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Abstract
Background  Cerebrospinal fluid (CSF) is produced and absorbed at a balanced rate to maintain a constant 
intracranial pressure (ICP). The CSF dynamics are, however, disturbed in several pathological conditions, leading to 
elevated ICP, which may have fatal outcomes if left untreated. Treatment options for these conditions are limited to 
invasive neurosurgery, and novel pharmacological approaches to manage ICP in pathology are sought. Here, we 
aimed to demonstrate the potential of the glucagon-like peptide-1 receptor (GLP-1R) as such a target.

Methods  We administered male rats with intraperitoneal (i.p.) or intracerebroventricular (i.c.v.) GLP-1R agonist 
(exendin-4) or antagonist (exendin-9-39) followed by in vivo determination of CSF dynamics. GLP-1R expression in 
the CSF-secreting choroid plexus was demonstrated with RNAScope in situ hybridization and western blotting and 
transporter activity with radio-isotope flux assays.

Results  GLP-1R activation increased the CSF secretion rate with an associated elevation of the ICP, whereas inhibition 
of the receptor reduced the rate of CSF secretion. These effects were observed with central, but not peripheral, 
administration of the agonist and antagonist, suggesting receptor expression on the luminal, CSF-facing side of the 
choroid plexus, which aligned with GLP-1R-mediated modulation of luminally-expressed transporters in excised 
choroid plexus. Low level GLP-1R expression was demonstrated in the choroid plexus at mRNA and protein levels.

Conclusion  Modulation of GLP-1R affects CSF production, which suggests that GLP-1R-mediated signalling may 
have the potential to control ICP in pathological conditions with disturbed CSF homeostasis.
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Introduction
The mammalian brain is bathed in the cerebrospinal fluid 
(CSF) that is continuously produced by a specialized tis-
sue, the choroid plexus. This tissue is located in the brain 
ventricles, which are fluid-filled cavities inside the brain. 
Approximately 500  ml of fluid is secreted in the adult 
human brain each day and circulates through the four 
ventricles to the subarachnoid space prior to reabsorp-
tion [1].

A range of cerebral pathologies, such as traumatic brain 
injury, ischemic stroke, and hydrocephalus, associate 
with dysregulation of the brain fluid homeostasis, leading 
to debilitating, or even fatal, brain water accumulation 
and ensuing elevation of the intracranial pressure (ICP). 
These conditions are presently treated by neurosurgical 
implantation of a ventriculo-peritoneal shunt, by which 
excess fluid is diverted from the brain ventricles into the 
peritoneal cavity [2], or – in severe cases of brain edema 
- craniectomy, by which temporary removal of a por-
tion of the skull relieves the pressure on the brain tissue 
[3]. The current treatment of elevated ICP is thus essen-
tially limited to invasive surgical methodology based on 
hydro-mechanical principles and is associated with many 
complications. To develop future therapeutic approaches 
aimed at controlling pathological brain fluid accumula-
tion, it would be expedient to modulate the rate of CSF 
secretion pharmacologically.

Glucagon-like peptide-1 (GLP-1) was originally discov-
ered as a gut hormone with various gastrointestinal func-
tions, i.e., gastric acid secretion and gastric emptying [4, 
5]. It was later demonstrated to promote food satiety and 
weight loss [6–8], possibly via intracerebral actions of 
GLP-1 [9–11]. Importantly, GLP-1 appears to modulate 
systemic fluid homeostasis via its action on epithelia such 
as the renal proximal tubuli and the intestine [10, 12–14]. 
It acts via the G protein-coupled receptor, GLP-1R, that 
is expressed throughout the body, i.e., detected in pan-
creas, lung, heart, kidney, stomach, and intestine, as well 
as in multiple regions and cell types of the brain [15]. 
GLP-1R is involved in a vast range of physiological func-
tions and appears as a potential pharmacological target 
for a range of pathologies, including those of a metabolic 
origin, cardiovascular conditions, and dementia [16–19].

We recently demonstrated Glp1r transcript in the rat 
choroid plexus [20], which aligns with an initial sugges-
tion of its presence at the protein level [21]. The latter 
study, in addition, indicated the ability of a GLP-1R ago-
nist to modulate the ICP in a rat model of hydrocepha-
lus, suggesting that GLP-1 could serve as a potential 
regulator of CSF secretion via its action on the GLP-1R 
expressed in the CSF-secreting choroid plexus. We here 
set out to determine the modulatory effect of a GLP-
1R agonist and an antagonist on the rate of CSF secre-
tion and the ICP in rats by in vivo experimentation, and 

to resolve the underlying molecular pathways in excised 
choroid plexus.

Methods
Experimental animals
Nine-week-old male Sprague Dawley rats (Janvier labs) 
and eight-month-old male Glp1r-tdTomato reporter mice 
[22] were used for the study. The animals were housed in 
a temperature-controlled room with a 12  h:12  h light-
dark cycle and had free access to a standard rodent pel-
let diet and tap water prior to experiments. The animal 
experiments conformed to the legislations for animal 
protection and care in the European Community Council 
Directive (2010/63/EU) and were approved by the Danish 
Animal Experiments Inspectorate (License no. 2018-15-
0201-01595 and 2018-15-0201-01397).

Anaesthesia and physiological parameters
Prior to in vivo experimentation, the animals were anes-
thetised with intraperitoneal (i.p.) injections of 6  mg/
ml xylazine followed 5  min later by 60  mg/ml ket-
amine (ScanVet) in sterile water (0.17  ml/100  g body-
weight). Body temperature was maintained at 37  °C by 
a homeothermic monitoring system (Harvard Appara-
tus). To sustain anaesthesia in experiments lasting lon-
ger than 30 min, the animals were re-administered with 
half a dose of ketamine based on foot reflex. Where the 
anaesthesia exceeded 30  min (ICP monitoring and ven-
triculo-cisternal perfusion), surgical tracheotomy and 
mechanical ventilation were employed using the Ven-
tElite system (Harvard Apparatus) to ensure stable respi-
ratory partial pressure of carbon dioxide (pCO2) and 
arterial oxygen saturation, and thus stable plasma pH 
and electrolyte content. The mechanical ventilation was 
adjusted for inhalation of 0.9 l/min humidified air mixed 
with 0.1  l/min O2 with approximately 2.6  ml/breath, 80 
breath/min, a positive end-expiratory pressure (PEEP) at 
2  cm, and 10% sigh for a 350  g rat. The ventilation was 
adjusted according to the exhaled end-tidal CO2 (etCO2) 
measured with a capnograph (Type 340, Harvard Appa-
ratus) and a pulse oximeter (MouseOx® Plus, Starr Life 
Sciences), aiming for a 5.0 ± 0.5 kPa blood pCO2 and arte-
rial oxygen saturation of 98.8–99.4% before administra-
tion of control or drug solutions.

Solutions and chemicals
The majority of in vivo experiments were conducted 
with heated (37 ◦ C) and gas-equilibrated CO2/HCO3

−-
buffered artificial cerebrospinal fluid (HCO3

−-aCSF, 
see Table  1 for concentrations). In experiments where 
the solution could not be gas-equilibrated (e.g., isotope 
influx/efflux experiments and in the ICP pressure probe), 
aCSF was buffered with HEPES (HEPES-aCSF, see 
Table 1 for concentrations).
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Stock solutions of Exendin-4 (Ex4; 10 mM in dH2O; 
ApexBio) and Exendin-9-39 (Ex9-39; 1 mM in dH2O; 
ThermoFisher and Tocris) were aliquoted and stored 
at -80  °C until use. Ex4 was used at a concentration of 
0.2 µg/kg for systemic (i.p.) delivery, which was demon-
strated to promote a physiological effect in in vivo experi-
ments and human patients [23–28], whereas Ex9-39 was 
employed at much higher concentration (128 µg/kg [29, 
30], due to its competitive antagonism).

ICP measurements in anaesthetized rats
Anaesthetized and ventilated rats were placed in a stereo-
tactic frame, had the skull exposed, and a cranial window 
of 3.6  mm in diameter was drilled (coordinates: 4 mm 
posterior to bregma, 1 mm lateral to the midline) with 
care not to damage the dura. The epidural probe (Plas-
ticsOne, C313G) was secured with dental resin cement 
(Panavia SA Cement, Kuraray Noritake Dental Inc.) 
above the dura. The ICP cannula filled with HEPES-aCSF 
was connected to a pressure transducer (APT300) and 
transducer amplifier module TAM-A (Hugo Sachs Elek-
tronik). To ensure a continuous fluid column between the 
dura and the epidural probe, approximately 5 µl HEPES-
aCSF was injected through the epidural probe. The ICP 
signal was visualized and recorded at 1 kHz sampling rate 
using BDAS Basic Data Acquisition Software (Harvard 
Apparatus, Hugo Sachs Elektronik). Jugular compres-
sion was applied to confirm proper ICP recording. Dur-
ing intracerebroventricular (i.c.v.) delivery of Ex4 and 
Ex9-39, a 0.5  mm burr hole was drilled on the contra-
lateral side of the skull (1.3 mm posterior, 1.8 mm lateral 
to bregma), and a 4  mm brain infusion cannula (Brain 
infusion kit2, Alzet) was placed into the lateral ventricle. 
When the ICP signal stabilized, 37 °C HCO3

−-aCSF con-
taining dH2O (vehicle) was slowly infused (0.5  µl/min) 
with a peristaltic pump for 25 min prior to solution shift 
to either control solution (HCO3

− -aCSF-dH2O), Ex4 
(HCO3

−-aCSF + 9 µM Ex4 in dH2O) or Ex9-39 (HCO3
−-

aCSF + 90 µM Ex9-39 in dH2O).

Live imaging of CSF movement
Anaesthetized rats were placed in a stereotactic frame 
and a burr hole in the skull (same coordinates as for 
ICP) was made. A Hamilton syringe (RN 0.40, G27, 
a20, Agntho’s) was inserted 4  mm deep into the lateral 
ventricle. 15  µl HCO3

−-aCSF containing either vehicle 
(dH2O), Ex4 (0.1 µM) or Ex9-39 (1 µM) was delivered 
i.c.v. (1.5 µl/s). This first injection was intended to allow 
the inhibitors to act on their target transporters prior 
to the introduction of the fluorescent dye 5  min later, 
where the procedure was repeated with the inclusion of 
carboxylate dye (10 µM; MW = 1091 kDa; IRDye 800Cw, 
P/N 929–08972, LI-COR Biosciences). For i.p. injections, 
vehicle (dH2O), Ex4 (0.2  µg/kg) or Ex9-39 (128  µg/kg) 
was injected 29 min prior to injection of the carboxylate 
dye. For both i.c.v. and i.p. drug delivery, image acquisi-
tion at 30 s intervals was initiated 1 min after dye injec-
tion (800  nm channel; 85  μm resolution; for 10  min) 
using a Pearl Trilogy Small Animal Imaging system (LI-
COR Biosciences). To secure a stable head position, the 
rat was placed in a customized tooth holder. A white field 
image was acquired at the termination of each experi-
ment prior to verification of proper targeting of the ven-
tricular compartment. The region of interest (ROI) for 
fluorescent signal determination posterior from lambda 
was determined based on the white field image. The fluo-
rescent intensity was normalized to the initial fluorescent 
intensity in the first image captured 30 s after the rat was 
positioned in the scanner. The data were analyzed using 
LI-COR Image Studio 5.2 (LI-COR Biosciences).

Brain water quantification
Brain water content was determined following both i.c.v. 
and i.p. injections of the test solutions. For i.c.v. injec-
tions, two injections of 15  µl vehicle (dH2O), Ex4 (0.1 
µM), or Ex9-39 (1 µM) were performed 24  h and 16  h 
prior to brain water determination. For i.p. injections, 
brain water was determined after injecting 1  ml/kg of 
either vehicle (dH2O) or Ex4 (2 µg/kg) at 24 h, 16 h, and 
30 min prior to weighing the brain. The brain was swiftly 
(∼ 1  min) isolated from anaesthetized and decapitated 
rats. The isolated brains were placed into a pre-weighed 
porcelain beaker (Witeg) and weighed immediately 
thereafter (wet brain weight). The brains were left in the 
oven to dry at 100 °C for 3 days. Subsequently, the brains 
were weighed again (dry brain weight). The brain water 
content was calculated from the evaporated water weight 
and expressed as percentage brain water.

Measurement of cAMP production mediated by activation 
of rat GLP-1R
Cells were transiently transfected with cDNA encoding 
the rGLP-1R, and the cAMP quantification was done 
with an enzyme fragment complementation (EFC)-based 

Table 1  aCSF concentrations
Chemical HCO3

−-aCSF HEPES-aCSF
NaCl (mM) 120 120
KCl (mM) 2.5 2.5
CaCl2 (mM) 2.5 2.5
MgSO4 (mM) 1.3 1.3
NaH2PO4 (mM) 1 1
Glucose (mM) 10 10
NaHCO3 (mM) 25
Na-HEPES (mM) 17
pH 7.4 (with 95% O2/5% CO2) 7.4 (with NaOH)
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assay [31]. In brief, COS-7 cells (ATCC, CRL-1651 for 
Ex4) and HEK293 cells (ATCC, CRL-1573 for Ex9-39) 
were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) 1885 supplemented with 10% foetal bovine 
serum (FBS), 2 mM glutamine, 180 units/ml penicillin, 
and 45  g/ml streptomycin at 10% CO2 and 37  °C. One 
day after seeding in culture flasks (6 mio cells/flask), cells 
were transiently transfected with 40  µg receptor DNA 
using the calcium phosphate precipitation method [32]. 
One day after transfection, the cells were seeded in white 
96-well plates at a density of 3.5 × 104 cells per well. The 
following day, the cells were washed twice with HEPES-
buffered saline (HBS) and incubated with HBS containing 
1 mM 3-isobutyl-1-methylxanthine (IBMX) for 30 min at 
37 °C. To determine agonistic activity, Ex4 was added in 
increasing concentrations (0.1 pM to 10 nM), and incu-
bated for 30  min at 37  °C. To determine the antagonis-
tic properties of Ex9-39, the cells were pre-incubated for 
10 min with increasing concentrations of Ex9-39 (1 nM 
to 1 µM) followed by the addition of 100 pM GLP-1, cor-
responding to 50% of maximal activity, and incubated 
for an additional 20  min. The HitHunterTM cAMP XS 
assay (DiscoverX, Herlev, Denmark) was carried out in 
duplicates according to the manufacturer’s instructions. 
The dose-response curves were generated by non-linear 
regression analyses with constant Hill coefficient in the 
GraphPad Prism v. 9 program (GraphPad Software).

RNAscope in situ hybridisation
Rats were euthanized, the brains isolated and quickly 
frozen on dry ice (5  min) prior to storage at -80  °C for 
up to one week before experiments. Twelve µm cryostat 
sections of the brains were prepared, allowing visual-
ization of the choroid plexuses of the lateral and fourth 
ventricles, and treated according to the manufacturer’s 
protocol for freshly frozen sections (ACDBio; #320513). 
The sections were subsequently employed for RNAscope 
using the RNAscope Fluorescent Multiplex Reagent Kit 
(ACDBio; #320850), according to manufacturer’s pro-
tocol (ACDBio; #320293). The probes detected Glp1r 
transcripts (targeting 292–1166 on NM_012728.1) and 
Atp1a1 (targeting 308–1681 on NM_012504.1) and the 
signal was visualised with an Axioplan 2 epifluorescence 
microscope with 40x/0.75 Plan-Neofluar and 5x/0.16 
EC Plan-Neofluar objectives and an Axiocam 702 digital 
camera (Zeiss).

Western blot
Choroid plexuses from the lateral and fourth ventricle 
(and hypothalamus) were isolated and stored at -80  °C 
until homogenization in 25 (200 for hypothalamus) µl 
RIPA buffer (in mM: 150 NaCl, 50 Tris pH 8.0, 5 EDTA 
and 0.5% sodium deoxycholate, 0.1% SDS and 1% Tri-
ton X-100) containing proteinase inhibitors (0.4 mM 

pefabloc and 8 µM leupeptin, Sigma-Aldrich) before 
sonication (thrice, 70% power, 10  s, Sonoplus, Bande-
lin) on ice. The lysed tissue was centrifuged (13000 rpm, 
3  min, 4  °C) and the supernatant was transferred to a 
clean Eppendorf tube (low-bind protein) prior to protein 
concentration determination with the DC Protein Assay 
(Bio-Rad) according to manufacturer’s instruction. 20 µg 
protein was loaded on precast SDS-PAGE gels (4–20% 
Criterion TGX, Bio-Rad) and immobilon-FL membranes 
(Merck Milipore) employed for the transfer. Primary and 
secondary antibodies were diluted 1:1 in Odyssey block-
ing buffer (LI-COR): PBS-T. Primary antibodies anti-
GAPDH (AB2302, Milipore; 1:800) and anti-GLP-1R 
(EPR21819, Abcam; 1:1000), and secondary antibodies 
IRDye 680RD donkey anti-chicken (LI-COR, P/N 925-
68075; 1:10000:) and IRDye 800CW goat anti-rabbit (LI-
COR, P/N 926-32211, 1:10000:) were employed. Images 
were obtained by the Odyssey CLx imaging system and 
analyzed by Image studio v. 5.2 (LI-COR bioscience).

Fluorescent imaging reporter mice
The Glp1r-tdTomato reporter mice that express the 
reporter protein, tdTomato, in GLP-1R-expressing cells 
[22] were anaesthetized prior to transcardial perfusion 
with 0.9% NaCl followed by perfusion fixation with 4% 
paraformaldehyde (PFA) in phosphate buffer. The brains 
were isolated, placed in 4% PFA for 24 h, and transferred 
to a 30% sucrose solution (in phosphate-buffered saline) 
overnight prior to quick-freezing on dry ice, and storage 
at -20 °C. The brains were sliced in 12 μm sections using 
a cryostat 500 (Leica CM3050 S) allowing visualization of 
the choroid plexuses in the lateral and fourth ventricles. 
Visualization of the tdTomato fluorescence was per-
formed as described above.

CSF production rate
The ventriculo-cisternal perfusion was performed using 
an infusion cannula (Brain infusion kit 2, Alzet) stereo-
taxically placed in the right lateral ventricle of an anesthe-
tized and ventilated rat (using the same coordinates as for 
ICP), through which a pre-heated (37 °C, SF-28, Warner 
Instruments) dextran-containing solution (HCO3

−-aCSF 
containing 1  mg/ml TRITC-dextran (tetramethylrho-
damine isothiocyanate-dextran, MW = 155  kDa; T1287, 
Sigma)) was perfused at 9  µl/min. CSF was sampled at 
5 min intervals from a cisterna magna puncture. The cis-
terna magna puncture and associated continuous fluid 
sampling prevent elevation of the ICP during the proce-
dure. The dilution of the infused solution is attributed 
to endogenously secreted CSF, irrespective of the origin 
of this fluid. After 60 min of perfusion, the control aCSF 
was replaced with one containing either vehicle or the 
protein kinase A (PKA) inhibitor H89 (Sigma-Aldrich, 
250 µM). The fluorescence of the cisternal collections 
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was measured in a microplate photometer (545  nm, 
Synergy™ Neo2 Multi-mode Microplate Reader; BioTek 
Instruments), and the production rate of CSF was calcu-
lated from the equation:

	
Vp = ri ∗ Ci − Co

Co

Where Vp = CSF production rate (µl/min), ri = infusion 
rate (µl/min), Ci = fluorescence of inflow solution, Co = 
fluorescence of outflow solution, calculated based on sta-
ble time intervals from 60-80 min and 110–130 min from 
initiation of the experimental procedure.

Radioisotope flux assays
Isolated rat brains were kept in cold HEPES-aCSF (4 °C, 
pH 7.4) for ~ 10 min prior to isolation of the lateral cho-
roid plexuses. Subsequently, the choroid plexuses were 
transferred to warm HEPES-aCSF (37  °C, pH 7.4) for a 
10 min recovery period before initiation of the flux assay. 
For influx of 86Rb+ (K+ congener), the tissue was placed 
in 37  °C HEPES-aCSF containing 1 µCi/ml 86Rb+ (022-
105721-00321-0001, POLATOM) and 4 µCi/ml 3H-man-
nitol (NET101, Perkin Elmer; extracellular marker) for 
2  min [33] with and without 2 mM ouabain (in aCSF; 
O3125, Sigma; Na+/K+-ATPase inhibitor), and with and 
without 0.1 µM Ex4 or 1 µM Ex9-39 (randomly assigned). 
After isotope accumulation, the choroid plexuses were 
rinsed in ice-cold isotope-free HEPES-aCSF containing 2 
mM ouabain, 20 µM bumetanide (Sigma, B3023; inhibi-
tor of Na+,K+,2Cl− cotransporter, NKCC1), and 100 µM 
BaCl2 (K+ channel inhibitor) preventing efflux of intra-
cellular 86Rb+ during washing, and placed in scintillation 
vials containing 200 µl Solvable (6NE9100, Perkin Elmer). 
For efflux of 86Rb+, the choroid plexuses were placed in 
37  °C HEPES-aCSF containing 1 µCi/ml 86Rb+ and 4 
µCi/ml 3H-mannitol for 10  min allowing isotope accu-
mulation into the tissue. The choroid plexuses were ran-
domly assigned to aCSF containing either 50 µM H89 or 
vehicle (dH2O) or to a condition with or without 20 µM 
bumetanide or vehicle (0.1% DMSO) and with or with-
out, Ex4 (0.1 µM) or Ex9-39 (1 µM). Afterward, the cho-
roid plexuses were rinsed quickly in 37  °C isotope-free 
HEPES-aCSF and transferred to new wells containing 
37  °C isotope-free HEPES-aCSF containing the prede-
termined condition at 10  s intervals to obtain the 86Rb+ 
efflux rate constant. The choroid plexuses were trans-
ferred to scintillation vials containing 200  µl Solvable, 
and the efflux medium from each well was transferred 
to separate scintillation vials. After the choroid plexuses 
had dissolved (> 4 h), 2 ml Ultima Gold™ XR scintillation 
liquid (6013119, Perkin Elmer) was added to each scin-
tillation vial, and the isotope content was determined 
using a Tri-Carb 2900TR Liquid Scintillation Analyzer 

(Packard). 3H-mannitol counts were used to correct for 
the extracellular background of 86Rb+. For efflux data, the 
natural logarithm of the 86Rb+ counts at each time point 
(At) was normalized to the initial 86Rb+ count (A0) and 
presented as a function of time. Linear regression on the 
data revealed the 86Rb+ efflux rate constant.

Statistics
All data are presented as mean ± SEM. Statistical tests 
were performed using GraphPad Prism v. 9 (GraphPad 
Software), and a p-value < 0.05 was considered statisti-
cally significant. Student’s unpaired t-test and one-way 
ANOVA with multiple comparisons were used for statis-
tical analyses as indicated in the figure legends and out-
liers identified with Grubb’s test (as indicated in figure 
legends).

Results
Peripheral administration of GLP-1R analogues does not 
affect CSF dynamics in rats
To determine whether the reported GLP-1-mediated 
modulation of ICP [21] originated in altered CSF secre-
tion, we employed the synthetic agonist exendin-4 (Ex4) 
which has longer systemic half-live than GLP-1, due to 
insensitivity to the protease dipeptidyl peptidase 4 [34, 
35] and the synthetic antagonist exendin-9-39 (Ex9-
39). To validate their efficiency on the rat GLP-1R, we 
employed cell lines transfected with the cDNA encoding 
the receptor (see Methods for details). Upon measure-
ments of cAMP accumulation as a readout of Gs activa-
tion, Ex4 acted as a potent agonist on rGLP-1R with an 
EC50 of 102 pM (log EC50; -9.99 ± -0.14, n = 6, Fig.  1A). 
Ex9-39 inhibited GLP-1-induced cAMP accumulation via 
the rGLP-1R with an inhibitory potency of  84,5 nM (log 
IC50; -7.07 ± -0.24, n = 3, Fig. 1A). The two GLP-1R ligands 
were delivered i.p. 30 min prior to the determination of 
the CSF flow by live imaging of a fluorescent dye deliv-
ered to the lateral ventricle, with the rostro-caudal dis-
persion rate of the fluorescent dye serving as a proxy for 
the CSF secretion rate [36, 37]. Quantification of the rate 
of dye flow was determined by its entry into the region of 
interest (ROI, indicated with a yellow box in Fig. 1B, left 
panel); lateral ventricle targeting was verified postmor-
tem (Fig. 1B, right panel). Figure 1C illustrates represen-
tative images of CSF dye flow in a control (dH2O-treated) 
rat. Quantification of the dye flow demonstrated that the 
CSF flow rate was undisturbed by peripheral adminis-
tration of Ex4 (0.14 ± 0.01 a.u./min, n = 7 vs. 0.11 ± 0.01 
a.u./min in the control rats, n = 8, p = 0.13) and Ex9-39 
(0.12 ± 0.01 a.u./min, n = 7, p = 0.95, Fig.  1D-E). Pro-
longed exposure to peripheral Ex4 administration (24 h, 
16 h, and 30 min prior to termination) did not increase 
the overall brain water content (78.6 ± 0.1% water in Ex4-
treated rats versus their vehicle (dH2O)-treated control 
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counterparts with 78.5 ± 0.1% water, n = 4, p = 0.4, Fig. 1F). 
These results demonstrate that peripheral administration 
of Ex4 or Ex9-39 does not modulate the CSF dynamics 
under the tested experimental conditions.

Central administration of GLP-1 receptor analogues alters 
CSF flow
Considering the abundant systemic targets for periph-
erally delivered GLP-1R modulators [12, 38–40], which 
could affect brain fluid dynamics indirectly, we deter-
mined the effect of delivering the GLP-1R analogues into 
the lateral ventricle prior to quantification of the CSF 
flow. The GLP-1R agonist Ex-4 increased the rate of CSF 
flow by ~ 38% (0.18 ± 0.01 a.u./min, n = 6 vs. 0.13 ± 0.01 
a.u./min in control rats, n = 6, p < 0.05, Fig.  2A-B). I.c.v. 
administration of Ex9-39 significantly reduced the rate of 
CSF flow by ~ 60% (0.05 ± 0.01 a.u./min, n = 6) compared 
to the control rats (p < 0.001, Fig.  2A-B). Determination 
of brain water content after i.c.v. administration of the 
analogues 24 h and 16 h before the brain excision demon-
strated no prolonged change in overall brain water con-
tent upon this GLP-1R analogue treatment (78.6 ± 0.1%, 
n = 5 in control rats vs. 78.7 ± 0.1%, n = 4 in Ex4-treated 
rats, p = 0.97 and 78.7 ± 0.2%, n = 4 in Ex9-39-treated 
rats, n = 4, p = 1, Fig. 2C). These results suggest that cen-
tral modulation of GLP-1R activity alters CSF secretion, 
but these acute effects are not of sufficient magnitude or 
duration to establish prolonged changes in overall brain 
water content.

GLP-1R-mediated increase in CSF secretion increases ICP
To determine if GLP-1R-mediated changes in CSF secre-
tion could modulate ICP, we quantified the ICP in rats 
during slow (0.5  µl/min) i.c.v. infusion of Ex4, Ex9-39, 
or vehicle (control). The baseline ICP (obtained prior 
to infusion of the agonist and antagonist) across all 

Fig. 1  CSF flow is undisturbed with peripheral delivery of GLP-1R agonist 
and antagonist. A Effect of Ex4 (left panel, n = 6) and Ex9-39 (right panel, 
n = 3, quantified in the presence of 100 pM GLP-1) on cAMP accumulation 
mediated by the rGLP-1R expressed in transiently transfected cells (COS7 
cells for Ex4 and HEK293 cells for Ex9-39). B Rat brain after i.c.v. carboxylate 
dye injection with superimposed pseudo-color. The yellow box indicates 
ROI starting from lambda (left panel), and demonstration of correct tar-
geting to the ventricular system (right panel). C Representative images of 
dye flow in a control rat (30  min post-vehicle i.p. injection) obtained at 
t = 0.5 s and t = 5 min, with the ROI indicated in a yellow box (same ori-
entation of all images in B and C). D The dye intensity normalized to that 
obtained in the first image is plotted as a function of time, representing 
flow rate, n = 7–8. E Quantification of the dye intensity (flow rate) deter-
mined from linear regression of data in (C) over the 4 min time window 
(with one outlier removed from the control group). F Brain water content 
in rats following i.p. delivery of Ex4 or vehicle 24 h, 16 h, and 30 min prior 
to weighing the brains (n = 4). Results are shown as mean ± SEM and sta-
tistical significance was evaluated with one-way ANOVA followed by Dun-
nett’s post-hoc test (E) and Student’s unpaired t-test (F). Non significance 
is not shown for clarity
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experimental groups was 4.9 ± 0.2 mmHg (n = 16). Infu-
sion of Ex4 led to a gradual increase in ICP through-
out the experimental window (see representative trace 
in Fig.  2D), which amounted to an Ex4-mediated ICP 
increase of 11.9 ± 7.7% (n = 5, Fig.  2E), which was sig-
nificantly higher than that obtained from control rats 
(a decrease in ICP of 5.1 ± 3.6%, n = 5, p < 0.05, Fig.  2D-
E). The ICP of Ex9-39-infused rats showed no signifi-
cant change (an ICP decline from baseline of 9.1 ± 1.4%, 
n = 6) compared to control rats (p = 0.8, Fig. 2D-E). These 
results suggest that the observed acute Ex4-mediated 
increase in CSF flow can lead to an acute elevation of ICP 
in these rats.

GLP-1R is expressed at low levels in the choroid plexus
The majority of the CSF is produced by the choroid 
plexus epithelium residing in the brain ventricles [41]. 
RNAseq of this tissue has demonstrated transcriptional 
presence at a low level (0.4 TPM) of the gene encod-
ing the GLP-1R (Glp1r) [20]. To obtain a visual map 
of the choroid plexus Glp1r transcript expression, we 

performed RNAscope with the Rn-Glp1r RNAscope 
probe targeting the mRNA encoding GLP-1R. Imaging 
of excised choroid plexus demonstrated high transcript 
abundance of the gene encoding the Na+/K+-ATPase, α1 
subunit (Atp1a1), but low transcript abundance of Glp1r 
in a limited number of cells in the choroid plexus of the 
fourth ventricle (Fig.  3A-C) with an apparently sparser 
signal in the lateral choroid plexus (near limit of detec-
tion, Additional File 1, Figure S1A). These images indi-
cate that the Glp1r transcript is indeed detected in the 
choroid plexus, although at low levels.

To determine if GLP-1R is detected at the protein level 
in the choroid plexus, we performed western blot analysis 
of choroid plexus acutely excised from the rat brain. Cho-
roid plexus of both the lateral and fourth ventricles dem-
onstrated presence of GLP-1R (Fig.  3D and Additional 
File 1, Figure S1B). To confirm GLP-1R protein expres-
sion in the choroid plexus, we, in addition, employed 
the cre-based Glp1r-tdTomato reporter mouse line. This 
line expresses red fluorescent protein under a constitu-
tively active promoter in cells that express the GLP-1R, 

Fig. 2  Central administration of GLP-1R modulators alters CSF flow and ICP. A Dye flow in Ex9-39-, vehicle-, or Ex4-treated rats post-i.c.v. injection with 
the dye intensity normalized to that obtained in the first image is plotted as a function of time, representing flow rate, n = 6. B Quantification of the dye 
intensity (flow rate) determined from linear regression of data in (A) over the 4 min time window. C Brain water content in rats following i.c.v. delivery of 
Ex4 or vehicle 24 h and 16 h prior to weighing the brains (n = 4–5). D Representative ICP traces from rats with i.c.v. delivery of Ex4, Ex9-39, or vehicle. Traces 
are shown before and after shift of infusion solution (marked with a grey line). E Summarized changes in the final 15 min ICP measurements (marked 
in (D)) compared to own baseline (shown in percentage, n = 5–6, with one outlier removed from the control group and one removed from the Ex9-39 
group)). Results are shown as mean ± SEM. Statistical significance was evaluated with one-way ANOVA followed by Dunnett’s post-hoc test. *; P < 0.05, *** 
P < 0.001. Non significance is not shown for clarity
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allowing detection even in areas with low GLP-1R expres-
sion [18], thus indicating protein expression in a given 
cell type. Fluorescent images of brain sections obtained 
from these mice demonstrate a weak, but detectable, sig-
nal in the choroid plexus epithelium (Fig. 3E-F).

GLP-1R activation modulates the choroid plexus 
transporter activity
To reveal the molecular coupling between GLP-1R 
modulation and the altered CSF secretion rate, we 
determined the choroid plexus transport activity of the 

Fig. 3  GLP-1R expression in rat choroid plexus. A DAPI staining of choroid plexus (from the fourth ventricle) with the insert representing increased mag-
nification of the area marked with a white box. B Representative RNAscope image illustrating mRNA expression of the Na+/K+-ATPase (Atp1a1) in the cho-
roid plexus of the fourth ventricle with the insert representing increased magnification of the area marked with a white box. C Representative RNAscope 
image illustrating mRNA expression of GLP-1R (Glp1r) in the choroid plexus of the fourth ventricle with the insert representing increased magnification 
of the area marked with a white box. Data in A-C are from n = 3 rats with multiple images obtained in each. D Western blot of choroid plexuses (CP, from 
lateral and fourth ventricles) stained for GLP-1R (green) with GAPDH (red) as a loading control, n = 3. E-F Representative images of choroid plexus from the 
fourth ventricle in brain sections obtained from Glp1r-tdTomato reporter mice stained with DAPI (E) or imaged for the inherent fluorescence (F), with the 
insert representing increased magnification of the area marked with a white box, n = 3 mice with multiple images obtained in each
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Na+/K+-ATPase and the Na+,K+,2Cl− cotransporter 1 
(NKCC1) in the presence of GLP-1R-modulating drugs. 
These transporters are highly expressed in the choroid 
plexus [20] and are key contributors to CSF secretion 
[36, 42]. Acutely excised choroid plexus was exposed to 
Ex4 or Ex9-39 for 10  min prior to initiation of the iso-
tope flux assays based on the K+ congener 86Rb+, which 
readily replaces K+ in the transport cycle of both the 
Na+/K+-ATPase and NKCC1 (Fig.  4A). The Na+/K+-
ATPase activity was determined as a 86Rb+ influx assay 
in the absence and presence of the Na+/K+-ATPase 
inhibitor ouabain (Fig.  4B), and the ouabain-sensitive 
fraction employed to represent the Na+/K+-ATPase 

activity. Ex9-39 exposure reduced the Na⁺/K⁺-ATPase 
activity by ~ 20% (8.61 ± 0.22 × 103 cpm with Ex9-39 vs. 
10.7 ± 0.6 × 103 cpm in control, n = 6, p < 0.05), whereas 
Ex4 exposure did not alter the Na⁺/K⁺-ATPase activity 
(10.7 ± 0.7 × 103 cpm, n = 6, p = 0.52, Fig. 4C). The NKCC1 
activity was determined with an isotope efflux assay fol-
lowing pre-equilibration of 86Rb+ in excised choroid 
plexus, and measured as a function of time in the absence 
or presence of the NKCC1 inhibitor bumetanide. Fig-
ure  4D illustrates the 86Rb+ efflux from lateral choroid 
plexus as a function of time in the presence or absence of 
Ex4 and Ex9-39 with and without the NKCC1 inhibitor 
bumetanide and Fig. 4E shows the respective 86Rb+ efflux 
rate constants for each condition. The NKCC1-mediated 
activity was obtained from the bumetanide-sensitive 
fraction of the 86Rb+ efflux rate. Ex9-39 exposure reduced 
the NKCC1 activity by ~ 40% (0.20 ± 0.02  min− 1 with 
Ex9-39 vs. 0.34 ± 0.02  min− 1 in control, n = 6, p < 0.01), 
whereas Ex4 exposure did not alter the NKCC1 activity 
(0.37 ± 0.03, min− 1, n = 6, p = 0.59), Fig. 4F. Taken together, 
our data suggest that the GLP-1R antagonist Ex9-39 may 
act directly on the choroid plexus to decrease the activity 
of both NKCC1 and Na⁺/K⁺-ATPase.

PKA Inhibition reduces CSF secretion
GLP-1R couples to the G protein of the Gs type, which 
activates adenylate cyclase to generate cAMP, ultimately 
leading to protein kinase A (PKA) activation [43, 44]. A 
GLP-1R antagonist is thus predicted to reduce choroid 
plexus-mediated CSF secretion through a reduction in 
a PKA signalling pathway. To mimic such a PKA-inhib-
iting effect on the choroid plexus, we determined CSF 
secretion rates upon inhibition of the cAMP/PKA sig-
nal cascade. We here employed the ventriculo-cisternal 
perfusion assay [37, 45], which uses lateral ventricular 
infusion of equi-osmolar, heated, and gas-equilibrated 
aCSF containing fluorescent dextran with subsequent 

Fig. 4  GLP-1R inhibition reduces choroid plexus transport activity. A Sche-
matic representation of the 86Rb+ isotope flux assays with uptake on the 
left panel and efflux on the right panel. B86Rb+ influx into acutely excised 
choroid plexus in the presence and absence of ouabain (Ouab), following 
pretreatment with Ex9-39, Ex4, or vehicle, n = 6 of each. C The ouabain-
sensitive fraction, representing the Na+/K+-ATPase-mediated 86Rb+ influx 
in each choroid plexus, in control conditions and in the presence of Ex9-39 
and Ex4, n = 6. D Efflux of 86Rb+ from choroid plexus as a function of time 
in control settings and following pretreatment with Ex9-39 or Ex4 in the 
absence or presence of bumetanide (Bum), n = 6 of each. The y-axis is the 
natural logarithm of the remaining 86Rb+ in the choroid plexus at time t 
(At), divided by the amount at time 0 (A0). E The efflux rate constant of 
86Rb+ in choroid plexus in control conditions and after pretreatment with 
Ex9-39 or Ex4 (linear regression on data from D), n = 6. F NKCC1-mediated 
86Rb+ efflux rate constants in control settings and after pretreatment with 
Ex9-39 or Ex4, n = 6. Cpm: counts per minute. The results are presented as 
mean ± SEM. Statistical significance was evaluated with one-way ANOVA 
followed by Sidak’s post-hoc test (B and E) or Dunnett’s post-hoc test (C 
and F). *P < 0.05, **P < 0.01, ***P < 0.001, Non significance is not shown for 
clarity
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collection from a cisterna magna puncture. Fluorescence 
dilution upon passage through the ventricular system 
(Fig.  5A) is due to de novo secretion of CSF, allowing 
calculation of the inhibitor-induced changes in the CSF 
secretion rate. Upon stabilization of the fluorescent out-
flow, the infusion solution was replaced with one con-
taining either vehicle (time control) or the PKA inhibitor 
H89 (250 µM). The internal time control demonstrated 
a final CSF secretion rate of 91 ± 1% of the control value 
obtained prior to solution shift, n = 6, whereas replace-
ment of the aCSF vehicle infusion solution with one con-
taining H89 reduced the CSF secretion rate to 71 ± 5% of 
control, n = 4, P < 0.01, Fig.  5B. Determination of efflux 
of the K+ congener 86Rb+, preloaded into acutely excised 
ex vivo choroid plexus, revealed a 25% reduction of the 
K+ efflux across the luminal membrane of the choroid 
plexus with PKA inhibition (0.32 ± 0.02 min− 1 in control 
vs. 0.24 ± 0.01  min− 1 with H89, n = 5 of each, P < 0.01, 
Fig.  5C), suggesting a reduction in the transport activ-
ity of NKCC1 and/or other K+ channels or transporters 
upon PKA inhibition.

Discussion
We here demonstrate that modulation of the GLP-1R 
by an agonist or an antagonist changes the rate of CSF 
secretion, in part via its action on choroid plexus trans-
porters in experimental rats. GLP-1 is generally associ-
ated with satiety and food intake, but can also modulate 
systemic fluid homeostasis via its receptor-mediated 
action on electrolyte transport mechanisms in other epi-
thelia such as those of the small intestine and the kid-
ney [10, 12–14]. Neither the GLP-1R agonist Ex4, nor 
the antagonist Ex9-39 modulated the CSF secretion rate 
when delivered systemically (i.p.) in the here employed 
dosages, whereas central delivery (i.c.v.) caused a 38% 
Ex4-mediated increase in the CSF secretion rate and 
a 60% Ex9-39-mediated decrease in CSF secretion. Of 

note, the CSF secretion assays employed here and else-
where do not address the origin of the CSF. The CSF flow, 
as here quantified, is thus employed as a proxy for CSF 
secretion, and has repeatedly been demonstrated to be 
affected similarly to CSF secretion rates obtained by the 
ventriculo-cisternal perfusion assay by different modula-
tors (activator/inhibitors) [36, 37, 46, 47]. Nevertheless, 
we cannot exclude that potential Ex-mediated changes 
in blood pressure and arterial pulsations could affect 
our result. We observed no prolonged (24  h) effect on 
overall brain water content following either of the treat-
ments, and no significant short term effect on ICP by the 
Ex9-39-mediated reduction in CSF secretion, which may 
originate from the brain compliancy. The Ex4-mediated 
increase in CSF secretion resulted in an acute, but minor, 
increase in ICP of approximately 10%. An earlier study, 
which did not quantify in vivo CSF secretion, detected 
a swift (< 5  min) decrease in rat ICP following systemic 
Ex4 exposure, both in healthy rats and in rats with exper-
imentally-induced hydrocephalus [21]. While we can-
not explain the discrepancy, the previous study mostly 
employed i) higher concentrations of Ex4 (5–20  µg/kg) 
than used here (0.2  µg/kg), subcutaneous delivery of 
Ex4 as their peripheral route, whereas we here employed 
i.p. delivery, iii) telemetric ICP probes, whereas we here 
determined ICP epidurally in anaesthetized rats during 
i.c.v. infusion of Ex4 or Ex9-39, and iv) their use of mid-
azolam as anaesthesia, which has been reported to mod-
ulate ICP and perfusion pressure in patients [48]. Either 
of these differences alone or together could promote an 
Ex4-mediated reduction in ICP as observed in [21]. The 
high concentrations and subcutaneous delivery route of 
Ex4 could potentially influence systemic physiological 
parameters indirectly lowering ICP in a manner distinct 
from its direct effect on the choroid plexus GLP-1R-me-
diated increase in CSF secretion. With the abundant 
GLP-1R expression throughout the brain, taken together 

Fig. 5  PKA inhibition lowers CSF secretion and K+ efflux from the choroid plexus. A Representative trace of fluorescent dye dilution over the course of a 
ventriculo-cisternal perfusion assay in a control rat. The first grey box indicates the values employed as control rate and the second those employed to 
obtain the percentage change in CSF secretion rate. B Summarized CSF secretion rates shown as percentage of own control after infusion with vehicle 
(control; Ctrl) or the PKA inhibitor H89, n = 4–6. C Efflux rate constant for 86Rb+ from acutely excised choroid plexuses treated with vehicle (Ctrl) or H89, 
n = 5 of each. Results are shown as mean ± SEM. Statistical significance was evaluated with Student’s unpaired t-test. **; P < 0.01
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with its reported effect on energy homeostasis, appetite 
and weight control, and neuroprotection [15], GLP-1R 
modulation may alter brain function and associated CSF 
dynamics in manners distinct from those originating in 
choroid plexus.

The GLP-1R is expressed at low levels in the choroid 
plexus, as detected at the transcript level with RNAseq in 
rats [20] and qPCR in humans [21], and here confirmed 
with RNAscope. These data demonstrated expression 
of GLP-1R in choroid plexus near the limit of detection, 
with a striking difference to the well-established abun-
dant Na+/K+-ATPase expression. GLP-1R protein expres-
sion was verified with Western blotting in rat choroid 
plexus (albeit with much lower signal than in hypothala-
mus, Additional File 1, Figure S1C) and confirmed with 
weak fluorescent signal in a limited number of choroid 
plexus epithelial cells in the GLP-1R reporter mouse. 
The observation of a weak fluorescent signal in the cho-
roid plexus obtained from the GLP-1R reporter mice may 
reflect rapid breakdown of the tdtomato protein within 
the tissue. A previous study has assigned the receptor to 
the luminal face of epithelial cells of the choroid plexus in 
post-mortem human tissue [21]. The GLP-1R is a class B 
G protein-coupled receptor that predominantly couples 
to Gs, thereby activating adenylate cyclase and promoting 
generation of cAMP [43, 44]. As a result, GLP-1R activa-
tion in cultured choroid plexus epithelial cells increases 
cAMP production [21]. Elevated cAMP facilitates the 
transport of chloride (one of the key electrolytes driv-
ing CSF secretion [42, 49]) from the vasculature, across 
the choroid plexus, to the CSF [50], which aligns with 
cAMP-mediated increased CSF production in dogs [45]. 
Inhibition of cAMP production thus ought to reduce CSF 
secretion and transport activity across choroid plexus. 
Accordingly, we demonstrate that direct inhibition of the 
cAMP-dependent protein kinase PKA lowers CSF secre-
tion, in part via reduced NKCC1 activity. Taken together, 
these data suggest a GLP-1R induced cAMP – and thus 
possibly GLP-1R – mediated increase in CSF secretion, 
and a reduction thereof upon inhibition of the receptor 
or its downstream signalling cascade. The transport pro-
teins NKCC1 and the Na+/K+-ATPase reside on the lumi-
nal membrane of the choroid plexus and are amongst the 
key contributors to CSF secretion by this tissue [36, 37]. 
These transporters both displayed reduced activity upon 
inhibition of the GLP-1R with Ex9-39 in acutely excised 
rat choroid plexus, which supports luminal expres-
sion of GLP-1R [21]. This GLP-1R-mediated modula-
tion of transport activity likely represents the molecular 
coupling between GLP-1R inhibition and the observed 
Ex9-39-induced reduction in CSF secretion, via reduced 
cAMP-dependent protein kinase A-mediated phosphor-
ylation of NKCC1 and the Na+/K+-ATPase, and thus 
lowered activity of these proteins  [51–53]. Ex4-induced 

modulation of GLP-1R in the excised choroid plexus did 
not significantly increase the transport activity of the two 
tested transporters, suggesting a satiated level of cAMP 
with excision of the choroid plexus and/or that the Ex4-
mediated increase in in vivo CSF secretion arises from 
other contributing (bicarbonate) transporters, via endog-
enous factors in the native CSF, and/or via modulation of 
various central physiological parameters, possibly via the 
high levels of GLP-1R expression in the hypothalamus, 
that may indirectly affect the CSF secretion rate.

Modulation of the GLP-1R could potentially be 
employed as a pharmacological approach to manage ele-
vated ICP in patients with ICP-related conditions [54]. 
In addition to GLP-1R-mediated effects on ICP itself, 
the weight loss associated with prolonged GLP-1R ago-
nist intake [55, 56] is predicted to contribute to reduced 
ICP in obese idiopathic intracranial hypertension (IIH) 
patients, in whom weight loss represents a definite inter-
vention to improve symptoms [57]. A recent small clini-
cal trial employing the GLP-1R agonist Exenatide, which 
has the same amino acid sequence as Ex4, demonstrated 
promising early results (ICP reductions of 1–3 mmHg) 
in IIH patients [27]. Some of the monitored values (i.e., 
headache days and visual parameters) varied between 
the control and treatment groups prior to treatment ini-
tiation, which may complicate final conclusions until 
a larger follow-up trial is conducted. It remains to be 
delineated how GLP-1R may modulate ICP directly and 
indirectly, whether it compromises the blood-CSF bar-
rier or affects CSF reabsorption, if species-specific differ-
ences may occur, and if off-target effects may contribute 
to modulation of the CSF dynamics. However, another 
GLP-1 receptor agonist, semaglutide, has been associated 
with increased risk of non-arteritic anterior ischemic 
optic neuropathy (NAION) [58], which can lead to vision 
loss due to optic nerve damage. We here demonstrate 
increased ICP following central exposure to Ex4. As such 
ICP increase is linked to papilledema and optic nerve 
damage [59, 60], it is possible that semaglutide-medi-
ated ICP elevation may exacerbate ischemic conditions 
in the optic nerve and contribute to the development 
of NAION. Although we did not observe increased ICP 
with systemic delivery of Ex4, this potential side effect 
and its underlying etiology warrant further investigation, 
given the growing use of semaglutide for diabetes and 
obesity.

In conclusion, we here demonstrate that choroid plexus 
GLP-1R activation, possibly via its concomitant cAMP 
elevation, increases CSF secretion and ICP in healthy 
rats. Receptor inhibition, conversely, lowers CSF secre-
tion analogously to the decrease in secretion observed 
with inhibition of the cAMP/PKA signalling cascade, in 
part via its inhibitory effect on choroid plexus transport-
ers. Future research using GLP-1R antagonists to reduce 



Page 12 of 13Jensen et al. Fluids and Barriers of the CNS           (2025) 22:41 

ICP in pathologies with raised ICP will reveal its potential 
as a pharmacological tool to manage ICP. However, such 
approach is presently challenged by the required central 
delivery route for an effect of Ex9-39 on CSF dynamics. 
Future research on Ex9-39 with improved brain penetra-
tion is thus warranted.
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