion Does Not Affect Body 
Weight or Glucose Homeostasis

To assess potential metabolic alterations associated with stri-
atal B2R deletion, we analyzed key parameters of metabolic 
regulation. The absence of B2R signaling in the dorsal stria-
tum did not affect body weight following postsurgical recovery 
(Figure 3A,B). No major differences in glucose tolerance were 
detected between groups under the experimental conditions 
used (Figure  3C,D). However, given the limited sample size 
used in this analysis, this finding is considered exploratory, 
and additional studies with larger cohorts will be necessary 
to determine whether striatal B2R deletion affects metabolic 
parameters.

3.3   |   B2R Ablation in Striatal Neurons Alters 
Hedonic Behavior Associated With Sucrose 
Consumption

Hedonic behavior was evaluated using preference tests for both 
a high-fat diet (HFD) and sucrose. During the HFD preference 
test, food intake of standard chow and HFD was measured over 
5 days. Both groups showed a greater preference for the HFD 
compared with standard chow, even though STΔB2R mice exhib-
ited a transiently higher HFD intake on Day 1 relative to controls 
(Figure 4A). However, this difference was no longer observed in 
the subsequent days. As expected, body weight increased pro-
gressively during the 5-day intervention, with no significant dif-
ferences between groups (Figure 4B).

In the sucrose preference test, animals were presented with 
two bottles for 24 h, one containing filtered water and the 
other a 0.8 M sucrose solution. Compared with controls, STΔB2R 
mice showed a marked reduction in sucrose consumption 
(Figure  4C), indicating decreased sucrose preference, which 
may reflect alterations in hedonic and/or motivational process-
ing. Body weight remained similar between groups throughout 
the testing period (Figure 4D).
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3.4   |   Loss of B2R Signaling in Striatal Neurons 
Attenuates Anxiety-Like Behavior and Enhances 
Voluntary Physical Activity

Behavioral assays were conducted to evaluate anxiety-related 
responses and locomotor activity. In the open field test, no 
significant differences were observed between groups in the 
time spent in the central or peripheral zones or in the total dis-
tance traveled (Figures  5A–C), indicating preserved baseline 

locomotion and exploratory behavior. In contrast, in the ele-
vated plus maze, STΔB2R mice spent more time in the open arms 
compared to controls (Figures  5E–F), suggesting reduced 
context-dependent anxiety-like behavior. Total distance trav-
eled did not differ between groups (Figure 5A,D), confirming 
that locomotor performance remained unaltered.

Over the course of 7 days of voluntary wheel running, STΔB2R 
mice exhibited greater daily running distances than controls 

FIGURE 1    |    Bilateral AAV injections into the dorsal striatum to delete bradykinin B2 receptor (B2R) from striatal neurons. (A, B) Representative 
fluorescence images of AAV-Cre-dTomato expression in the dorsal striatum (STΔB2R mice). (C, D) Representative fluorescence images showing AAV-
mCherry expression in the control (CTL) group in the dorsal striatum. n = 10–12 per group. Scale bar: 50 μm (left panels) and 100 μm (right panels). 
LV: Lateral ventricle.

FIGURE 2    |    Targeted deletion of the B2R from dorsal striatal neurons. RNA in situ hybridization showing the presence of Bdkrb2 mRNA (green 
staining) in striatal neurons from AAV-mCherry (control) injected mice (left panel, white arrows) and the absence of Bdkrb2 mRNA in striatal neu-
rons from AAV-Cre-dTomato (STΔB2R) injected mice. n = 3 per group. Scale bar: 20 μm.
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(Figure S2), resulting in a higher cumulative distance from the 
third day onwards (Figure 6). These findings suggest that stria-
tal B2R signaling may modulate emotional and motivational cir-
cuits underlying both anxiety and spontaneous physical activity.

3.5   |   A Subset of Striatal B2R-Expressing Neurons 
Colocalizes With Dopaminoceptive Neurons

Because the AAV used in this study does not target a specific 
neuron type, we next sought to identify the neuronal popu-
lations potentially affected by B2R deletion in the striatum. 
Immunofluorescence analyzes were performed to determine 
whether the AAV driving Cre expression (expressing dTomato) 
colocalized with markers of specific striatal cell types, given 
that specific antibodies for kinin receptors are not currently 
available. Immunofluorescence analysis revealed no colocaliza-
tion of the reporter (dTomato) with GFAP (Figure S3A) or parv-
albumin (Figure S3B), excluding viral transduction in astrocytes 
and striatal interneurons.

Analysis of DARPP-32 expression, a key CNS protein that medi-
ates dopamine signaling and serves as a major marker of dopa-
minoceptive medium spiny neurons [30], revealed that among 
the neurons affected by the viral injection, 17.5% of them ex-
pressed DARPP-32 (Figure  7A–G). This finding suggests that 
a subset of the transduced neurons corresponds to dopamino-
ceptive medium spiny neurons; however, the precise identity of 
most transduced cells remains undefined.

4   |   Discussion

In this study, we investigated the physiological role of B2R in 
the mouse dorsal striatum using the Cre-LoxP system to selec-
tively delete B2R from striatal neurons. The use of viral vectors 
for stereotaxic region-specific gene ablation provides important 
advantages over traditional knockout models. This strategy pro-
vides a cleaner and more physiologically confined manipulation 
compared to constitutive knockout models [31]. In global B1R 
or B2R knockout animals, compensatory cross-regulation is 
frequently observed, where the absence of one receptor induces 
overexpression or enhanced activity of the other, thereby mask-
ing receptor-specific effects [32]. Moreover, conventional Cre-
driver line strategies often introduce confounding factors such 
as germline recombination, mosaic Cre activity, and ectopic 
expression, which can compromise regional specificity. These 
phenomena typically result from Cre expression in germ cells, 
parental sex bias, and locus-dependent variability, leading to 
unwanted global deletions or inter-individual heterogeneity in 
recombination efficiency [33]. Therefore, striatal B2R deletion 
achieved through localized AAV-Cre injection minimizes both 
systemic compensatory adaptations and germline-related arti-
facts, allowing a more direct assessment of B2R functions in the 
striatum.

To further ensure neuronal specificity, we employed a Cre con-
struct under the control of the neuron-specific hSyn promoter, 
thereby avoiding off-target expression in glial populations. 
Injection sites were verified by dTomato fluorescence across 

FIGURE 3    |    Striatal B2R ablation does not affect body weight or glucose tolerance. (A, B) Body weight measured before and after viral injection 
and the corresponding body weight change in control (CTL) and STΔB2R mice (n = 10–12 per group). (C, D) Glucose tolerance test (GTT) curve and 
area under the curve (AUC) for CTL and STΔB2R groups (n = 3–6 per group). Data are expressed as mean ± SEM.
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serial coronal sections encompassing the dorsolateral and dor-
somedial regions of the striatum. Although viral targeting was 
restricted to the dorsal striatum based on anatomical verifica-
tion, viral spread to adjacent regions such as the nucleus ac-
cumbens or cortex was not quantitatively assessed. Therefore, 
potential off-target effects cannot be fully ruled out. The AAV's 
efficacy in deleting Bdkrb2 mRNA was confirmed by RNA 
in situ hybridization, providing qualitative validation of recom-
bination in transduced neurons, as no specific antibody for B2R 
is currently available. This targeted approach complements pre-
vious studies from our group using THΔB2R mice, providing a 
more restricted manipulation that isolates the contribution of 
striatal B2R from broader dopaminergic circuitry effects.

Previous studies have suggested a role for B2R in motor control 
[24] and have reported its potential dimerization with the dopa-
mine D2 receptor (DrD2) under in vitro conditions [34]. Given
that the dorsal striatum receives dopaminergic projections from
the substantia nigra pars compacta and abundantly expresses
DrD2 [35], this region represents a particularly relevant site to
investigate the contribution of B2R to sensorimotor regulation.
In addition to its role in motor circuits, dopaminergic signaling
within the striatum also modulates behaviors related to motiva-
tion, reward, and hedonic processing [36].

Classical studies have established a strong association between 
the nucleus accumbens (NAc) of the ventral striatum and 

reward-related behaviors [35], whereas the dorsal striatum is tra-
ditionally associated with motor coordination and goal-directed 
action selection. However, a pivotal study demonstrated that the 
dorsal striatum also contributes to reward and motivation, partic-
ularly by modulating feeding behavior [37]. STΔB2R mice exhibited 
a transient increase in HFD intake compared with controls during 
the initial day of exposure; however, this effect was not sustained 
in subsequent sessions (Figure 4A). Such early hyperphagic re-
sponses are often reported in rodents following the introduction 
of palatable diets and are typically mediated by hypothalamic 
orexigenic mechanisms involving AgRP/NPY-expressing neu-
rons [38]. Therefore, the transient hyperphagic effect likely re-
flects an acute novelty or palatability-driven response rather than 
a persistent alteration in reward valuation or energy balance.

Several studies have demonstrated that experimental condi-
tions, including stress exposure, deprivation schedules, and 
circadian timing, can significantly influence sucrose prefer-
ence outcomes [39, 40]. In our study, mice were acclimated to 
the two-bottle setup for three consecutive days, and testing was 
performed under baseline physiological conditions, without ad-
ditional stressors such as food or water restriction. Under these 
conditions, STΔB2R mice exhibited a reduced sucrose preference 
(Figure 4C). Normalizing sucrose intake to body weight atten-
uated but did not abolish the group difference (p = 0.0005 vs. 
p = 0.0108; Figure S1), reinforcing that the effect was not solely 
attributable to body mass variability.

FIGURE 4    |    Striatal B2R deletion modifies hedonic behavior in the sucrose preference test. (A) Daily intake of standard chow and high-fat diet 
(HFD) across 5 days; (B) Change in body weight following the dietary intervention; (C) Sucrose consumption over a 24-h period; (D) Body weight 
change after the sucrose preference test in control (CTL) and STΔB2R mice (n = 10 per group). Data are expressed as mean ± SEM. Statistical signifi-
cance was assessed using Two-way ANOVA followed by Tukey's or Sidak's multiple comparisons tests; or the Mann–Whitney U-test where appropri-
ate; **p < 0.01; ***p < 0.001. NS, not significant.
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Anhedonia remains a multifaceted construct in animal models, 
typically divided into motivational and consummatory com-
ponents. The sucrose preference test primarily captures the 
consummatory aspect, as it requires minimal effort for reward 
acquisition [39]. In our study, STΔB2R mice did not display altered 
consummatory behavior toward either standard chow or high-
fat diets (Figure 4A), suggesting that the observed decrease in 
sucrose preference does not reflect a generalized reduction in 

hedonic drive. Moreover, we did not assess orofacial responses 
or licking frequency, measures that could have provided a more 
nuanced evaluation of anhedonia [41]. Therefore, the observed 
reduction in sucrose preference cannot be interpreted as a de-
finitive measure of anhedonia. Additionally, because B2R is ex-
pressed in peripheral sensory neurons, we cannot exclude the 
possibility that changes in gustatory processing contribute to 
this phenotype. Future studies incorporating detailed behav-
ioral analyzes will be required to clarify these mechanisms.

In contrast, anxiety-like behavioral assays, including the open 
field and elevated plus maze [41, 42], did not reveal heightened 
anxiety in STΔB2R mice (Figure  5B,C,E,F). Interestingly, these 
animals spent more time in the open arms, indicative of task-
specific reduced anxiety-like behavior compared with controls 
[41] (Figure  5E), which may reflect alterations in neural cir-
cuits modulated by B2R within the striatum. Although both the
open field test and the elevated plus maze are commonly used
to assess anxiety-like behavior, they rely on distinct behavioral
paradigms. The open field test primarily assesses exploratory
behavior and avoidance of the center of an open arena, whereas
the elevated plus maze introduces an additional conflict—el-
evated spaces—between exploration and the aversion to open
arms, making it a more robust measure for detecting a specific
anxiety-like phenotype [43]. In the present study, the absence
of differences in the open field test, together with increased
open arm exploration in the elevated plus maze test, suggests
a context-dependent modulation of anxiety-related behavior
rather than a generalized anxiolytic phenotype.

FIGURE 5    |    Striatal B2R deletion modulates anxiety-like behavior without affecting locomotion. (A–C) Total distance traveled, time spent in the 
periphery, and time spent in the center of the open-field arena; (D–F) Total distance traveled, time spent in the closed arms, and time spent in the 
open arms of the elevated plus maze in control (CTL) and STΔB2R mice (n = 10–11 per group). Data are expressed as mean ± SEM. Statistical signifi-
cance was determined by Student's t-test; *p < 0.05; **p < 0.01.

FIGURE 6    |    Striatal B2R deletion enhances voluntary wheel-
running activity. Cumulative running distance (in kilometers) record-
ed over the seven consecutive days period in control (CTL) and STΔB2R 
mice (n = 7–10 per group). Data are expressed as mean ± SEM. Statistical 
analysis was performed using two-way repeated-measures ANOVA fol-
lowed by Sidak's multiple comparisons test. *p < 0.05.
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Voluntary wheel running can influence performance in subse-
quent behavioral assays, including sucrose preference, high-fat 
diet intake, and anxiety-related tests such as the open field and 
elevated plus maze [44–46]. To minimize potential carryover 
effects, we adopted a fixed testing order and implemented suf-
ficient inter-test intervals, ensuring that the observed outcomes 
reflected true behavioral phenotypes rather than procedural 
artifacts—even if the presentation of results in this manuscript 
does not strictly follow the chronological testing sequence.

Classical motor control within the dorsal striatum involves two 
principal pathways: the direct pathway, facilitated by dopamine 
D1 receptor (DrD1) activation, which promotes movement ini-
tiation, and the indirect pathway, driven by DrD2 activation, 
which suppresses movement [47, 48]. Although these canonical 
models have been extensively studied, experimental manipula-
tions targeting DrD1 and DrD2 expressing neurons in the dorsal 
striatum can produce divergent effects on locomotor output [49]. 
Similarly, selective activation of DrD1 and DrD2 neurons in the 
ventral striatum's nucleus accumbens produces opposing effects 
on locomotion and running behavior [36].

In our study, striatal B2R ablation did not affect locomotor ac-
tivity in aversive assays such as the open field and elevated plus 
maze (Figure 5A,D). In contrast, when animals were exposed to 
a rewarding stimulus—voluntary wheel running [44, 50]—mice 

lacking striatal B2R showed increased running activity, except 
during the first 2 days, which are typically considered an acclima-
tion or habituation phase (Figure 6). Interestingly, daily analysis 
revealed that STΔB2R mice already exhibited greater distances 
traveled from the very first day (Figure  S2). Voluntary wheel-
running in rodents is a complex behavior output influenced by 
motivation and hedonic drives, sensitivity to stress, and activa-
tion of mesolimbic dopaminergic circuits [44]. Given that exper-
iments were performed under physiological conditions without 
additional stressors or inflammatory stimuli, the enhanced run-
ning behavior observed in STΔB2R mice may reflect alterations 
in reward-related processing or motivational components, po-
tentially involving modulation of striatal circuits. Future studies 
investigating dopaminergic signaling markers, such as tyrosine 
hydroxylase (TH) or DARPP-32 phosphorylation, may clarify 
the mechanistic basis of this enhanced motivational behavior.

At first glance, the combination of reduced sucrose preference 
and increased voluntary wheel running may seem paradoxical. 
However, these behaviors reflect distinct components of reward 
processing. The sucrose preference test primarily measures con-
summatory aspects of reward, requiring minimal effort, whereas 
voluntary wheel running is a more complex behavior involving 
motivational drive, reinforcement, and goal-directed activity. 
Thus, the observed phenotype may reflect a dissociation between 
consummatory and motivational components of reward, rather 

FIGURE 7    |    Co-localization of dTomato reporter expression with DARPP-32-positive neurons in the dorsal striatum. (A, D) Representative im-
munofluorescence micrographs showing dTomato reporter expression (magenta); (B, E) Representative immunofluorescence micrographs showing 
DARPP-32 labeling (green); (C, F) Representative immunofluorescence micrographs showing dTomato and DARPP-32 co-localization of STΔB2R 
mice. White arrows indicate co-localization cells. (G) Schematic representation summarizing the proportion and spatial distribution of dTomato/
DARPP-32 co-localized neurons (n = 4). Scale bar: 200 μm. LV: Lateral ventricle.
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than a uniform change in reward sensitivity. Similar dissoci-
ations have been reported in other experimental contexts, un-
derscoring the multifaceted nature of reward-related behaviors. 
These findings further support the notion that reward is not a 
unitary construct but comprises multiple dissociable processes 
that can be independently modulated by specific neural circuits.

This interpretation is consistent with the “liking” versus “want-
ing” framework proposed by Berridge and colleagues, in which 
reward-related behavior is divided into dissociable components, 
including hedonic impact (“liking”) and incentive motivation 
(“wanting”). Within this framework, reduced sucrose pref-
erence may reflect alterations in consummatory or hedonic-
related processing, whereas increased voluntary wheel running 
may indicate alterations in motivational drive or incentive-
related processes. Therefore, the behavioral profile observed in 
STΔB2R mice should not be interpreted as a uniform increase or 
decrease in reward sensitivity, but rather as a dissociation be-
tween distinct reward-related domains [51, 52].

The present study was conducted in male mice, which rep-
resents a limitation. Sex differences have been widely reported 
in both kallikrein–kinin system regulation and in reward-
related neural circuits and behaviors. Therefore, the extent to 
which our findings generalize to female animals remains un-
known. Considering the known influence of sex hormones on 
both inflammatory signaling and dopaminergic function, sex-
dependent effects of B2R signaling in the brain are a relevant 
question for future investigation.

Analysis of striatal neuron identity revealed that 17.5% of 
AAV-Cre-dTomato–transduced neurons expressed DARPP-32 
(Figure  7C,F). DARPP-32 is a striatal protein integrating do-
paminergic signals via both DrD1 and DrD2 [53]. Over half of 
DARPP-32–positive neurons co-localize with DrD1 and proj-
ect to the substantia nigra pars reticulata, forming the direct 
pathway, whereas the remainder project to the globus pallidus 
and are characterized by DrD2 and A2A receptor expression, 
corresponding to the indirect pathways [53–55]. Moreover, ev-
idence suggests that a subset of striatal projection neurons co-
expresses both DrD1 and DrD2 [56], underscoring the cellular 
heterogeneity and functional complexity of basal ganglia output 
circuits. Notably, this neuronal heterogeneity may contribute 
to the behavioral outcomes observed in STΔB2R mice, as dual 
DrD1/DrD2-expressing neurons are proposed to integrate moti-
vational and reward-related signaling.

DARPP-32 does not differentiate between DrD1- and DrD2-
expressing medium spiny neurons, which have distinct and 
often opposing roles in striatal function. Consequently, the pre-
cise neuronal identity of most transduced cells remains unclear. 
This limitation constrains the interpretation of our behavioral 
findings in terms of specific striatal pathways. Future studies 
employing cell type–specific approaches—such as RNAscope or 
multiplex immunofluorescence targeting DrD1, DrD2, and Chat, 
will be required to define the neuronal populations involved.

However, because a subset of transduced neurons co-expressed 
DARPP-32, it is possible that part of the observed behavioral phe-
notype involves dopaminoceptive striatal neurons. Nevertheless, 
the present study did not directly assess dopamine signaling, and 

therefore any mechanistic link to dopaminergic transmission re-
mains speculative. Future studies evaluating dopamine content, 
tyrosine hydroxylase expression, and DARPP-32 phosphoryla-
tion will be necessary to determine whether B2R deletion directly 
affects dopaminergic signaling in the striatum. Importantly, the 
behavioral findings reported here do not depend on the precise 
identification of specific striatal neuronal subtypes.

While global B2R knockout has been shown to reduce volun-
tary wheel-running performance in mice [24], our findings 
suggest that striatal B2R deletion modulates motor and moti-
vational behaviors in a region and cell-type-specific manner. 
This effect may involve striatal neuronal populations, includ-
ing dopaminoceptive neurons, consistent with the established 
roles of DrD1- and DrD2-mediated pathways in regulating stri-
atal sensorimotor and motivational output [36, 49]. Given that 
DrD1- and DrD2-expressing neurons exert opposing influences 
on basal ganglia circuits, it is conceivable that B2R signaling 
may influence striatal circuits involved in behavioral responses 
to rewarding stimuli. Although the precise cellular mechanisms 
and the specific striatal population responsible for the observed 
effects remain to be elucidated, our results highlight a previ-
ously underappreciated role of dorsal striatal B2R in regulating 
anxiety-related and motivational behaviors. These findings also 
open new perspectives for exploring kinin receptor–dopamine 
receptor interactions in neurobehavioral regulation. However, 
the precise cellular and molecular mechanisms underlying 
these effects remain to be determined.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Striatal B2R deletion mod-
ifies hedonic behavior in the sucrose preference test. Sucrose consump-
tion over a 24-h period normalized by body weight in control (CTL) 
and STΔB2R mice (n = 10 per group). Data are expressed as mean ± SEM. 
Statistical significance was assessed using Student's t-test; *p < 0.05. 
Figure S2: Voluntary wheel-running performance in mice with stria-
tal B2R ablation. Daily distance traveled (in kilometers, km) across the 
7-day experimental period in control (CTL) and STΔB2R mice (n = 7–10 
per group). Data are expressed as mean ± SEM. Statistical analysis:
Student's t-test; *p < 0.05; **p < 0.01; ***p < 0.001. Figure S3: Lack of co-
localization between the dTomato reporter and GFAP or Parvalbumin
proteins in the dorsal striatum. (A, B) Representative images showing
glial fibrillary acidic protein (GFAP) immunofluorescence (green) and
dTomato reporter expression (magenta). (C, D) Representative images
showing parvalbumin immunofluorescence (green) and dTomato re-
porter expression (magenta). Scale bar: 100 μm (left panels) and 200 μm 
(right panels). LV: lateral ventricle. Table S1: Summary of statistical an-
alyzes for all behavioral and metabolic assays. 
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