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The reversibility of tissue remodeling is of general interest to
medicine. Pulmonary arterial tissue remodeling during hyperten-
sion induced by hypoxic breathing is well known, but little has
been said about the recovery of the arterial wall when the blood
pressure is lowered again. We hypothesize that tissue recovery is
a function of the oxygen concentration, blood pressure, location
on the vascular tree, and time. We measured the changes of blood
pressure, vessel lumen, vessel wall thicknesses, and opening angle
of each segment of the blood vessel at its zero-stress state after
step changes of the oxygen concentration in the breathing gas. The
zero-stress state of each vessel is emphasized because it is impor-
tant to the analysis of stress and strain and in morphometry.
Experimental results are presented as histories of tissue parame-
ters after step changes of the oxygen level. Tissue characteristics
are examined under the hypothesis that they are linearly related
to changes in the local blood pressure. Under this linearity hypoth-
esis, each aspect of the tissue change can be expressed as a
convolution integral of the blood pressure history with a kernel
called the indicial response function. It is shown the indicial
response function for rising blood pressure is different from that
for falling blood pressure. This difference represents a major
nonlinearity of the tissue remodeling process of the blood vessels.

indicial response function | blood vessel opening angle at zero-stress
state | nonlinearity of tissue remodeling

t is well known that blood flow in pulmonary arteries becomes

hypertensive when an animal breathes a gas the oxygen
concentration of which is lower than that of normal sea level air.
It is also known that hypertension leads to hypertrophy in blood
vessels, and returning to normal blood pressure mitigates the
symptom. The question is whether the processes of hypertrophy
and recovery are symmetric. Considerable data on the building
up of the lung tissue due to pulmonary hypertension have been
obtained (1-14). Some data on recovery from hypertension are
also given in refs. 1, 4, and 5. These studies considered neither
the zero-stress state, which is characterized by an opening angle
of the blood vessels, nor the elastic moduli of the blood vessel
walls. The significance of the zero-stress state and the change of
Young’s modulus were recognized later (8, 10, 11, 15-19).

So far as we are aware, there has been no study on the recovery
of the zero-stress state of a vascular tissue that was subjected to
hypertension for some time but was returned to the normal
condition later. Recovery can be expected to be a complex
function of space, time, stress, and strain. The objective of this
article is to clarify these points.

Materials and Methods

Animals. Ninety-two male Sprague-Dawley rats (Harlan, San
Diego), ~3 months old, body weight 300-350 g, raised in normal
air at sea level, were used. These rats were cared for 1 week or
more after arrival at the vivarium before being used, to allow
them to recover from any unknown stress or hypoxia suffered
during transportation. The protocol of animal use was approved
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by the University of California at San Diego Committee on
Animal Research.

Experimental Procedure. Rats were placed in a modified commer-
cial chamber (Snyder, Denver), in which the oxygen concentra-
tion in the breathing gas can be controlled dynamically by
infusion of pure N; and a feedback-control system of O, sensor.
The oxygen concentration in the rats’ breathing gas in the
chamber was 20.9% at the beginning, then reduced to 10% and
maintained constant for a specific length of time called the
hypoxic period, and finally returned to 20.9% and maintained
constant for a specific length of time called the recovery period.
According to the lengths of the periods of hypoxia and recovery,
each animal is designated by a symbol such as H2hR2h to denote
hypoxic (H) for 2 h, recovery (R) for 2 h. Rats were divided into
five groups: (i) hypoxic 2-h series, (if) hypoxic 24-h series, (iii)
hypoxic 4-day series, (iv) hypoxic 10-day series, and (v) hypoxic
30-day series.

At the end of an experiment, each rat was anesthetized by an
i.p. injection of pentobarbital sodium (40 mg/kg body weight),
and blood pressure in the anesthetized rat’s pulmonary arterial
trunk was measured as described in detail in ref. 8. The lungs
were excised and placed in a bath of 4°C Krebs solution bubbled
with a gas mixture of 95% O, — 5% CO,, the left lungs for the
measurement of the opening angle at the zero-stress state and
the right lungs for histological measurements.

Opening Angle at the Zero-Stress State. The main left pulmonary
arterial tree was isolated and excised with the aid of a stereomi-
croscope and transferred into a bath of aerated Krebs solution
at room temperature. Specific pulmonary arteries were identi-
fied, and their zero-stress state was measured in terms of the
opening angle by the method described in refs. 8§ and 10.
Photographs of some specimens at the zero-stress state are
shown in Fig. 1 Right.

Histological Measurements. The method of refs. 8§ and 10 was
followed. The pulmonary arteries in the right lung were perfused
with 2.5% glutaraldehyde in phosphate buffer (pH 7.4) at
20-cm H,O for 2 h. The arterial vessel segments are identified by
their order numbers, 1 being the smallest, according to ref. 2.
Vessels of orders 8-11, as shown in Fig. 1, were dissected,
postfixed in a solution of 2% OsOy, for 2 h, washed with distilled
water, dehydrated, embedded in Medcast resin (Ted Pella,
Tustin, CA), cut into 1-um-thick sections by planes perpendic-
ular to the longitudinal axis of the blood vessel, stained with
toluidine blue O, and examined by a light microscope (Vanox
AH2; Olympus, Melville, NY). The vascular images were digi-
tized and analyzed. Data on the cross-sectional areas and
thicknesses of the medial and adventitial layers were collected.

Formulation of a Basic Hypothesis on Tissue Remodeling of Pulmonary
Blood Vessels in Hypertension and Recovery. In engineering, if y(¢)
is a variable characterizing a dynamics system, and y(¢) is a linear
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Fig. 1. Tissue remodeling. (Left) Histological micrographs of the cross sections of the walls of rat pulmonary arteries of various orders. Arteries of decreasing
order numbersfrom 11to 8(10) are arranged in columns in increasing row numbers. Each panel shows a full thickness with endothelium on the left and adventitia
on the right. The first column shows the wall structure of the controls; the second column shows the wall structure after 10 days of hypertension at 10% O,
recovered for 2 h of rebreathing sea level atmosphere (H10dR2h). The third column is for rats subjected to hypertension 10 days and recovery of 24 h (H10dR24h).
The fourth column is for hypertension 10 days and recovery 10 days (H10dR10d). (Center) Photograph of a polymer cast of normal pulmonary arteries showing
the locations of arteries of orders 8—12. (Right) The cross sections of normal pulmonary arteries at zero-stress state. Arteries of decreasing order numbers from
12 to 8 are arranged in the column in increasing row numbers, i.e., the first row for an order 12 vessel, the second row for an order 11 vessel, and the last row

for an order 8 vessel. (Left, endothelial).

functional of another function x(¢), then the differential change
of y(¢) in response to a unit step differential change of x(¢) is
called the indicial function of y(#) in response to a unit step
change of x(¢). Applying this terminology to our system, let y
stand for the opening angle or the lumen diameter, etc., and let
x stand for the blood pressure. If the differential relationship
between the cause (x) and effect (y) were functionally linear,
then the most general relationship between x and y can be
expressed in the form

dx(T)
dr

y(®) =y(0) + | Ft =)
0

dr, [1]

in which F(t — 7) is a function of the time difference t — 7, the
aforementioned indicial function.
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Fig.2. Change in blood pressure in the pulmonary arterial trunk during the

periods of control, hypoxia, and recovery. The data in hypoxia period are from
refs. 8 and 9. H4dR, 4 days of hypoxia followed by recovery; H10dR, 10 days of
hypoxia followed by recovery; and H30dR, 30 days of hypoxia followed by
recovery. Plotted values are mean * SD, with SD shown by flags.
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A considerable amount of experimental results are available
to suggest that the pulmonary arterial wall tissue remodeling
obeys Eq. 1 if x represents increasing hypertension; i.e.,x = P

Empirical Formulas for Experimental Data and the Laplace Transform
of Indicial Functions

Let {1} be a unit-step function, P be the blood pressure, L be a physical characteristics
other than opening angle, and ¢, be the starting time of recovery period, then

Peonrallt) =M1+ Ma(1— eMst )] 1(1), Leonrol(t)=Ni+ Naf1—eMs),

Pryporialt) =[A1+ A2(1- et )J1(1), Liypaxialt) =B+ BBy,

Precovery)=[Cr+ Cof1- eCx)TII-1) Lyocoven t)=Dy+ Dy ePsltts),

AP (s)= (4) + Az — My~ Ma)s™ — Aa(s-Ag)" + Mafs-My)",

AL (5)= (B~ Ny — NoJs™ + Bafs—Ba)'+Nafs—Ny) ™,

AP (s)= (Cr+ Cam My — Ma)s™ — Ca(s-Cy)"'+ Mz eMitifs—My)",

AL?(s)= (D)~ Nj — Nps™ +=Dofs-Dy)"+N; eNitefs—-Nyj"!,

On substituting the above into Eq.[3], and using the following notations

9= A+ Ay-Mi-Ms, ¢ = 2(Cir-MMa)+Ca+MoeMity,

& = F—A;+ My, Oh= -9+ Mzt A:M—A;M;, 65 = 84:M;

@ = ¢—Czt MaeMiti, g, = ﬂf(‘j*‘ﬁrff."’(.‘:-’1{;---(.‘_n”zé?M-"-'. @ = ¢ M

and reducing, we obtain

F p(s)=[(B;~N1~N2Js "+ Bofs—Bs) "+ Nofs-N3)"'] (s-A)(5-Ms)[ Oy(s-5,,)(s-5,)] !
Fp(8)={(D =N =N }5'+ Dafs-D3) -+ NoeNsti (s-N3) ' J(5-C)(5-M) p 1 (s-s1) ()]
Where

Sy =[O WO A6 )20 )" 5= [ O —(60:-4616:)"](26,)",

S0 = [~z H(p202 4003 ) )20, ), 822 = [—p2—~(02p2—4p103)" [ (29, ).

For the opening angle, we used the following empirical formula to represent the
experimental data:

Leoniral(t) =N+ No(I- eNst), Liypaviaft)= B+ BoeBit +
Lyccorens(t)=Dy+ Dae Dottt 1. D f1-1,) e Dsft-41).

The corresponding FYp(s) and F*¥pfs) for the opening angle have longer algebraic
forms, but the mathematical character is the same as the above.

B,r!) el

Fig. 3. Empirical formulas for blood pressure, structural parameters, open-
ing angles of pulmonary arteries, and Laplace transforms of indicial functions.
The empirical constants My, My, M3, N1, N, N3, Aq, Ay, A3, By. . .Bs,and Dy. . .Ds,
are presented in Table 1.
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Fig. 4. Mathematical expressions of F{i(t) and F2(t) for the rat pulmonary arteries of orders 11-8.

and dP/dt > 0; and y represents any one of the tissue
characteristics. However, when the animal recovers from
hypertension, i.e., the blood pressure decreases with time,
dAP/dt, the results presented below suggest that Eq. 1 holds
also, but the indicial function for recovery, i.e., for decreasing
hypertension, dAP/dt < 0, is different from that for increasing
hypertension, dAP/dt > 0. This difference in the indicial
functions is believed to represent a significant nonlinearity of
tissue remodeling. We present this hypothesis in mathematical
form below.

Typical time courses of pulmonary blood pressure are shown
in Fig. 2. A healthy animal has a fairly stable pulmonary blood
pressure. In experimental animals, an increase in pulmonary
blood pressure occurred at ¢ = 0, by a step lowering of the oxygen
concentration in the gas the animal breathed, because hypoxia
causes a shortening of the pulmonary vascular smooth muscles.
A sudden contraction of the diameters of pulmonary blood
vessels without a significant change in cardiac output causes a
sudden increase in pulmonary blood pressure. Without further
change of oxygen tension, the hypertension continued until an
instant of time ¢, At ¢ = t;, the oxygen tension in the breathing
gas was returned to the normal atmospheric value, the high blood
pressure dropped, and the lung tissue remodeled in the recovery
mode. Let L(7) be a parameter of the system responding to AP(7),
e.g., the blood vessel wall thickness and AL(t) = L(t)

L controi(f). According to the functionally linear hypotheses
named above, but admitting a nonlinearity that says the indicial
function for rising blood pressure is different from that for a
decreasing blood pressure, then we have two indicial functions,

F{)(t — 7) for increasing blood pressure and F2(t — 7) for
decreasing blood pressure, so that
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Fig.5. Remodeling of the opening angle of the pulmonary arteries. The time
courses are for the control, hypoxia, and recovery periods.
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AL(r) = [AL()], + [AL(1) ],

' dAP(7)
[AL(0)] = AP(0)Fip(t — 0) + j Fipt =) — ——dr,
0

for0=t=t,dAP/dr>0. [2]

dAP(T)

Tr

[AL(t)], = AP(t)F2h(t — 1)) + f t F@Mt — 1)

1

fort, =t,dAP/dT <0.

This equation is our basic hypothesis.

In the following, we shall extract the two indicial functions F{')
and F?) from experimental data. We use Laplace transformatlon
to reduce Eq. 2 into algebraic equations. The Laplace transforms
of AP(?), ALE g F(t) and FP)(t) are denoted by AP(s), AL(s),

F)(s), and F¥)(s), which are obtained by multiplication with e~
and integrating the product with respect to 7 from 0 to «. F§') and
F@) can be derived as

“)(s)
sAPD(sy

o1() = AL®(s) — /s

Fials) = T APTG)

[3]

where (=AP(0)F{)(t1)+[o F{(ti—7) (dAPM(7)/d7)dT. The
Laplace transforms and related fitting formulas are listed in
Fig. 3. Use of formula 5, section 5.2, page 239 in Erdelyi (21)
yields the inverse transforms of Eq. 3. See Fig. 4 for detailed
expressions.

Data Handling and Statistics. In reducing our data to determine the
indicial functions, we first fitted the raw data that were plotted
in Figs. 2 and 5-7 by empirical formulas listed in Fig. 3, where
1(¢) is a unit-step function of ¢, which equals 0 when ¢ < 0 and
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Fig. 6. Remodeling of the lumen area of the pulmonary arteries. The time
courses are for the periods of control and recovery from hypertension.
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Fig. 7. Remodeling of the layer thickness. The history of the thicknesses of

the media (m) and adventitia layers (a) of the pulmonary arteries of orders
11-8 in 10-day control and recovery from hypertension periods are shown.

1 when ¢ = 0. Then we used the empirical formulas to determine
the Laplace transformations of the desired quantities. The
goodness of this procedure was examined by computing the
correlation coefficients between the values measured, (x;), with
the values computed from the fitted formulas, (y;). The corre-
lation coefficient is obtained by dividing the sum of the products
of x; and y; by the product of the root-mean-square of x; and y;.
Our results show that the correlation coefficient of the blood
pressure values P is =0.992 for the cases of H4dR, =0.994 for
H10dR, and =0.983 for H30dR. For the tissue responses of wall
thickness, lumen area, and circumference, the correlation coef-
ficients were in the range 0.890-0.999. For the opening angle,
the correlation coefficient was in the range 0.810-0.999. The
results are shown in Table 1, which is published as supporting
information on the PNAS web site. We consider these correla-
tion coefficients to be sufficiently high for the qualitative con-
clusions we wish to draw, and they can be used to estimate the
accuracy of the quantitative results shown in Figs. 5-11.

Results

Fig. 1 shows photographs of the polymer cast of a pulmonary
arterial tree of the rat at the center, micrographs of the walls of
arteries of orders 8—11 (Fig. 1 Left), and the opening angle of
arteries of orders 8—12 (Fig. 1 Right). The order numbers are
assigned according to refs. 10 and 20. The opening angle of the
order 12 artery shown here is 286°, and those of orders 11, 10,
9, and 8 are 110°, 111°, 62°, and 97°, respectively. Note that the
vessel wall structure of order 8 (with vessel lumen diameter in the
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range 338—497 um) is different from those of orders 9, 10, and
11, confirming an observation made by Meyrick and Reid (4)
that the small pulmonary arteries in this diameter range are
thick-walled and have oblique muscles (22).

Fig. 2 shows the histories of the blood pressure of the normal
controls, the hypertensive rats due to hypoxic breathing, and the
rats that were first subjected to hypertension then taken out of
the hypoxic chamber to recover at specified times. The blood
pressure history is complex, and it is necessary to use an analytic
method to extract the indicial functions. If the hypoxic period
were <4 days, the blood pressure could return to the normal
value (P > 0.05). For a hypoxic period of 10 days or more, the
recovery was seen to be slower and incomplete (P < 0.05).

Fig. 5 shows the history of the opening angle of the rat’s
pulmonary arteries of orders 11-8 in control rats and in rats that
were subjected to step hypoxia as well as those subjected to
step-hypoxia-step-recovery conditions (numerical results are
listed in Table 2, which is published as supporting information on
the PNAS web site). Usually the opening angles of hypoxic
vessels were bigger than those of normal vessels for all orders at
the end of the first week; then were decreased to below normal
values afterward. The opening angles of arteries of orders 11-8
had sharp changes at first when the rats recovered from 10%
hypoxia. In rats subjected to hypoxia for 10 or 30 days, the
opening angles of the arteries of orders 11 and 10 never
recovered to normal values, but arteries of the orders 9 and 8 did
return to normal values. It is seen that the rate of recovery of the
opening angle was slower when the hypoxic period was longer.

Fig. 6 shows the history of the lumen area of the pulmonary
arteries of orders 11-8 in similar cases of normal control and
hypertension-recovery conditions. The lumen areas of the hy-
poxic pulmonary arteries of orders 11-9 usually are smaller than
those of the control rats at first, then become bigger during the
remodeling of recovery.

Fig. 7 shows the corresponding histories of the thicknesses of
the media and the adventitia layers of the pulmonary arteries of
orders 11-8 in the control and the hypoxic 10-day recovery
conditions. The hypoxic thicknesses tended to decrease toward
their normal values in the remodeling of recovery. However, for
the small vessels of order 8, the thickness of media was increas-
ingly different from the normal value, whereas the thicknesses of
adventitia showed no difference between normal and hypoxia
recovery. The data presented in Figs. 6 and 7 are listed in Table
3, which is published as supporting information on the PNAS
web site.

Our results on the indicial functions are shown in Figs. 8-11. Fig.
8 shows the curves of the hypertensive indicial function F{')(r) of the
opening angles (Fig. 8 Left) and the recovery indicial function F{2(r)
of the opening angles (Fig. 8 Right).

Order 9

o S 10 15 20
Days (recovery)

Indicial response functions of the opening angle. The hypertension indicial function F{}(t) of the opening angles of rat pulmonary arteries of orders

11-8 (Left) and the recovery indicial function Fﬁ?(t) after 10 days of hypoxia (Right) are shown. (1 mmHg = 133 Pa.)
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orders 11-8 (Left) and the recovery indicial function F(sz)(t) after 10 days of hypoxia (Right) are shown.

Fig. 9 shows the indicial functions of the area of the vessel lumen
in cross sections perpendicular to the longitudinal axis of the
pulmonary arteries of orders 8—11, in response to changes of blood
pressure either in the hypertensive state [F§')(¢), Fig. 9 Left] or in the
recovery state [Fi(t), Fig. 9 Right] after 10 days of hypoxia. The
difference between Fi')(r) and F?)(z) is striking: they are certainly
not mirror images of each other.

Fig. 10 shows the contrast between the hypertensive indicial
functions F{!)(¢) and the recovery indicial functions F{)(t) for the
cross-sectional area of the pulmonary arteries of orders 8-11. It
is evident that the wall cross areas of larger vessels show bigger
changes.

Fig. 11 shows the indicial functions FY3(r) and F\(r) of the
wall thicknesses of the pulmonary arteries of orders 8—11. Again
it is clear that Fi'}() and F{?)(t) are not mirror images of each
other. The hypertensive indicial functions F{')(¢) for the arteries
of orders 9-11 reach their peaks approximately on the 5th day
of hypoxia. The recovery indicial functions F{%(r) for these
arteries have no peaks or valleys. The FV)(r) and Fi?)(¢) of the
thick-walled arteriole of order 8 is unique; its Fi')(¢) has a peak
at about the third day of hypoxia.

Discussion

Data on the remodeling of the zero-stress state of pulmonary
arteries in response to a lowering of hypoxic hypertensive blood
pressure are reported here. Some data on the remodeling of the
morphometric features of pulmonary arteries are given in refs.
1-7, with which we found qualitative agreement. The mathe-
matical expressions of indicial functions in hypertension and
recovery are believed to be previously undescribed.

We emphasize that the hypothesis of differential linearity on
which Eqgs. 1 and 2 are based has not been fully validated yet.
Hence the range of validity of these indicial functions is still
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unknown. To carefully validate the linearity hypothesis is one of
most important projects to be done in the future.

In practical animal experiments, no method is known that can
vary the amplitude of blood pressure alone. We believe that a
practical way to test the linearity hypothesis is to compute the
indicial functions and then test the null hypothesis that the
indicial functions are independent of the blood pressure level.
Indeed, blood pressure oscillates at a high frequency and has
unique stochastic features. We have contributed a method to
make a detailed study of this variation of blood pressure in 1 day
(23, 24). However, in the present article, we handled the mean
blood pressure in a primitive way, in keeping with the belief that
tissue remodeling is a slow process. This concept probably needs
revision. There must be high-frequency features in gene action
and protein configuration changes. The study of the high-
frequency features of cell and tissue remodeling and merging
into the low-frequency features presented in the present paper
are important themes for future research.

Conclusion

Use of indicial functions is a convenient method to look at the
dynamics of a living system involving tissue remodeling. The
results shown in Figs. 2-7 may be called indicial functions of
pulmonary arterial wall tissue remodeling with respect to step
changes of oxygen tension in the breathing gas. The data shown
in Figs. 2-7 were relatively easy to obtain, but their interpretation
is complex, requiring information on cardiac action and periph-
eral circulation. We hypothesize that tissue remodeling is a local
phenomenon, and we need to examine the indicial functions of
tissue remodeling with respect to local stimulations such as local
blood pressure, local tissue stress, tissue strain, cellular stress, or
cellular strain. The method for deducing hypertensive indicial
functions and recovery indicial functions with respect to blood
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Indicial response functions of wall cross-section area. The hypertension indicial function F(t) of the wall cross-section area of rat pulmonary arteries

of orders 11-8 (Left) and the recovery indicial function F2(t) after 10 days of hypoxia (Right) are shown.
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pressure is illustrated here. The curves in Figs. 8-11 are previ-
ously unshown, with which scientists need to become familiar.
The most important feature revealed in Figs. 811 is that F{%(r)
is not a mirror image of Fi')(1). The process of recovery and the
ultimate fate are not simply the reverse of injury; this is common
sense. To use this process in medicine requires scientific infor-
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mation. Therefore, the biology of recovery is an independent
subject to be studied in its own right.
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