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Development of an Ex Vivo Model for the Study
of Cerebrovascular Function Utilizing Isolated Mouse
Olfactory Artery

Hyung-Jin Lee, M.D.," Hans H. Dietrich, Ph.D.,*** Byung Hee Han, Ph.D.,>* Gregory J. Zipfel, M.D.>*
Department of Neurological Surgery,! The Catholic University of Korea, Daejeon St. Mary's Hospital, Daejeon, Korea

Hope Center for Neurological Disorders,” Department of Neurological Surgery,® Alzheimers Disease Research Center;*
Washington University School of Medicine, St. Louis, MO, USA

Objective : Cerebral vessels, such as intracerebral perforating arterioles isolated from rat brain, have been widely used as an ex vivo model to study
the cerebrovascular function associated with cerebrovascular disorders and the therapeutic effects of various pharmacological agents. These perforat-
ing arterioles, however, have demonstrated differences in the vascular architecture and reactivity compared with a larger leptomeningeal artery which
has been commonly implicated in cerebrovascular disease. In this study, therefore, we developed the method for studying cerebrovascular function
utilizing the olfactory artery isolated from the mouse brain.

Methods : The olfactory artery (OA) was isolated from the C57/BL6 wild-type mouse brain. After removing connective tissues, one side of the isolated
vessel segment (approximately =500 pm in length) was cannulated and the opposite end of the vessel was completely sealed while being viewed
with an inverted microscope. After verifying the absence of pressure leakage, we examined the vascular reactivity to various vasoactive agents under
the fixed intravascular pressure (60 mm Hg).

Results : We found that the isolated mouse OAs were able to constrict in response to vasoconstrictors, including KCI, phenylephrine, endothelin-1,
and prostaglandin PGH.. Moreover, this isolated vessel demonstrated vasodilation in a dose-dependent manner when vasodilatory agents, acetylcho-
line and bradykinin, were applied.

Conclusion : Our findings suggest that the isolated olfactory artery would provide as a useful ex vivo model to study the molecular and cellular mech-
anisms of vascular function underlying cerebrovascular disorders and the direct effects of such disease-modifying pathways on cerebrovascular func-
tion utilizing pharmacological agents and genetically modified mouse models.

Key Words : Cerebral artery - Vasodilation - Vasoconstriction.

INTRODUCTION

Tissue-organ bath systems have been widely used in ex vivo
studies for cerebrovascular function by measuring the forces in
strips or rings of isolated vessel segments™'*****”, whereas the
transcranial window methods have been developed to study the
vessel function in vivo in live experimental rodents', in particu-
lar, in leptomeningeal arteries and arterioles (only to a depth of
250 um from the cortical surface)'”*”. The ex vivo studies would
have several advantages over the in vivo cranial window methods
in the following respects : 1) this method allows dose-escalating
and/or antagonism studies, 2) biochemical degradation and/or
metabolism of applied agents is negligible, 3) the effects of non-

vascular cells (i.e., glial and neuronal cells) can be removed, and
4) studies can be performed under physiologic as well as patho-
physiological conditions. Larger pial arteries, where blood pres-
sure and blow flow rate are tightly regulated, have been utilized
in ex vivo studies largely because of the easiness of their prepara-
tion™””. In addition, Dacey and Duling” first demonstrated that
small arterioles (i.e., perforating arterioles) served as an ex vivo
experimental system though there were more technical difficulty
as compared with the large vessel preparation.

The “vessel conduit system” utilizing intracerebral perforating
arterioles isolated from rat brain has provided as a gold standard
ex vivo model for many years**”*'*"”. Though this method with
an organ bath setting is well suited for microvessel experiments,
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especially in terms of minimal mechanical injury during prepa-
ration*”, utilization of larger vessels (i.e., leptomeningeal arteries
form mouse brain) has not been addressed. For example, ana-
tomically, intracerebral large subarachnoid arteries [as middle ce-
rebral artery (MCA)] of rodents show a short interbranch dis-
tance relative to vessel diameter, which makes it difficult to find
along (0.5-1 mm), branch-free segment feasible for cannulation.
In this study, we developed the method for isolation of the olfac-
tory artery from the mouse brain and characterization of vascular
reactivity.

MATERIALS AND METHODS

Dissection and isolation of the olfactory arteries

All procedures were approved by the Washington University
Advisory Committee for Animal Resources. Male C57/BL6 mice
(10 to 14 weeks of age) were purchased from the Jackson Labo-
ratory (Bar Harber, ME, USA) and anesthetized with sodium
pentobarbital (30 mg/kg, i.p.). We isolated the olfactory artery per
published protocol*””. Briefly, the brain was rapidly removed
cautiously without damaging vessels within the Circle of Willis
and basal large arteries. The removed brain was faced to ventral
surface up for the olfactory artery (OA)” dissection in cooled (4°C)
chamber with 3-(N-morpholino) propanesulfonic acid (MOPS)-
buffered saline (in mmol/L : 144 NaCl, 3.0 KCl, 2.5 CaCl,, 1.4
MgSO,, 2.0 pyruvate, 5.0 glucose, 0.02 ethylenediaminetetraace-
tic acid, 1.21 NaH,PO,, and 2.0 MOPS) containing 1% dialyzed
bovine serum albumin. Of note is that the OA is also named in-
ternal ethmoidal artery (IEA) (Fig. 1)***”. Under a surgical mi-
croscope, both OAs were separated from the parenchyma and in
turn an unbranched OA vessel segment (approximately 500 pm

PCA

Fig. 1. Anatomical structure of leptomeningeal arteries in mouse brain. OA :
olfactory artery (also called internal ethmoidal artery), ICA : internal carot-
id artery, ACA : anterior cerebral artery, MCA : middle cerebral artery, PCA :
posterior cerebral artery, BA : basilar artery.

or longer) was prepared for cannulation.

Cannulation

The isolated vessel was carefully transferred with a Wiretrol I
5-10 pL micropipette (Drummond Scientific Co., Broomall, PA,
USA) from dissection chamber to a temperature controlled can-
nulation chamber (2.5 mL) which was mounted on a stage of an
inverted microscope (Zeiss TV 200, Thornton, New York, USA).
The holding and perfusion pipettes used for cannulation were
fabricated by pulling and shaping glass tubes (Drummond Sci-
entific Co;; 2.13 mm O.D,, 1.63 mm IL.D,, and 1.19 mm O.D,, 1.02
mm LD, respectively; 15-cm length) using a microforge (Stoelt-
ing Co., Wood Dale, IL, USA). The collecting pipettes were also
fabricated from the same glass as the holding pipettes (2.13 mm
O.D,, 1.63 mm LD.). The final holding pipette diameter was 80—
90 um and perfusion pipette diameter was 45-50 um. The vessel
was cannulated at one end with the concentrically mounted per-
fusion (inner) and holding (outer) pipette system. The opposite
end was completely sealed by the collecting pipette. All experi-
ments were performed at a fixed intravascular pressure (60 mm
Hg) applied through the perfusion pipette without intraluminal
flow (Fig. 2). After successful cannulation, the bath temperature
was raised from room temperature to 37.5°C. We discarded ves-
sels if there was a pressure drop. We equilibrated the cannulated
artery in the organ bath for 45 minutes. Before the experiment,
vessel responsiveness was tested by applying 50 mM KCl. If the
vessel showed good response, we further investigated vessel re-
sponses to other vasoactive agents after washing out KCl thor-
oughly. If the vessel showed a poor response to 50 mM KCl (less
than 15% diameter change), we discarded the vessel.

Equipments

The organ bath was continuously circulated with MOPS buf-
fer using a peristaltic pump (model 203, Scientific Industries, Bo-
hemia, NY, USA) at a rate of 0.5 mL/min. The cannulation pi-
pettes are mounted in custom made plexiglas holders, which
have side ports to allow intraluminal pressure application and
measurement as well as suction to aspirate the vessel. The plexi-
glas holders were mounted on a microscope mounted V-track

Fig. 2. Cannulated olfactory artery of mouse with fixed intraluminal pres-
sure (60 mm Hg). Holding (arrowhead) and perfusion pipette (arrow) are
located at right. Collecting pipette is shown at left.
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system”. The artery was observed with the aid of a video system
(DageMTI Inc., Michigan City, IN, USA) and displayed on a
monitor. For measurement of the vessel diameter, a computer-
ized diameter tracking system (Diamtrak software, Tim Neild,
Adelaide, Australia) was used. The vessel diameter and pressure
data were recorded and digitally stored continuously.

Vascular reactivity tests

We applied all drugs dissolved in MOPS at 37.5°C sequentially
from low to high concentrations. After the vessel responsiveness
was confirmed with KCl, we added phenylephrine (PE; Sigma,
St. Louis, MO, USA), followed by prostaglandin PGH, (U-46619;
Sigma) or endothelin-1 (ET-1; Sigma, St. Louis, MO, USA). Af-
ter applying of KCl and PE, we waited until the vessel diameter
returned to the initial baseline by washing out the former drug
completely at least for 20 minutes. For the dilation activity study,
we induced submaximal constriction with PE 5x10° M. If the
vessel showed good response with PE 5x10° M (more than 8%
diameter change), we applied acetylcholine (ACh; Sigma, St. Lou-
is, MO, USA) and bradykinin (BK; Sigma, St. Louis, MO, USA).
If the vessel showed poor response less than 8% diameter change
with PE 5x10° M, we discarded the vessel because it could be dif-
ficult to detect vasodilatory effect clearly.

Data analysis

Only one vessel was used from each animal. Values were ex-
pressed as mean+tstandard error of mean where n indicated the
number of vessels studied. One-way repeated-measure analysis of
variance (ANOVA) was performed to test for differences between
concentration-response of KCI relationships. Agonist compari-
sons for concentration-response curves were analyzed with a two-
way ANOVA with repeated measures using the PROC Mixed
General Linear Models associated with the Statistical Analysis
Software (SAS 9.3, SAS Institute, Inc., Cary, NC, USA). The Log
(ECso) values (concentration producing 50% of the maximal re-
sponse) were calculated by nonlinear regression analysis of con-
centration-response curves of each agonist (Prism 5.0, Graph Pad
Software Inc., San Diego, CA, USA). We used the equation to cal-
culate the percent of constriction as [(Dinita-Darug)/Dinisa] X 100%,
where Diniia is the diameter just before applying vasoconstrictor
and Dy, is the diameter after vasoconstrictor. Percent dilation was
calculated using the equation [(Dirug-Dbase)/(Dinitiai-Dpase) X 100%,
where Dar, is the diameter in drug for vasodilator and Dy is the
diameter in drug for submaximal constriction and Diya is the di-
ameter just before applying vasoconstrictor (PE 5x10° M). We
considered a two-sided p<0.05 statistically significant.

RESULTS

Vascular responses to vasoconstrictors

The baseline diameter of mouse OAs in this study was 120+
3.5 um (n=28) at 60 mm Hg. Application of a depolarizing agent
of KCI showed a dose-dependent vasoconstriction (n=12) (Fig.

3). The maximal constriction with 150 mM KCl was 46.3+3.9%.
We then examine the response of OAs to the strong vasocon-
strictor (n=20). We found there were two populations of vessels :
1) the vessel segments (n=15) having constriction by >8% in re-
sponse to 1x10” M PE (28.6%3.8%) (Fig. 4), or 2) the vessel seg-
ments (n=5) having constriction by <8% in response to 1x10° M
PE (2.6+0.6%), though all vessel segments revealed substantial
vasoconstriction to KCL. U-46619 induced a maximal constric-
tion (49.4+6.3%, n=9) at a concentration of 1x10° M (Fig. 4). The
ET-1, known as a potent vasoconstrictor, showed most signifi-
cant and prolonged vasoconstriction in most of the OAs tested
with the greatest potency and efficacy among the vasoconstric-
tors tested (43.7+4.7% at 1x10™ M, n=8) (Fig. 4).
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Fig. 3. Vasoconstrictory response of isolated olfactory artery to the depo-
larizing agent of KCI (n=12).
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Fig. 4. Vasoconstrictory response of isolated olfactory artery to phenyleph-
rine (n=15), U-46619 (n=9), and endothelin-1 (n=8). The (-LogECs,) values
of ET-1, U-46619, and PE were 8.95=inf, 7.66+0.29, and 5.43+0.17 M,
respectively. The vasoconstriction values tended to increase over the con-
centration with all of the agonist (p<0.0001). This difference was signifi-
cant among the three agonist (p<0.0001). ET-1 : endothelin-1, PE : phen-
ylephrine.
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Fig. 5. Vasodilatory response of isolated olfactory artery to acetylcholine
(n=8) and bradykinin (n=8). The (~LogECs) values of BK and ACh were
10.14+2.38 and 6.70+0.73 M, respectively. The vasoconstriction values
tended to increase over the concentration with all of the agonist (p<0.0001).
This difference was significant between BK and ACh (p=0.0139). BK : bra-
dykinin, ACh : acetylcholine.

Vascular responses to vasodilatory agents

Next, we examined the vasodilatory responses of the isolated
OAs under the condition that the vessels were sub-maximally
pre-constricted in the presence of 5x10° M PE. We found that
both ACh and BK (1x10™"'~1x10™* M) induced vasodilation in a
dose-dependent fashion. The maximal vasodilation was ob-
served when the vessels were treated with 1x10™* M Ach (54.7+
6.3%, n=8) or 1x10°° M BK (35.7+9.0%, n=8) (Fig. 5).

DISCUSSION

In the present study, we recorded the vascular reactivity of iso-
lated mouse olfactory artery ex vivo which constricted in response
to various vasoconstrictors, including KCl, PE, ET-1, and a throm-
boxane agonist (prostaglandin PGH,; U-46619). Moreover, this
isolated vessel demonstrated vasodilation in a dose-dependent
manner when treated with vasodilatory agents including acetyl-
choline and bradykinin. Our findings suggest that the isolated ol-
factory artery would provide as a useful ex vivo model to study the
molecular and cellular mechanisms of vascular function under-
lying cerebrovascular disorders and the direct effects of such dis-
ease-modifying pathways on cerebrovascular function utilizing
pharmacological agents and genetically modified mouse models.

Leptomeningeal arteries have distinct features morphological-
ly and functionally as compared with perforating arterioles and
capillaries in the brain. For example, leptomeningeal arteries (also
called subarachnoid and pial arteries) are surrounded by the ce-
rebrospinal fluid and have multiple layers of vascular smooth
muscle cells (VSMCs), while smaller branches of cerebral vessels
like perforating arterioles is consist of a single layer of VSMCs™".
An inner elastic lamina is seen in the major leptomeningeal ar-
teries but not in the perforating arterioles'”. In mouse model of
cerebral aneurysm, we can see the typical anatomic feature of large
leptomeningeal artery at OA'. Large pial arteries are innervat-
ed, but perforating arterioles are not”. In fact, smaller perforat-

ing arterioles are closely communicated with surrounding glial
cells and neuronal parenchymal elements, which leads to distinct
vascular reactivity to vascular stimuli. In one hand, large lepto-
meningeal arteries are more sensitive to sympathetic nerve stim-
uli’”, whereas small arterioles are more reactive than that of large
arteries to a certain condition such as an elevation of pCO, or
hypercapnia'™"”. On the other hand, large cerebral arteries are
more sensitive to changes in blood pressure while cerebral blood
flow in these vessels remains unchanged via an autoregulatory
mechanism'®. Thus, because of their anatomical and functional
differences between large leptomengeal arteries and small perfo-
rating arterioles, one cannot extrapolate the findings from the
large arteries to those of the small arterioles, or vice versa.

Dacey and Duling” initially developed an elegant ex vivo ex-
perimental system where perforating arterioles isolated from rat
brain was utilized. Since genetically modified mouse models (de-
signed to either deplete or overexpress target proteins) have been
more widely used in the many setting of neurovascular disease, ex
vivo experiments utilizing such genetically modified mice are de-
sired. However, the ex vivo experimental technique, in particular,
using large leptomeningeal arteries of mice has not been fully es-
tablished largely due to the technical difficulty in isolation of ce-
rebral vessels without physical stress and cannulation of these lep-
tomeningeal arteries. Though one study reported that perforating
intracerebral arterioles demonstrates spontaneous tone and re-
sponses to vasoactive reagents”, we observed that these perforat-
ing arterioles from C57Bl6 mouse (the same type of mouse that
Coyne et al.” used in the study) often had many small branches
of arterioles; therefore, it was difficult to maintain the intralumi-
nal pressure (60 mm Hg) consistent throughout the experiment.
Similarly, we found a large vessel segment of the proximal mid-
dle cerebral artery had the same issue. We, therefore, sought to
examine what vessel segment of large leptomeningeal arteries in
C57Bl6 mouse (the most common source strain of genetically en-
gineered mice) would be more feasible for ex vivo studies without
such technical problems.

We tried to find out unbranched intracerebral large artery that
was easy to handle with proper size during vessel isolation and
cannulation. During preliminary anatomical dissection study, OAs,
which was also named IEAs had fewer branches and was suitable
size to manipulate™”. Also OA was remarkably constant in its
origin, size and course in rat” and it was similar in mouse, we
found the olfactory segments from mouse brain showed slightly
smaller diameter than that of the vessel segments from the prox-
imal MCA (40-90 um)'*? before pressure loading. After cannu-
lation and incubation with an intraluminal pressure of 60 mm Hg,
these vessels passively dilated up to 120+3.5 um in diameter by
45 min post incubation, which is also smaller to MCA diameter
of 142.5+7.9 pm”). In contrast, it was reported that isolated per-
forating arterioles showed spontaneous constriction under the
same bathing medium as our experimental condition during this
period of incubation after cannulation®”, indicating functional
difference between leptomeningeal and perforating vessels. This
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notion is further supported by previous studies demonstrating
that pial arteries and perforating arterioles responded differently
to reperfusion after transient ischemia'”’. We found the isolated
olfactory artery was capable to dilate as well as constrict in response
to vasoactive agents (Fig. 4). In fact, vascular reactivity of the ol-
factory artery to these vasoactive agents is to some extent com-
parable to that of the MCA of mouse brain"*"*?. For example, the
potent vasoconstrictor ET-1 induced vasoconstriction by 43.7+
4.7% at a concentration of 1x10® M in the olfactory artery (Fig.
4) while it constricted the MCA by 47.8+4.2% at 5x10°* M". In-
terestingly, we found though most of the selected olfactory arter-
ies (15 of 20) displayed consistent vasoconstrictor response 1x
10° M of PE, the rest of vessels showed little response to PE. This
variable response could be possible that the distribution of a-
adrenergic receptors varies between the isolated olfactory arteries.

The limitations of this study are small number of experimental
vessels and we added chemical agents only extraluminally. More-
over, our laboratory processes require learning period to be ac-
customed due to meticulous manipulation of vessels and han-
dling of fine glass tube. Despite these limitations, our study suggests
that isolated mouse OA is a useful ex vivo model of large lepto-
meningeal artery.

CONCLUSION

In the present study, we were able to isolate the olfactory arter-
ies from mouse brain without causing apparent traumatic dam-
age and measure the vessel reactivity to vasoactive agents, sug-
gesting that mouse olfactory arteries can be used to study the
molecular and cellular mechanisms of cerebrovascular function.
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