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Eberth JF, Popovic N, Gresham VC, Wilson E, Humphrey JD. Time
course of carotid artery growth and remodeling in response to altered
pulsatility. Am J Physiol Heart Circ Physiol 299: H1875–H1883, 2010. First
published September 17, 2010; doi:10.1152/ajpheart.00872.2009.—Eluci-
dating early time courses of biomechanical responses by arteries to
altered mechanical stimuli is paramount to understanding and even-
tually predicting long-term adaptations. In a previous study, we
reported marked long-term (at 35–56 days) consequences of increased
pulsatile hemodynamics on arterial structure and mechanics. Moti-
vated by those findings, we focus herein on arterial responses over
shorter periods (at 7, 10, and 14 days) following placement of a
constrictive band on the aortic arch between the innominate and left
carotid arteries of wild-type mice, which significantly increases pul-
satility in the right carotid artery. We quantified hemodynamics in
vivo using noninvasive ultrasound and measured wall properties and
composition in vitro using biaxial mechanical testing and standard
(immuno)histology. Compared with both baseline carotid arteries and
left carotids after banding, right carotids after banding experienced a
significant increase in both pulse pressure, which peaked at day 7, and
a pulsatility index for velocity, which continued to rise over the
42-day study despite a transient increase in mean flow that peaked at
day 7. Wall thickness and inner diameter also increased significantly
in the right carotids, both peaking at day 14, with an associated
marked early reduction in the in vivo axial stretch and a persistent
decrease in smooth muscle contractility. Glycosaminoglycan content
also increased within the wall, peaking at day 14, whereas increases in
monocyte chemoattractant protein-1 activity and the collagen-to-
elastin ratio continued to rise. These findings confirm that pulsatility
is an important modulator of wall geometry, structure, and properties
but reveal different early time courses for different microscopic and
macroscopic metrics, presumably due to the separate degrees of
influence of pressure and flow.

pulse pressure; mouse aortic banding model; hypertension; cyclic
strain; mechanics

TIME-DEPENDENT RESPONSES of the arterial system to alterations in
local mechanical stimuli result from complex interactions be-
tween effectors (e.g., blood pressure and flow) and sensors
(mechanosensitive cells). The intricacy of these relationships is
compounded by the cyclic nature of the hemodynamic loads
experienced in vivo, for these stimuli can have both steady and
unsteady components with varying frequencies (14); in the
case of flow, there is also potential for reversal (42). Compen-
satory changes in cellular distribution and extracellular matrix
(ECM) composition in response to altered mechanical stimuli
are fundamental to both cardiovascular physiology and patho-

physiology (2, 11, 15). In fact, evidence suggests that pulse
pressure should now be considered an important, independent
indicator or initiator of cardiovascular risk and disease (3, 33).

Elastin endows large arteries, which experience substantial
cyclic distensions, with a significant passive elastic recoil that
promotes flow during diastole; proteoglycans provide some
viscous dissipation; and fibrillar collagen provides stiffness
that protects smooth muscle cells from acute overextension
during pressurization and thereby preserves contractility (9).
The magnitude of arterial pulsations results from a complex
interplay of wall properties, downstream resistances, and re-
flected waves and thus varies with location along the vascular
tree (33). Endothelial cells, smooth muscle cells, and fibro-
blasts sense altered hemodynamics directly or indirectly and
modify the organization, synthesis, and degradation of struc-
turally significant constituents within the ECM to restore,
within a tolerance, intramural and wall shear stresses toward
normal (4, 15, 18). Cyclic stimulation can greatly influence this
relationship by modulating cellular differentiation status (37),
including associated production/removal of matrix (7, 11, 19,
26, 40). This phenomenon has been well documented in vitro
by subjecting cultured vascular cells to static vs. cyclic stretch-
ing (19, 20, 26, 40, 42) but has not been explored fully in vivo,
where three-dimensional cell-cell and cell-ECM matrix inter-
actions are important (11).

We previously showed that mouse carotid arteries exhibit a
significant growth and remodeling response that correlates
better with pulsatile than mean stimuli 35 to 56 days after an
aortic banding-induced hypertension (7). There is a pressing
need, however, to understand better the early time course of
such responses, that is, to quantify how wall structure and
properties evolve over days or weeks to optimize long-term
function over the cardiac cycle. Such information will also
prove essential in the development of predictive mathematical
models of arterial disease that promise to improve interven-
tional planning. In this study, we examine the hypotheses that
marked carotid artery remodeling occurs within the first 1–2
wk following an abrupt but sustained increase in pulse pressure
and that associated changes in ECM are mediated in part by a
local upregulation of monocyte chemoattractant protein-1
(MCP-1). Toward this end, we quantified changes in morphol-
ogy, histology, and biomechanics 0, 7, 10, 14, or 42 days after
pulse pressure was increased in the right common carotid
artery by placing a constrictive band on the aortic arch just
distal to the innominate artery.

METHODS

The Texas A&M Institutional Animal Care and Use Committee
approved all surgical and experimental protocols, details of which are
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provided in Eberth et al. (7). Briefly, transverse aortic arch banding
surgery was performed, at 9–10 wk of age, on wild-type male mice
having a hybrid C57BL/6J and 129Sv background. A constant-
diameter (�400 �m) ligature (or band) was secured around the aorta
between the innominate and left common carotid arteries to reduce
locally both the compliance and lumen within the aortic arch. This
surgical procedure forces a reflected periodic pressure wave through
the right common carotid artery, thus increasing its pulsatile pressure
and flow while maintaining nearly the same mean values as in the left
common carotid (22); this increased pulsatility on the right side was
evident immediately after banding. Mice were then allowed to recover
for 0, 7, 10, 14, or 42 days after surgery, at which time a tail-cuff
transducer was used to measure blood pressure, ultrasound was used
to measure blood velocities in both common carotid arteries as well as
within the aortic constriction, and the carotids were excised for in
vitro biaxial testing and subsequent histology.

The pulsatility index (PI), a normalized metric of pulsatile blood
velocity, was calculated from velocity measurements in the carotids,
namely PI � (Vmax � Vmin)/Vmean, where V is velocity (12). Blood
pressures were estimated in the left carotid via Poiseuille’s relation,
and the pressure was measured via the tail cuff; verified relations for
a pressure drop across a stenosis were then used to estimate pressures
in the right carotid (22). In vitro biaxial mechanical tests were
performed on the excised, paired carotid arteries from each mouse
with the use of a custom mechanical test system (10), and pressure-
diameter/axial force-length data were collected during cyclic pressur-
ization (from 0 to 140 mmHg) and axial extension (from 0 to 8.8 mN
loading) protocols under basal smooth muscle tone. Overall smooth
muscle and endothelial cell function were then evaluated at constant
pressure (80 mmHg) and axial extension (individual in vivo value)
using function testing protocols outlined in Eberth et al. (8); that is,
time-dependent changes in diameter at constant pressure in response
to 10�5 M phenylephrine and then 10�5 M sodium nitroprusside.
Only those vessels that retained at least minimal function (i.e., �5%
uniform change in diameter after dosage with vasoreactants) were
included in the data analysis. Preliminary studies suggested that both
nonuniform constriction/dilation and complete loss of smooth muscle
or endothelial response were due primarily to excessive stretching
during excision, mounting, or mechanical testing, which occurred in
12.3% of all vessels. Finally, histology was performed using cross
sections stained with hematoxylin and eosin (H&E), Verhoeff-Van
Gieson (VVG), Picro-Sirius red (PSR), or Safranin-O and quantified
with computer-aided Hue-Saturation-Luminescence (HSL) threshold-
ing (cf. Ref. 13). The ratio of monocyte chemoattractant protein-1
(MCP-1) to elastin was quantified (7) using an anti-MCP-1 antibody
(green fluorescence) and elastin (red) autofluorescence.

Data from right and left common carotid arteries 7, 10, 14, or 42
days after banding (RCCA-B and LCCA-B, respectively) were com-
pared either at a particular end point or relative to data from day 0
baseline common carotid arteries (CCA). Overall, 42 arteries were
studied from 21 mice (n � 4–5 per group). Outliers were removed
from hemodynamic and arterial wall measurements using the quartile
method. Prior findings demonstrated significant long-term changes,
relative to baseline controls, due to increased pulse pressure in this
mouse model (7). Time course data reported by Xu et al. (41) and Hu
et al. (13), based on descending thoracic aorta coarctation models in
other species, suggest, however, that significant remodeling may
occur within the first 2 wk following surgery. Hence, our focus was to
compare expected differences in remodeling responses by RCCA-B
and LCCA-B at early end points, namely, 7, 10, and 14 days following
banding surgery. Comparisons of hemodynamic, mechanical, and
histological metrics were considered statistically significant when P �
0.05, with P calculated based on the Student’s t distribution using n �
2 degrees of freedom and two tails.

RESULTS

Mean arterial pressure (MAP) was virtually identical (98.1 �
4.44 mmHg) for the right and left carotids at day 0 (dotted line
in Fig. 1A) and did not change markedly in either side over the
42 days following banding. Diastolic pressure did not change
much in RCCA-B but dropped slightly in LCCA-B. Systolic
pressure increased significantly at day 7 in RCCA-B (147 �
0.616 mmHg) compared with CCA (120 � 1.91 mmHg),
reached a peak at day 14 (154 � 8.42 mmHg), and returned
toward baseline at day 42 (124 � 10.3 mmHg). Meanwhile, the
LCCA-B did not experience substantial changes in systolic
pressure except for a slight decrease at day 42 after banding
(110 � 1.02 mmHg). Accordingly, the pulse pressure in the
right carotid was significantly higher 7 days after banding
(CCA, 43.0 � 4.08; RCCA-B, 79.7 � 4.01; LCCA-B, 42.6 �
2.44 mmHg) and remained higher than baseline thereafter (Fig.
1B). Mean volumetric flow rate (Qmean) nearly doubled at day
7 in the right, but not the left, carotid (CCA, 0.016 � 0.003;
RCCA-B, 0.032 � 0.001; LCCA-B, 0.021 � 0.005 ml/s) but
then returned toward baseline (Fig. 2A). PI was always higher
in the right than in the left carotid after banding (Fig. 2B).

Pressure-diameter testing at fixed axial extensions revealed a
marked increase in the outer diameter of the RCCA-B; there

Fig. 1. Noninvasive in vivo measurements of mean arterial pressure (MAP; A)
and pulse pressure (B). Data are shown for the right common carotid artery
after banding (RCCA-B; �) and the left common carotid artery after banding
(LCCA-B; Œ), both of which were excised and studied further at multiple time
points: at either day 0 or 7, 10, 14, or 42 days after banding surgery. Because
time 0 was before surgery, it represents the baseline common carotid artery
(CCA) control, with the dotted line emphasizing the baseline values for
comparative purposes. Values are means � SE (n � 4–7). *P � 0.05,
RCCA-B vs. LCCA-B. §P � 0.05, RCCA-B or LCCA-B vs. CCA.
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was, however, a slight decrease in outer diameter following its
peak at day 14 (Fig. 3A). The LCCA-B had a modest increase
in outer diameter, with a similar slight decrease after day 14.
Axial force-length testing revealed dramatic increases in force
for a given axial stretch as time progressed from 0 to 42 days
in the RCCA-B but little to no change in the LCCA-B (Fig.
3B). RCCA-B axial force-stretch data were similar from 14 to
42 days, thus revealing that most changes occurred on or
before day 14. LCCA-B data were similar at all times after
banding and did not differ significantly from those of the CCA.
There was a significant decrease in the in vivo axial stretch
(�z

iv) for the RCCA-B (Fig. 3B); it reached a minimum at day
14 (1.18 � 0.067) and remained low at day 42. In contrast, �z

iv

for the LCCA-B changed little (e.g., 1.67 � 0.040) after
banding.

Wall thickness of the banded vessels increased gradually
during the first 10 days (CCA, 24.8 � 0.878; RCCA-B, 46.1 �
0.531; LCCA-B, 42.0 � 1.52 �m) but increased dramatically
in the RCCA-B at day 14 (99.0 � 8.43 �m) and remained high
(Fig. 4A). The inner diameter (Fig. 4B) of the RCCA-B
measured at MAP also peaked at day 14 (680 � 32.0 �m) and
then decreased slightly at day 42; in comparison, the inner
diameter of the CCA was 484 � 8.51 �m at MAP. Conversely,
the inner diameter of the LCCA-B fluctuated with an apparent
mean value of 507 �m and range of 72.3 �m. The ratio of the
fully passive to active diameter is a measure of the overall

contractile capacity of the vessel. This ratio was determined by
adding a vasoconstrictor (phenylephrine 10�5 M) and then a
vasodilator (sodium nitroprusside 10�5 M) to the adventitial
bath while the vessels were pressurized at 80 mmHg and held
at their individual in vivo axial stretch. For example, the
passive to active diameter ratios were 1.62 � 0.02 in the CCA,
1.15 � 0.04 in the RCCA-B, and 1.59 � 0.01 in the LCCA-B
at day 14. The number of cell nuclei stained using H&E (Fig.
4C) revealed an initially gradual but then significant increase in
nuclei number for RCCA-B, whereas that for LCCA-B re-
mained nearly the same over the 42-day study period (CCA,
298 � 58.9; RCCA-B, 578 � 28.3; LCCA-B, 264 � 39.5
nuclei).

Figure 5A shows circumferential stress-stretch data for all
three groups of vessels at each time postsurgery for pressur-
izations from 0 to 140 mmHg at the individual in vivo axial
stretches; Fig. 5B shows similar axial stress-stretch data. Be-
haviors were qualitatively similar in the circumferential direc-
tion at all times among the three groups. Conversely, the axial
stress-stretch data revealed an increase in axial stress for any
given axial stretch in the high-pulsatility vessels compared
with that found in the low-pulsatility or baseline vessels; this
pattern increased with time (cf. Fig. 3B).

Fig. 3. Data from in vitro biaxial mechanical tests for cyclic pressurization
protocols at a fixed length (A; i.e., pressure-outer diameter data at in vivo axial
stretch, �z

iv) and cyclic extension protocols at a fixed pressure (B; i.e., axial
force-stretch data at 100 mmHg). The measured in vivo axial stretch is
tabulated in Fig. 3B with an SE �0.03 for all values. For the in vivo axial
stretch: *P � 0.05, RCCA-B vs. LCCA-B. §P � 0.05, RCCA-B or LCCA-B
vs. CCA. Values and curves are shown at each time point: 0 (CCA, dotted
lines) or 7, 10, 14, or 42 days after banding surgery for both RCCA-B (solid
lines) and LCCA-B (dashed lines). Arrows show shifts in diameter or force as
time increased, indicating a maximal outer diameter for both vessels at day 14
and force at day 42.

Fig. 2. Noninvasive in vivo measurement of mean blood flow (A) and
pulsatility index (PI � Vmax � Vmin/Vmean, where V is velocity; B). Hence, data
are for RCCA-B (�) and LCCA-B (Œ) at each time point: 0, 7, 10, 14, or 42
days after banding surgery. Because time 0 was before surgery, it represents
the baseline CCA (dotted line). Values are means � SE (n � 4–7). *P � 0.05,
RCCA-B vs. LCCA-B. §P � 0.05, RCCA-B or LCCA-B vs. CCA.
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Representative histological results obtained from VVG- and
PSR-stained sections can be seen in Fig. 6 (normal and polar-
ized light, respectively). VVG-stained tissue (Fig. 6, a–i)
shows elastin as black and collagen/smooth muscle as pink,
which can be compared with the PSR-stained tissue (Fig. 6,
j–r) that reveals collagen as birefringent. Columns compare
representative RCCA-B and LCCA-B (1 per group) at each end
point after banding. Thresholding analysis of VVG-stained
tissue showed little change in elastin area fraction (	e) in the
LCCA-B over the 42 days postsurgery, whereas the RCCA-B
experienced a gradual reduction (Fig. 6s). This decrease in
elastin area fraction in the RCCA-B was due in large part to a
large increase in collagen area fraction 	c, particularly at day
42 [CCA, 0.223 � 0.056; RCCA-B, 0.314 � 0.011; LCCA-B,
0.257 � 0.002 (7)] with no significant change for the LCCA-B
(Fig. 6t). Representative histological results obtained from
Safranin-O-stained sections at each end point are shown in Fig. 7,
a–i, with quantification of the area fraction of glycosamino-
glycans (GAGs) to vessel cross-sectional area shown in Fig. 7s.
Note the consistently elevated GAG content in the right carotid
arteries after banding, peaking at day 14, compared with the
left. Immunostaining for MCP-1 with overlaid elastin autofluo-
rescence (Fig. 7, j–r) revealed a steady increase in MCP-1-to-
elastin ratio in the highly pulsatile right side (Fig. 7t). The left
side had a modest short-term inflammatory response, highest at
7 days.

DISCUSSION

Hypertension causes, and is caused by, marked changes in
the structure and function of blood vessels, the most conspic-
uous of which are typically an increase in wall thickness and a
reduction in compliance (which reflects altered pressure-diam-

eter responses). Nevertheless, there is little information on the
relative time courses of such changes, particularly during early
periods of disease progression, and no detailed correlations
with corresponding measures of blood pressure and flow.
Among the many findings in this study, particularly novel ones
include the following: 1) one of the earliest marked changes in
the right carotid artery (by day 7) was a reduction in the in vivo
axial stretch, with an associated increase in axial stiffness that
reached steady state by 14 days; 2) there was an early and
marked endothelial independent reduction in overall contractile
capacity (by day 7), which also reached steady state by day 14;
3) modest increases in wall thickness over the first 10 days
were followed by a dramatic “over” thickening (between days
10 and 14) that decreased slightly by 42 days; 4) modest
increases in intramural cell number over the first 10 days were
followed by a dramatic increase by day 14 (primarily in the
adventitia) that continued slowly thereafter to 42 days; and
5) much of the adventitial collagen produced between days 10
and 14 was organized loosely, with an apparent slight com-
paction thereafter (at 42 days). Note, too, that inner diameter
increased to its peak at 14 days despite the transient increase in
mean flow peaking much earlier (on or before day 7) and the
PI remaining significantly elevated over the entire 42-day
study. Finally, MCP-1 was upregulated in both the media and
adventitia in the right carotid, particularly on day 14 and
beyond. Whereas our earlier study of carotid adaptation in this
banding model (7) looked at long-term effects of hypertension
(5–8 wk), the present findings demonstrate a complex early
time course in the multiaxial changes, with the first 2 wk
following the abrupt onset of increased pulsatility representing
a critical transition period for much of the growth and remod-
eling.

Fig. 4. Morphological metrics: wall thickness
(A), inner diameter (B), cell count from the he-
matoxylin and eosin stain (C), and endothelium-
independent ratio of passive to active outer di-
ameter at 100 mmHg (D). Data are shown for the
RCCA-B (�) and LCCA-B (Œ) at each time
point: 0, 7, 10, 14, or 42 days after banding
surgery. Note that time 0 is before surgery and
thus represents the baseline CCA (dotted line).
Values are means � SE. *P � 0.05, RCCA-B vs.
LCCA-B. §P � 0.05, RCCA-B or LCCA-B vs.
CCA.
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The transverse aortic arch banding model is a convenient
method to separate effects of mean and pulse pressure (cf.
Fig. 1), with the abrupt marked increase in pulse pressure in
the right carotid (e.g., 79.7 � 4.02 mmHg at day 7 relative
to 43.0 � 4.08 mmHg at baseline) continuing over many
weeks despite a slight decrease (to 61.6 � 7.14 mmHg) at
day 42. These findings are similar to but extend those of
Rockman et al. (30), who showed an increase in systolic
pressure for the duration of their banding study (7 days), and
those of Nakamura et al. (25), who showed increases in
systolic pressure around day 3. In addition, the right carotid
experienced a large increase in pulsatility index, beginning
by day 7 after banding, despite an almost normal mean flow
on all days except day 7. Li et al. (22) similarly reported that
mean velocities remained comparable between the right and
left carotids after banding surgery. Restoration of the mean
volumetric flow rate in the right carotid to near baseline by
day 10 suggested a similarly rapid regulatory response by
smaller, distal vessels (21). Guyton and Hartley (12) showed
that inner diameter correlated strongly with peak flow ve-
locity and pulsatile, not mean, flow in a rat model of reduced
carotid flow following a recovery period of 39 – 82 days.
Although we similarly found a stronger correlation between
inner diameter and PI vs. mean flow at long times, the latter
was still significant (7). Indeed, that inner diameter de-
creased slightly after day 14 despite the continued elevation
in PI (cf. Figs. 2 and 4) suggests the need to delineate further

the complex roles of mean and pulsatile flow on arterial
responses.

Our findings demonstrate a rapid local growth and remod-
eling response, with most changes occurring within the first 14
days (cf. Fig. 4, A and B). Many investigators believe that the
cascade of arterial responses to altered hemodynamics starts
with the endothelial cells, followed thereafter by the smooth
muscle cells and fibroblasts. For example, endothelial re-
sponses to altered wall shear stress (e.g., altered production of
nitric oxide and endothelin-1) can be rapid (4, 5), which in turn
induces rapid changes in smooth muscle contractility that can
be followed by subsequent alterations in the production of
growth factors and proteases that aid in structural remodeling,
including significant deposition of collagen (15, 31). Regard-
less, two of the earliest marked tissue-level changes (by day 7)
were changes in axial stretch and stiffness as well as endothe-
lium-independent contractility. There is clearly a need to de-
termine the relative roles of the different types of vascular cells
in these early responses. Finally, we emphasize that the
marked, continual increase in MCP-1 (Fig. 7t) implicates the
importance of cyclic wall stretch/stress in promoting local
inflammation in this mechanically induced model of hyperten-
sion.

Although it is widely held that arteries increase or decrease
wall thickness and caliber in an attempt to maintain both
intramural and wall shear stress near homeostatic values (4, 15,
18), in both our earlier (7) and this present study, the calculated
intramural stresses in the right carotid increased abruptly due to
banding but then decreased well below baseline. This finding is
seen easily at all end points by combining pressure, radius, and
thickness data [
� � P·ri/(ro � ri), where P is pressure and ri

and ro are inner and outer radius; cf. Figs. 1A and Fig. 4, A and
B]. It is possible that excessive production of nontensile bear-
ing wall constituents, including GAGs and reticular collagens
(cf. Figs. 6 and 7), may have contributed to the early excessive
thickening and functioned, in part, to increase viscous dissipa-
tion in response to the cyclic loading. It is well known, for
example, that cyclic stimulation of vascular cells in culture
generally upregulates growth factors (e.g., TGF-�, PDGF, and
FGF) and thereby the associated synthesis of structural proteins
and glycoproteins (11, 26, 40). Indeed, Walker-Caprioglio et
al. (39) reported that proteoglycan synthesis increases in arter-
ies in a spontaneously hypertensive rat model, particularly in
carotids, and Reynertson et al. (29) reported similar findings in
the aorta. Similar findings also have been seen in cell culture.
Collagen mass fraction (	c) was also increased greatly by 14
days herein, similar to that found by Hu et al. (13) in a mini-pig
aortic coarctation model, and remained high over the study
period. As shown in Figs. 6 and 4, however, the loose and
poorly organized collagen that was produced between days 10
and 14 appeared to be compacted slightly by day 42. This
novel observation may suggest that collagen remodeling was
not complete even at 42 days and that initially synthesized and
deposited collagen (and GAGs) may be reorganized subse-
quently to increase its load-bearing efficiency.

Whereas it has long been thought that hypertension initially
increases wall stress primarily in the inner portion of the wall
(24), thus leading first to a medial or subintimal remodeling
that is presumably controlled by smooth muscle cells (24), the
significant remodeling observed in the present study in the
adventitia is consistent with numerous reports on the impor-

Fig. 5. Mean circumferential (A) and axial stress-stretch behaviors (B) at each
time point: 0 (CCA; dotted lines) and 7, 10, 14, or 42 days after banding
surgery for both RCCA-B (solid lines) and LCCA-B (dashed lines). Note that
to encourage vessel viability based on other experiments in our laboratory (7,
8), an 8.8 mN force transducer limit was enforced throughout testing. The
RCCA-B reached the force transducer limit at lower axial stretch (cf. Fig. 3B);
thus calculated axial stresses do not reach levels comparable to those found in
the CCA and LCCA-B.
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tance of adventitial remodeling (23, 28, 34, 36). Indeed, 69%
of the cell nuclei at day 42 were within the adventitia of the
hypertensive RCCA-B compared with 26% in the contralateral
LCCA-B (7). These findings highlight the need to delineate
potentially different roles of smooth muscle cells and fibro-
blasts in hypertensive remodeling and whether these two dif-
ferent cell types respond to the same extents of altered cyclic
stimuli or seek to restore the same metrics toward the same or
different homeostatic targets. Our findings of a persistent,
gradual increase in MCP-1 in the RCCA-B (Fig. 7t) also

revealed that much of its activity was focused in the adventitia
(Fig. 7, j–r). This finding is consistent with suggestions that the
adventitia is a site of “injury sensing” and “inflammation
signaling” (35, 38), as well as being potentially important in
the development of atherosclerosis (32).

Although we did not track directly the time course of
potential phenotypic modulation of the smooth muscle cells,
the available contractile range for regulating arterial diameter
was significantly less in the RCCA-B than in the CCA and
LCCA-B at days 14 and 42 (Fig. 4D). Hu et al. (13) reported

Fig. 6. Representative histological images of RCCA-B and LCCA-B at 0, 7, 10, 14, and 42 days after aortic banding surgery using Verhoeff-Van Gieson
(VVG; a–i) to show elastin in black and Picro-Sirius red (PSR; j–r) multicolored collagen shown through birefringence. Quantified results are presented as elastin
area fraction (	e; s) and collagen area fraction (	c; t) for the RCCA-B (�) and LCCA-B (Œ) at each time point: 0, 7, 10, 14, or 42 days after banding surgery.
Values are means � SE. *P � 0.05, RCCA-B vs. LCCA-B.
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a parallel decrease in contractile phenotype and shift toward a
synthetic phenotype by aortic smooth muscle cells (measured
via immunohistochemistry), with attendant increases in procol-
lagen production peaking at 2 wk during an 8-wk study period
in a suprarenal aortic coarctation model in the mini-pig; they
also reported peak smooth muscle cell proliferation at 2 wk.
The rate of cell proliferation may have similarly been highest
at day 14 and leveled off by day 42 in our study.

Noting that the arterial wall is subjected to coupled biaxial
stretches and stresses in vivo, recall that the in vivo axial
stretch decreased rapidly and dramatically in the RCCA-B
(Fig. 3B). It has been proposed that arteries may use the axial

direction to complement circumferential remodeling and
thereby achieve balanced changes in wall shear and intramural
stresses (16). The force required to maintain an artery at its in
vivo stretch depends greatly on intramural elastin (6), which
exhibited a decreased mass fraction in the present study (cf.
Fig. 6) consistent with well-known changes in hypertension
and aging (1, 17, 27). It would be interesting to determine
whether the elastin became increasingly fragmented, further
reducing its load-carrying capability. Regardless, it is now
clear that axial remodeling (at the tissue level) is one of the
early responses to an abrupt increase in pulsatility and thus
merits increased attention. Indeed, the structural stiffness of the

Fig. 7. Representative histological and immunohistochemical images of RCCA-B and LCCA-B at 0, 7, 10, 14, and 42 days after aortic banding surgery using
Safranin-O stain (a–i) to visualize glycosaminoglycans [GAG; H � 173–240°, S � 0.09–0.16, L � 0.1–0.8 (7), with superimposed positive thresholding pixels
shown in black within the insets], and overlaid and zoomed (different length scale than in Fig. 6) monocyte chemoattractant protein-1 (MCP-1; j–r) fluorescence
(green) and elastin autofluorescence (red). Thresholding results for GAG area fraction (	GAG; s) and the ratio of MCP-1 to elastin (t). Data are shown for the
RCCA-B (�) and LCCA-B (Œ) at each time point: 0, 7, 10, 14, or 42 days after banding surgery. Values are means � SE. *P � 0.05, RCCA-B vs. LCCA-B.
§P � 0.05, RCCA-B or LCCA-B vs. CCA.
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arterial wall is determined by many factors, including the
multiaxial state of stress; hence, even the increased attention in
hypertension research to metrics such as pulse wave velocity
(1, 17, 27) should consider possible changes in axial properties.

We submit that the transverse aortic banding model, by
altering pulsatile pressure and flow without significantly affect-
ing mean values, is a valuable animal model to study arterial
growth and remodeling in response to hypertension, perhaps
with greatest application to understanding effects of isolated
systolic and aging-related hypertension wherein pulse pressure
plays a key role. Similar studies addressing possible differ-
ences in the time course of remodeling in male vs. female mice
would be of particular interest, as would studies in athero-
prone (e.g., ApoE�/�) mice, particularly given the importance
of hypertension in the possible rupture of vulnerable plaques in
carotids that lead to stroke. Finally, better identification of
molecular mechanisms underlying changes in cellular distribu-
tion, phenotypic modulation, and extracellular matrix organi-
zation in response to pulsatile hemodynamics promises to not
only increase our understanding of the evolution of the arterial
wall in hypertension but also provide the information needed to
mathematically model this process and thereby gain more
predictive capability (15).
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