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a b s t r a c t 

Pharmacological MRI (phMRI) studies seek to capture changes in brain haemodynamics in response to a drug. This 

provides a methodological platform for the evaluation of novel therapeutics, and when applied to disease states, 

may provide diagnostic or mechanistic information pertaining to common brain disorders such as dementia. 

Changes to brain perfusion and blood-cerebrospinal fluid barrier (BCSFB) function can be probed, non-invasively, 

by arterial spin labelling (ASL) and blood-cerebrospinal fluid barrier arterial spin labelling (BCSFB-ASL) MRI re- 

spectively. Here, we introduce a method for simultaneous recording of pharmacological perturbation of brain 

perfusion and BCSFB function using interleaved echo-time ASL, applied to the anesthetized mouse brain. Using 

this approach, we capture an exclusive decrease in BCSFB-mediated delivery of arterial blood water to ventric- 

ular CSF, following anti-diuretic hormone, vasopressin, administration. The commonly used vasodilatory agent, 

CO 2 , induced similar increases (~21%) in both cortical perfusion and the BCSFB-ASL signal. Furthermore, we 

present evidence that caffeine administration triggers a marked decrease in BCSFB-mediated labelled water de- 

livery (41%), with no significant changes in cortical perfusion. Finally, we demonstrate a marked decrease in the 

functional response of the BCSFB to, vasopressin, in the aged vs adult brain. Together these data, the first of such 

kind, highlight the value of this translational approach to capture simultaneous and differential pharmacological 

modulation of vessel tone at the blood brain barrier and BCSFB and how this relationship may be modified in 

the ageing brain. 
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. Introduction 

The blood-brain-barrier (BBB) and blood-cerebrospinal fluid barrier

BCSFB) mediate the complex interplay between blood and the brain,

hich is a core homoeostatic mechanism supporting healthy brain func-

ion. The main locus of the BCSFB is the choroid plexus, which resides

n the brain’s fluid filled ventricles. We have recently developed a MRI

echnique for the non-invasive assessment of BCSFB function, by quanti-

ying the rate of BCSFB-mediated delivery of endogenous arterial blood

ater to ventricular cerebrospinal fluid (CSF) ( Evans et al., 2020 ). As

uch, this translational approach (termed blood-cerebrospinal fluid bar-

ier arterial spin labelling [BCSFB-ASL]) may be useful to better under-

tand the precise role of the BCSFB in conditions such as Alzheimer’s

isease and multiple sclerosis, where dysfunction has been postulated

o be mechanistically significant ( Balusu et al., 2016 ; Vercellino et al.,

008 ). Importantly, this technique allows repeated measures with high
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emporal resolution, which non-invasively enables dynamic capture of

he BCSFB’s functional response to drugs, challenges, and disease. 

Estimates of cerebral blood flow (CBF) provide a surrogate measure

f the functionality of the BBB to, for example, facilitate a constant sup-

ly of oxygen and nutrients from the blood to the highly metabolically

ctive brain cells. CBF can be measured non-invasively with standard

rterial spin labelling (ASL) MRI ( Haller et al., 2016 ). ASL also provides

epeated measures and so can be used to measure dynamic changes

n CBF in response to a drug (an approach which falls under a set of

ethods known as pharmacological MRI [phMRI] ( Zhou et al., 2015 ;

noue et al., 2014 )). phMRI provides a non-invasive means of assess-

ng the spatial-temporal dynamics of new and emerging drugs to alter

rain function and/or the brain’s vascular properties. Such measure-

ents can also provide novel diagnostic and/or mechanistic insight into

rain pathology by examining how underlying disease states modulate
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he brain’s vascular response to a drug ( Kastrup et al., 1998 ; Suri et al.,

015 ; Hurford et al., 2014 ). 

Due to the relatively long half-life of most drugs compared to the

uration of an MRI scan, it is typically only possible to measure the

unctional response to a single dose in a given phMRI session. This lim-

ts the scope of MRI scan-types applied to characterize pharmacological

erturbation of brain hemodynamics in real time. Indeed, to date, typ-

cally either ASL or T2 ∗ weighted blood-oxygenation-level-dependant

BOLD) measurements have been recorded in phMRI studies. 

Here, we exploit the overlap of the traditional ASL and BCSFB-ASL

RI techniques and employ an interleaved echo time (TE) ASL sequence

o capture the simultaneous response of two distinct components of

rain physiology to a single dose of a drug or ‘challenge’: i) parenchymal

issue perfusion, and ii) rates of BCSFB-mediated arterial blood water

elivery to the CSF (a surrogate, non-invasive, measure of BCSFB func-

ion). This approach provides an efficient means to better understand

he differential response of vessels that comprise the BBB and BCSFB

o pharmacological perturbation in the healthy and diseased brain. We

rst applied this method to reproduce the well-established specific vaso-

onstriction of vessels that perfuse the choroid plexus (with no decrease

n parenchymal perfusion) that is induced by antidiuretic hormone, va-

opressin ( Evans et al., 2020 ; Faraci et al., 1988 ). Then, we investigated

hether the commonly used vasodilatory agent, CO 2 , is a viable ap-

roach to dilate the vasculature of the BCSFB. Finally, given experi-

ental data linking caffeine consumption to marked changes in choroid

lexus physiology, we proceeded to measure the effect of caffeine on

on-invasive measures of BCSFB function in the mouse brain. 

There is wide-ranging evidence that marked deterioration of BCSFB

tructure and function occurs in the aged brain, with increased lev-

ls of endogenous vasopressin hypothesized to be an important mecha-

ism underlying this decline ( Frolkis et al., 2000 ; Liszczak et al., 1986 ;

ohrmann, 1970 ; Johanson et al., 1999 ; Sturrock, 1979 ). Therefore,

o investigate the mechanistic link between BCSFB function and vaso-

ressin in the aged brain, using non-invasive measurements, we applied

he interleaved-TE ASL technique to capture the phMRI response to va-

opressin in a cohort of aged and adult mice. Together, our findings

epresent the first phMRI measurements of BCSFB function and, based

n the marked differential response to vasopressin in the aged brain,

ighlight the potential of this approach to better understand the mech-

nisms that underlie age related cognitive decline. 

. Methods 

.1. Animal preparation 

All animal procedures were performed under the UK Home Office

ct (Scientific Procedures, 1986). C57/BL6 female WT mice (provided

y Charles River Laboratories) were used for the pharmacological ex-

eriments conducted only in adult mice. When investigating the effects

f ageing on the brain, 14 aged mice (C57BL/6JRj 23-months old, male)

nd 14 strain-matched adult-mice (5-months old, male) were used, pro-

ided by Janvier Labs (France). Further details of sample sizes, dosing
able 1 

harmacological/gas challenge administration. Details of the mouse strain and samp

oses and administration routes for each of the selected challenges, as well as the anae

hallenge ( “on ” time), and recovery (for the hypercapnia challenge only). 

Mouse strain/cohort Sample size (n) Pharmacological/Gas challenge Dose 

C57BL/6 Adult 9 Saline (vehicle) 5 ml/k

C57BL/6 Adult 6 Vasopressin 47 U/

C57BL/6 Adult 6 Caffeine 50 mg

C57BL/6 Adult 8 CO 2 10% 

C57BL/6JRj Adult (5-months) 14 Vasopressin 47 U/

C57BL/6JRj Aged (23-months) 14 Vasopressin 47 U/

2 
nd administration routes for the pharmacological/gas challenge exper-

ments are outlined in Table 1 . 

Prior to commencing MRI acquisitions, subjects underwent anaes-

hetic induction using 2% isoflurane in 0.8 L/min medical air and

.2 L/min O 2 . Following induction and weighing, mice were placed into

he MRI cradle with bite bar, nose cone and ear bars to ensure a well

ecured position of the mouse head to minimise motion during the data

cquisition. Eye ointment was also applied to prevent drying. 

For subjects receiving vasopressin, caffeine, or saline vehicles, an

ntraperitoneal infusion line was attached to each subject to allow for

he delivery of drug solution boluses whilst the animal was positioned

ithin the magnet bore. The length of the line allowed manual injec-

ion from outside the scanner bore, without needing to reposition the

radle. A scavenger pump was placed inside the magnet bore to prevent

soflurane build-up. Anaesthesia was maintained during the acquisition

y reducing isoflurane concentration to 1.5% in 0.4 L/min medical air

nd 0.1 L/min O 2 . 

For the CO 2 experiments, the animals were induced using and ini-

ially maintained using isoflurane (as described above). Once in the

radle, a separate infusion line was attached subcutaneously to allow

or the delivery of a 0.4 mg/kg bolus of medetomidine (5% in saline)

ia a Syringe Pump (Infuse/Withdraw PHD 22/2000, Harvard Appara-

us). Following this, isoflurane concentration was reduced to 0.5% with

.0 L/min medical air, well before commencing dynamic MRI data cap-

ure. During the acquisition, anaesthesia was additionally maintained by

ubcutaneously infusing the medetomidine at a rate of 0.8 mg/kg/hour.

Temperature and breathing rate were monitored throughout all the

xperiments using a rectal probe and a respiration pad (SA Instruments).

ouse temperature was maintained at 37 ± 0.5 °C using a combination

f heated water tubing and warm air flow during both the induction and

ata acquisition stages. 

.2. Pharmacological challenge administration 

For the hypercapnia protocol, after obtaining a 10-minute baseline,

edical air was substituted for CO 2 (10%) delivered at 1 L/min in med-

cal air for 10 min. Subsequently, CO 2 was replaced again by medical

ir for another 10 min to induce a recovery period. In the case of va-

opressin, caffeine, and saline vehicles, after a 10-minute baseline, the

rug solution was manually injected, and measurements were obtained

or 20 min. 

.3. Magnetic resonance imaging (MRI) protocols 

Images were acquired using an Agilent 9.4T imaging system with a

2 mm volume coil for RF transmission and a two-channel array surface

oil receiver (Rapid Biomedical), positioned on top of the head. 

.4. Anatomical reference scans 

Anatomical reference structural images were acquired with T2

eighting in order to clearly visualise the location of the major CSF

ompartments in the mouse brain using a fast-spin echo sequence
le sizes used for our pharmacological/gas challenge experiments, alongside the 

sthetic regimes. Timings of the experimental phases have been shown: baseline, 

Administration route Baseline (mins) Challenge (mins) Recovery (mins) 

g Intraperitoneal bolus 10 20 –

kg Intraperitoneal bolus 10 20 –

/kg Intraperitoneal bolus 10 20 –

Nose cone inhalation 10 10 10 

kg Intraperitoneal bolus 10 20 –

kg Intraperitoneal bolus 10 20 –
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FOV = 25 mm x 25 mm; matrix size = 256 × 256; echo train length = 8;

Eeff = 48 ms; TR = 5 s). 

Sagittal anatomical reference images (8 slices, 1 mm slice thickness)

ere used to position the axial anatomical reference imaging slice and

he ASL imaging slices (Supplementary Figure 1a). 

Coronal anatomical reference images (6 × 0.4 mm slices, 2.4 mm

otal) were manually positioned to align with the caudal region of the

ateral ventricles to display the corresponding imaging volume across

he ventricles (Supplementary Figure 1d). 

.5. FAIR-ASL scans 

Each of the ASL imaging protocols was based on the FAIR se-

uence ( Kim, 1995 ) with a single shot SE-EPI readout, slice-selective

idth = 19.2 mm, and a global labelling pulse, across all the experi-

ents. 

Parameters for standard-ASL and BCSFB-ASL: single slice, 2.4 mm

lice thickness, TR = 12,000 ms, TI = 4000 ms, matrix size: 32 × 32,

OV: 20 mm x 20 mm, inversion pulse BW = 20,000 Hz, shape = sech.

8 repetitions were used to cover a 30-minute scan protocol. TE = 20 ms

or standard-ASL, and TE = 220 ms for BCSFB-ASL. 

Importantly, the ASL imaging slice was manually positioned to align

ith the caudal end of the lateral ventricles, as it has been previously

hown to be the predominant region within the lateral ventricles which

he CP occupies ( Lein et al., 2007 ) (Supplementary Figure 1a). There-

ore, as described in our recent work (Evans et al.) ( Evans et al., 2020 ),

ur measurements of BCSFB function are concentrated to CP within the

ater ventricles and not the 3rd and 4th ventricle. 

In order to interleave a traditional-ASL measurement with the

CSFB-ASL measurement, an additional array loop was added to switch

etween two echo time values: 220 ms (BCSFB-ASL) and 20 ms

traditional-ASL). As shown in Fig. 1 in a single repetition of the

nterleaved-ASL technique (48 s), there are 4 ASL images obtained, each

ith a TR of 12 s: standard-ASL control image (20 ms), standard-ASL la-

elled image (20 ms), BCSFB-ASL control image (220 ms), BCSFB-ASL

abelled image (220 ms). This loop continues for a given number of rep-

titions. 

.6. Image processing and analysis for relative blood flow quantification 

When analysing standard-ASL images obtained with TE = 20 ms, a

ingle ROI was drawn for each subject across the cortex of the brain

sing the slice-selective FAIR image, and the mean voxel signal was

alculated across the ROI. For each ASL image pair, the non-selective

ean ROI value was subtracted from the slice-selective mean ROI value

o provide the perfusion-weighted signal ΔM, which was then divided

y the corresponding control magnetisation (non-selective signal, M c ). 

For the BCSFB-ASL images obtained with TE = 220 ms, two 3 × 2

oxel ROIs (12 voxels in total) were positioned on a slice-selective im-

ge, overlaid with the position of the lateral ventricles (Supplementary
3 
igure 1c). As with the standard-ASL analysis, the combined ROI aver-

ge signals were subtracted in a pairwise fashion to provide ΔM values.

For both standard- and BCSFB-ASL data, in a subject-wise manner,

M/M c values were divided by the mean ΔM/M c value for the 10-

inute baseline to provide a measure of relative, baseline-normalised

lood flow. The average normalised ASL signal during baseline was

aken and compared to the average normalised signal following the ad-

inistration of vasopressin/caffeine or during the period of CO 2 admin-

stration, using a paired t -test. A ten-minute analytical window at the

nd of the challenge period was used for IP challenges (vasopressin,

affeine, saline). The full ten-minute window was also averaged for the

ypercapnia challenge period. At this stage of technique validation, this

ummary measure provides a straightforward and conservative quantifi-

ation of the degree of response towards pharmacological or gas chal-

enges. 

.7. Mono-exponential model of ASL response to pharmacological 

hallenges 

The mean time-course data for vasopressin and caffeine were fitted

o a simple mono-exponential decay model for the purpose of providing

urther visualisation of responses towards pharmacological challenges.

 piecewise function was used, with the following equation: 

 = { 𝑏, 𝑥 < 10 
𝑏.𝑒𝑥𝑝 ( 𝑑. ( 𝑥 − 10 ) ) , 𝑥 ≥ 10 

here x = time (mins), y = relative blood flow, b = baseline blood flow,

 = mono-exponential decay constant. The switching point, x = 10 mins,

orresponds to the point when challenges were administered following

he baseline. 

. Results 

Interleaved-TE ASL measurements were obtained to investigate the

ffects of vasopressin, CO 2 , and caffeine on cortical perfusion and rates

f BCSFB-mediated arterial blood water delivery to ventricular CSF in

he C57BL/6 WT adult mouse brain ( n = 6). Administration of saline

ehicle revealed very subtle changes in cortical perfusion, and no mea-

urable change in the BCSFB-ASL signal (ASL signal: 2.3% mean change

rom baseline, p = 0.03; BCSFB-ASL signal: − 0.9% mean change from

aseline, p = 0.92; n = 9, Fig. 2 g, h). 

.1. Vasopressin 

Evidence from previous invasive measures, as well as previous non-

nterleaved, BCSFB-ASL acquisitions in our lab, has highlighted the abil-

ty of vasopressin to cause specific vasoconstriction at the BCSFB (with

o decrease in cortical perfusion) ( Evans et al., 2020 ; Faraci et al.,

988 ). Fig. 2 (a, b) shows the simultaneous response of cortical per-

usion and the BCSFB-ASL signal to a vasopressin challenge in 6 mice,
Fig. 1. Interleaved echo time ASL acquisition. 

Within a single 48 second repetition, 2 pairs of 

controlled and labelled images are obtained at 

echo times of 20 ms and 220 ms. 
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Fig. 2. Interleaved echo time ASL: cortical 

BF and BCSFB-ASL simultaneous responses to 

selected pharmacological/gas challenges. Top 

row: vasopressin. Second row: caffeine. Third 

row: CO 2 (following a distinct experimen- 

tal routine compared to the IP challenges). 

Averaged time courses alongside the mono- 

exponential model fittings are shown for cor- 

tical BF (a, c, e,) and the BCSFB-ASL signal (b, 

d, f). Bottom row: bar plots displaying group- 

averaged relative changes from baseline during 

a window in the challenge period, for cortical 

BF (g) and the BCSFB-ASL signal (h). Error bars: 

± SEM. 
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sing the interleaved echo-time ASL phMRI protocol. Averaged dynamic

ortical blood flow time course data revealed a significant, 15% aver-

ge increase from baseline upon vasopressin administration ( p = 0.010,

ig. 2 g). Conversely, the BCSFB-ASL time course data revealed a sig-

ificant vasopressin-induced decrease (mean change 58%, p = 0.00004,

ig. 2 h). In summary, as hypothesised, the application of a pharmaco-

ogical vasopressin challenge evoked significant and specific downreg-

lation of BCSFB function from baseline values, with no evidence for a

ecrease in cortical perfusion. 

.2. Caffeine 

Caffeine is a safe and commonly consumed drug ( van Dam et al.,

020 ) which has been repeatedly implicated as a significant modulator

f BCSFB physiology ( Han et al., 2009 ). Here we explored the potential

f caffeine to pharmacologically challenge the BCSFB, with functional

hanges captured using non-invasive methods for the first time. Fig. 2 (c,

) shows the simultaneous response of cortical blood flow and rates

f BCSFB-mediated blood water delivery to the CSF in response to a

affeine challenge. Imposing a caffeine challenge revealed significant

ecreases in the BCSFB-ASL signal by an average of 46% ( p = 0.0002,

ig. 2 d, h). However, caffeine administration did not evoke significant

hanges in cortical perfusion ( p = 0.27, Fig. 2 g). 
4 
.3. CO 2 

CO 2 is a vasodilatory agent commonly used to challenge the brain’s

asculature, with the extent of the haemodynamic ‘reactivity’ often in-

erpreted as a measure of cerebrovascular health ( Zhou et al., 2015 ;

astrup et al., 1998 ; Suri et al., 2015 ; Hurford et al., 2014 ). Here we

ere interested in investigating possible CO 2 -driven changes to vessel

one in the choroid plexus using MRI for the first time. Fig. 2 (e, f)

hows the simultaneous response of cortical blood flow and the BCSFB-

SL signal in response to a hypercapnia challenge. As expected, fol-

owing the administration of a hypercapnia challenge, there was a sig-

ificant increase in cortical perfusion ( p = 0.0038), averaging 21%

 Fig. 2 g). Furthermore, significant increases in the BCSFB-ASL signal

rom baseline were also detected upon inducing hypercapnia averaging

1% ( p = 0.031, Fig. 2 h). 

Previous studies have reported elevated levels of endogenous vaso-

ressin with ageing ( Frolkis et al., 2000 ; Keck et al., 2000 ; Johnson et al.,

994 ). As vasopressin is associated with reduced CP perfusion (see, for

xample, Fig. 2 d), this is thought to contribute to the established im-

airment of CP structure and function in the aged brain ( Johanson et al.,

999 ). 

To further probe the mechanistic interaction between BCSFB func-

ion, vasopressin and brain ageing using non-invasive methods, we ap-

lied the interleaved-TE ASL technique to a cohort of adult (5-months,
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Fig. 3. Interleaved echo time ASL: adult vs 

aged response to vasopressin. Top row: corti- 

cal BF response to vasopressin. Bottom row: 

BCSFB-ASL signal response to vasopressin. 

Averaged time courses alongside the mono- 

exponential model fittings are shown for both 

adult and aged cohorts, for cortical-BF (a) and 

the BCSFB-ASL signal (c). Bar plots display 

averaged relative changes in the adult and 

aged groups relative to baseline, for cortical BF 

(b) and the BCSFB-ASL signal (d). Error bars: 

± SEM. 
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m  
 = 14) and aged (23-months, n = 14) mice to measure the response of

he vessels within the BCSFB to a vasopressin challenge. We hypothe-

ised a reduced response to exogenous vasopressin in the aged cohort,

wing to the established elevation of endogenous levels of vasopressin

n blood plasma with ageing ( Frolkis et al., 2000 ). 

Fig. 3 shows the cortical BF and BCSFB-ASL signal responses follow-

ng vasopressin administration, in 14 adult and 14 aged mice, using an

nterleaved-TE ASL approach. We observe significant increases in cor-

ical blood flow following vasopressin administration in adult mice av-

raging 19% ( p = 0.003, data Fig. 3 a, b). Increases in average cortical

erfusion in aged mice bordered significance (11% average p = 0.057,

ig. 3 a, b). Post-hoc analysis revealed that there was no significant dif-

erence between the cortical reactivity to a vasopressin challenge be-

ween the adult and aged cohort ( p = 0.28). 

As expected, vasopressin induced a marked decrease in the BCSFB-

SL signal in the adult cohort, averaging 40% ( p = 0.00002, Fig. 3 c, d).

n contrast, the response to vasopressin in the aged cohort was damp-

ned, averaging a 6.8% decrease (not significant, p = 0.64, Fig. 3 c, d).

he marked 6-fold impairment in the response of the BCSFB-ASL sig-

al observed in aged mice vs their adult counterparts was statistically

ignificant ( p = 0.046, Fig. 3 d). 

. Discussion 

To date, studies investigating BCSFB function in-vivo have been lim-

ted in number. Historically, obtaining measurements of choroid plexus

erfusion necessitated the use of highly invasive techniques with in-

ectable radiotracers or contrast agents alongside terminal surgical pro-

edures, and hence were limited in their temporal resolution and trans-

atability ( Hubert et al., 2019 ; Prinzen and Bassingthwaighte, 2000 ).

he BCSFB-ASL technique provides a surrogate measure of BCSFB func-

ion by quantifying the rate of BCSFB-mediated delivery of endoge-

ous arterial blood water to ventricular CSF, by using an ultra-long

E (220 ms @ 9.4T), low spatial resolution readout ASL sequence.

ere, by arraying the ultra-long and short TEs used for BCSFB- and
5 
raditional-ASL, respectively, and keeping all other parameters constant,

he interleaved-TE ASL approach provides a platform to non-invasively

onitor simultaneous, dynamic changes in brain parenchymal perfusion

nd BCSFB-function in the mouse brain. 

Here, we demonstrate the application of this sequence to the field

f phMRI, where it may be particularly advantageous, since typically

nly a single dose of drug can be administered in a single imaging ses-

ion. We demonstrate differential responses to vasopressin and caffeine,

ighlighting the distinct physiology of the BBB associated with vessels

hat perfuse the cortex and the BCSFB within the CP. Moreover, we ap-

ly the method to probe the mechanistic interaction between BCSFB

unction, ageing, and vasopressin, recording a dampened pharmacolog-

cal response at the BCSFB to exogenous vasopressin in the aged mouse

rain. 

The BCSFB-ASL signal reflects the average rate of perfusion to the

P convolved with the permeability of the BCSFB to water (i.e. the ‘ex-

raction fraction’ ( Raichle et al., 1974 )) and the mass of the CP tissue (in

his case, within the lateral ventricles). It is important to note, therefore,

hat this measurement reflects the rate of delivery of labelled blood wa-

er across the BCSFB rather than the net secretion of CSF. We speculate

hat changes to the BCSFB-ASL signal driven by pharmacological/gas

hallenges measured here are primarily driven by alteration in vessel

one at the BCSFB, in turn modulating CP perfusion. For example, vaso-

ressin is known to cause vasoconstriction at the CP ( Faraci et al., 1988 )

ut increase vessel permeability to water ( Raichle and Grubb, 1978 ); we

easure a decreased BCSFB-ASL signal, suggesting that vasoconstric-

ion is the dominant mechanism. Indeed, vasopressin evoked a marked

58%) decrease in BCSFB-mediated blood water delivery to the CSF.

eproducing this finding, previously reported both with an invasive mi-

rosphere approach ( Faraci et al., 1988 ) and with un-interleaved BCSFB-

SL measurements ( Evans et al., 2020 ), demonstrates the sensitivity

f interleaved-TE ASL to detect an exclusive downregulation in BCSFB

unction, as hypothesised. 

Hypercapnia-induced cerebrovascular reactivity (CVR) measure-

ents using MRI-based approaches are frequently conducted both pre-
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linically and clinically. Dampened dilatory responses to CO 2 have

een implicated in many pathological conditions affecting the brain mi-

rovasculature, such as cognitive decline in ageing and dementia, hy-

ertension, as well as being associated with a higher risk of ischaemic

njuries ( Zhou et al., 2015 ; Kastrup et al., 1998 ; Suri et al., 2015 ;

urford et al., 2014 ). We report significant increases in cortical perfu-

ion under hypercapnia in the mouse brain, as hypothesised, alongside

imultaneous increases in the BCSFB-ASL signal to a similar magnitude.

espite the established increases in CBF following CO 2 administration,

here is limited and conflicting literature detailing the effects of hyper-

apnia to CP perfusion. Hypercapnia has been shown to significantly

ncrease CP blood flow in sheep by 27% ( Page et al., 1980 ), with other

tudies contradicting this finding by reporting an approximately 2-fold

ecrease in response to CO 2 ( Nakamura and Hochwald, 1983 ). Autora-

iography measurements in rats did not capture any CO 2 -driven changes

n CP blood flow ( Williams et al., 1991 ). Our results indicate a signifi-

ant, CO 2 -driven increase in CP perfusion of a similar magnitude to that

bserved in the cortex. 

Measurements of caffeine-induced CBF changes in humans and rat

odels have shown global and regional CBF decreases ( Addicott et al.,

009 ; Vidyasagar et al., 2013 ; Nehlig et al., 1990 ). However, there are

urrently no available reports detailing the effects of caffeine on CBF

n the mouse brain specifically. We provide dynamic data covering the

mmediate effects of caffeine, with no significant decreases in corti-

al BF observed here. The lack of significant decrease in cortical BF

bserved here may reflect a type II error, as prior studies would sug-

est any putative decrease to be relatively subtle. Nonetheless, our data

learly demonstrates the magnitude of caffeine-driven decreases in the

CSBF-ASL signal to be markedly greater than changes in cortical per-

usion, shown to be significant through post-hoc testing, p = 0.0006).

affeine has been found to be a potent modulator of BCSFB physiology

 Han et al., 2009 ). Indeed, the marked decrease of the BCSFB-ASL signal

uggests that the vasculature of the BCSFB is more dramatically affected

y caffeine-induced vasoconstriction than the vessels in the cortex. The

ose applied here, when allometrically scaled for human administration,

quates to approximately 2 espresso coffee shots, thus keeping translata-

ility as an important consideration ( Nair and Jacob, 2016 ). By virtue

f the convenient and commonplace ingestion of caffeine outside the

ealms of blood flow studies in humans, caffeine becomes an ideal can-

idate for studying the functional response of the BCSFB in a future

linical setting. 

Ageing remains the primary risk factor for the development of de-

entias such as Alzheimer’s Disease, as well as other neurodegenera-

ive conditions such as Parkinson’s disease ( Van Der Flier and Schel-

ens, 2005 ; Hou et al., 2019 ). The increased prevalence of these age-

ssociated disorders within our sociecty calls for a deeper understand-

ng of the changes which renders an ageing brain vulnerable to these

athologies. It has become increasingly evident that the CP-BCSFB lo-

us undergoes numerous morphological and functional changes within

he ageing brain, with associated impairment of the BCSFB’s role in se-

retory, transport, immune, and barrier function ( Balusu et al., 2016 ;

andenbroucke, 2016 ; Serot et al., 2001 ). These changes include hy-

operfusion of the CP ( Evans et al., 2020 ), impaired CSF production and

urnover ( Redzic et al., 2005 ), changes in epithelial cell metabolism and

ransport ( Chen et al., 2009 ), the deposition of various species within

he cell cytoplasm of the epithelial cells, and calcification of the base-

ent membrane ( Marques et al., 2013 ). Obtaining novel measurements

f BCSFB reactivity may provide a source for upstream disease biomark-

rs which give insights into the barrier’s functionality and improve the

urrent understanding of early pathological events. 

Significant increases in endogenous levels of vasopressin in the blood

ave been reported in ageing, both in humans and in animal models

 Frolkis et al., 2000 ; Keck et al., 2000 ; Johnson et al., 1994 ). At the

CSFB, vasopressin binds to V1 receptors situated on the CP epithelial

ell (CPec) membrane ( Faraci et al., 1988 ). Alongside the subsequent

asoconstriction to decrease CP blood flow and decrease CSF secretion,
6 
his binding event can induce a transition towards the formation of dark

P epithelial cells ( Sturrock, 1979 ), observed distinctly in-vitro and in-

ivo . Although the study of these dark cells has been limited, they have

een shown to occur naturally in-vivo , in the adult mammalian brain of

ice, dogs and humans ( Liszczak et al., 1986 ; Dohrmann, 1970 ). Pre-

ious work comparing infant to adult rats have shown increases in the

umber of dark cells within the BCSFB with age, linked to the aforemen-

ioned increase in endogenous vasopressin plasma concentrations with

geing. A more prominent dark cell population modifies hemodynam-

cs and fluid transfer across the BCSFB, i.e. decreasing both perfusion

o the CP and CSF secretion rates ( Johanson et al., 1999 ). Therefore,

t is possible that the increases in endogenous vasopressin, associated

ith increased dark cell formation, may contribute to decreases in the

eactivity, perfusion, and secretory efficiency of the BCSFB with age. We

ypothesised that as a result of the impairment in functionality follow-

ng the changes in structure and function of the BCSFB, combined with

he increased level of endogenous vasopressin within the aged brain,

he aged mouse brain will display a decreased magnitude of reactivity

owards a vasopressin challenge relative to their strain-matched adult

ounterparts. Aged mice were shown to have a significant, dramatic re-

uction, in their reactivity to a vasopressin challenge when compared

o adult mice. As such, this finding represents the first demonstration

f a differential response of the BCSFB to a pharmacological challenge

cross different brain states (in this case the aged vs adult mouse brain).

t would be interesting to apply the methods to mouse models of neu-

odegenerative conditions such as AD in future studies. 

In this work, blood pressure was not recorded. However, this is un-

ikely to be a significant confound for data interpretation as: i) in the

ase of caffeine, several studies have shown that at clinically relevant

oses, caffeine causes a relatively subtle increase in BP that is well

ithin autoregulatory limits ( Flueck et al., 2016 ); ii) for CO 2 , previ-

us studies have shown that increased CBF is primarily driven by lo-

al vasodilation in the brain and not systemic changes in BP ( Kety and

chmidt, 1948 ; Wagerle and Mishra, 1988 ); iii) vasopressin is known to

ncrease BP, however we observe a significant decrease in the BCSFB-

SL signal, suggesting that local changes in vessel tone are the dominant

echanism underlying this change. 

Currently, the intraperitoneal dose of vasopressin used in our ex-

eriments equates to approximately 45 U/kg. This dose, was chosen to

rovide a robust and reproducible response to maximise sensitivity in

he mechanistic study on the ageing mice, based on previous measure-

ent in our lab ( Evans et al., 2020 ). Allometric conversion to a human

ose gives an approximate dose of 4 U/kg. Vasopressin is used clini-

ally, albeit not for vascular reactivity protocols, at a dosing range 1–

 orders of magnitude lower than our chosen dose ( Vasostrict, 2021 ;

itra et al., 2011 ). Thus, there is potential for refinement in the dosing,

elivery, and/or imaging paradigm to enable the measurement of BCSFB

unctionality without requiring such large doses. Promisingly, recent

ork has provided encouragement that it is possible to measure appar-

nt choroid plexus perfusion using ASL techniques in the human brain

 Johnson et al., 2020 ; Zhao et al., 2020 ). Therefore, it may also be pos-

ible to apply these methods clinically, to investigate relative changes

n CP perfusion in response to a drug or challenge, as performed here

sing the BCSFB-ASL approach. 

It is important to consider the technical challenges to clinical trans-

ation of the method. As shown in our recent work ( Evans et al., 2020 )

 Evans et al., 2020 ), the BCSFB signal across the lateral ventricles is

arkedly smaller than the standard ASL signal from the parenchy-

al tissue (primarily reflecting the relatively small volume of CP tis-

ue within the lateral ventricles and the long TE). Nonetheless, we are

ble to detect relatively small signals from labelled blood water that

as been delivered to the CSF compartment during the TI, in compar-

son to the signal detected from our TE = 20 ms (standard-ASL) mea-

urement ΔM/M0 = 0.034 ( ± 0.003) TE = 20 ms, vs 0.004 ( ± 0.001)

t TE = 220 ms (saline group average, n = 9). This corresponds to

n estimated cortical perfusion of 243 ( ± 8) ml/100 g/min and rate of
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CSFB-mediated labelled blood water delivery to the CSF of 21.8 ( ± 2.6)

l/100 ml/min. 

In the human brain, reliable measurement of the BCSBF signal will be

ade challenging by the lower flow rates and increased arterial transit

imes relative to the mouse brain as well as the decreased T1 of the blood

ater at clinical field strengths. This will be offset, however, by the large

ncrease in brain volume and CP tissue as well as modern sequence and

ardware innovations such as multi-channel receiver coils. Encourag-

ngly, measurements of the exchange time (~tissue transit time-arterial

ransit time) of labelled water across the BBB suggests similar timescales

etween the mouse and human ( Gregori et al., 2013 ; Ohene et al., 2019 ),

uggesting that the transfer of labelled water across the BCSBF should

ccur within clinically relevant ASL timing parameters (labelling dura-

ion and PLD) in the human brain. 

An interesting feature of the measurement is that a low-resolution

eadout can be used to boost sensitivity due to lack of partial volume ef-

ects from blood and tissue at ultra-long TE. As such, the BCSBF-ASL

echnique aims to capture a measure of the total amount of BCSFB-

ediated labelled blood water delivery to the lateral ventricles as a

urrogate index of BCSFB function within the lateral ventricles. In this

ay the integral of the BCSFB signal is taken across the entire lateral

entricles meaning that this measure will be independent of ventricle

olume and location of the CP within the lateral ventricles. Importantly,

he low-resolution imaging comes at little cost since, unlike imaging of

he blood brain barrier, where parenchymal vascular delivery often has

igh spatial affinity to the location of tissue metabolism, the measures of

CSFB function have little need for high spatial resolution because the

aterial delivered from the blood to the CSF is immediately dispersed

round the ventricular compartment due to CSF pulsation. 

In conclusion, our results illustrate the value of an interleaved-TE

SL MRI approach to quantify pharmacologically-induced changes to

essels that make up the BBB in the cortex and the BCSFB in the choroid

lexus. Caffeine appears to be a promising candidate to challenge the

asculature of the BCSFB, owing to the marked response of the BCSFB-

SL measurement to this safe and readily available drug. In response to

asopressin, an aged cohort displayed a marked impairment in BCSFB

reactivity’, relative to an adult cohort. Importantly, these results high-

ight the capability of such measurements to be utilised as a biomarker

or probing altered functionality and pathophysiology in the aged or dis-

ased brain, providing a potential novel biomarker of age-related cog-

itive decline. 
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