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For most vasoactive constrictor and dila-
tor stimuli the magnitude of the responses
is dependent on the initial vascular resist-
ances in the hindlimb, gracilis muscle and
the isolated perfused segments of small cu-
taneous arteries and veins (1-10). These
findings resulted in the formulation of the
law of initial values (LIV) first expressed
by Wilder (2) and subsequently demon-
strated by other investigators (3-13). The
LIV, as applied to cardiovascular dynamics,
states that changes in pressure (resistance)
produced by vasoconstrictor stimuli are
smallest when initial vascular resistances are
high and greatest when initial vascular re-
sistances are low. The change in resistance
produced by vasodilator drugs will be least at
low initial vascular resistances and greatest at
high initial vascular resistances (1-13).
The concept of LIV generated the proposal
that agonist-induced changes in vascular
resistance should be expressed as the rela-
tive change in response, that is, as a per-
centage of the initial vascular resistance
rather than the absolute change (2-13).

The validity of the LIV has been chal-
lenged since studies performed to evaluate
the LIV demonstrated it does not exist in
the pressor responses of urethane-anesthe-
tized rats (14), and pentobarbital-treated
dogs (15, 16) to various vasoconstrictor
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stimuli. However, the LIV is found to oper-
ate in the cat and dog when the hindlimb
or hindquarters are perfused and the flow
rate of blood is maintained constant. A
recent study demonstrated the LIV to be
operant in the pressor responses of the
perfused gracilis muscle to serotonin (17).

The canine perfused paw preparation
(18) is an extremely useful model for
evaluation of the effect of drugs on adrener-
gic neuroeffector transmission and vascular
reactivity (19-22). However, a fundamen-
tal problem in utilizing this preparation, as
well as many others, is expression and inter-
pretation of data. For example, when Drug
A decreases vascular resistance by 50%
but only decreases the responses to an
agonist by 25%, depending upon whether
the response to the agonist is expressed as
a percentage of initial perfusion pressure or
as the actual magnitude of change in pres-
sure, Drug A either depresses or enhances
the pressor response to the agonist. When
confronted with two such divergent answers
an investigator must expend a lot of time
and effort to evaluate the effects of other
substances on the preparation to ascertain
whether the effect of Drug A on the agonist-
induced response was mediated by changes
in initial pressure or by the intrinsic action
of Drug A. At times a definitive conclusion
still cannot be reached concerning the effect
of Drug A on the pressor response to an
agonist.

The following study was designed to
evaluate the effects of the level of initial
vascular resistance on the responses of the
perfused canine paw to vasoconstrictor and
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vasodilator stimuli. The data clearly dem-
onstrate that over a range of initial pres-
sures from about 80 to 400 mm Hg the
LIV is operant for vasodilator stimuli but
not for vasoconstrictor stimuli.

Methods. One hundred and fifty three
dogs of cither sex were anesthetized with
pentobarbital sodium (30 mg/kg iv). After
endotracheal intubation and initiation of
artificial ventilation with a Harvard respira-
tor, the left femoral artery and vein were
cannulated for recording of systemic pres-
sure and administration of drugs, respec-
tively.

The right hindpaw was cannulated as
previously described (19, 20). Sodium
heparin (1000 units/kg) was administered
to each animal through the femoral venous
catheter. The cranial tibial artery was per-
fused by the method of Zimmerman and
Gomez (18) with a Harvard peristaltic
pump with blood taken from the common
iliac artery. Flow in the hindpaw averaged
28 # 0.6 (SEM) ml/min. Isolation of the
hindpaw was confirmed by turning off the
perfusion pump and observing residual pres-
sure which approached small vein pressure
21 = 0.3 (SEM) mm Hg. Since flow in
the hindpaw was maintained constant,
changes in perfusion pressure were equiva-
lent to changes in vascular resistance.

Partial dose-response curves to intra-
arterial (ia) nitroglycerin (100 pg), nor-
epinephrine (0.1 to 40 pg), tyramine (50
to 200 ug) and angiotensin (0.1 to 1.0 ug)
were obtained and the responses are ex-
pressed in terms of change in resistance
(A pressure/flow = A resistance). The
change in resistance was plotted against the
initial resistance and the slopes, regression
lines, and correlation coefficients (r) calcu-
lated (23). Similar experiments were per-
formed with stimulation of the sciatic nerve
(varying frequencies, 20V, 2 msec dura-
tion, 2 msec delay for 15 sec) utilizing an
American Electronic Instrument stimulator
and Harvard standard bipolar electrodes.
Initial perfusion pressures were altered by
intra-arterial infusions of prostaglandin B,
(50-3200 ng/kg/min ia), prostaglandin B,
(50 and 200 ng/kg/min ia) and nitroglyc-
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erin (1.0 ng/kg/min ia).

Statistical analysis. Data were analyzed
with regression analyses and analyses of
variance (23). Means were compared with
students paired or grouped ¢ test. A level of
P < 0.05 was chosen for statistical signifi-
cance.

Results. Responses to nitroglycerin. The
absolute and relative changes in resistance
to intra-arterial (ia) injections of one dose
of nitroglycerin (100 pg) for a representa-
tive sample of the total number of dogs are
plotted as a function of the initial resis-
tance in Fig. 1. The slope of the regression
line and correlation coefficient for all 39
dogs was significant when the data were
expressed as the absolute change in resis-
tance but not when the dilator responses
to nitroglycerin were expressed as a per-
centage change in resistance (Fig. 1). The
absolute magnitude of the dilator responses
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Fi1G. 1. Relationship between initial resistance
and the magnitude of nitroglycerin-induced (100
ug ia) decreases in vascular resistance of the per-
fused canine paw. The ordinate represents the
peak change in resistance (AR, closed symbols)
and the percentage change in resistance (AR
percent, open symbols) after nitroglycerin. The
abscissa represents the initial resistance (IR) in
normally innervated canine hindpaws when initial
perfusion pressure was set to match systemic
pressure. The slope, regression line and correla-
tion coefficient (#) represent the responses from
39 animals. The individual points are the data
from a representative sample. The lower line has
fewer points to avoid overlap. Note the significant
regression and correlation between AR and IR
but the absence of any significant correlation be-
tween percentage AR and IR.



548

to nitroglycerin was dependent on the level
of initial vascular resistance but not when
the data were expressed as the percentage
change from the initial vascular resistance.

Responses to constrictor stimuli. The ab-
solute changes in resistance to ia injections
of 2 dose levels of norepinephrine in a
representative sample of the total number
of dogs are plotted as a function of the
initial resistance in Fig. 2 (left panel). The
slopes of the regression lines and correlation
coefficients for all 153 dogs were nonsig-
nificant over the resistances normally ob-
served in this preparation. Similar findings
were observed with pressor responses to
tyramine (Fig. 2).

Effects of increases or decreases in re-
sistance on responses to constrictor stimuli.
Initial vascular resistances normally present
in the perfused paw preparation were found
to have no influence on the absolute mag-
nitude of agonist-induced increases in vas-
cular resistance. Therefore, we evaluated
the effect of prostaglandin B, and norepi-
nephrine-induced increases in vascular re-
sistance on the pressor responses to ia
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FiG. 2. Relationship between initial resistance
and the magnitude of constrictor-induced in-
creases in vascular resistance in the perfused
canine paw preparation. The ordinate represents
the peak change in resistance (AR) after each
agonist. The abscissa represents the initial re-
sistance (IR) in normally innervated canine hind-
paws when initial perfusion pressure was set to
match mean systemic pressure. Each point rep-
resents one response. The slope and regression
line represent the responses to NE and tyramine
in 153 and 41 animals, respectively The in-
dividual points are the data from representative
samples. r is correlation coefficient. Note the
absence of any significant regression or correla-
tion between AR and IR.
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Fic 3. Relationship between initial resistance
and the magnitude of constrictor-induced increases
in vascular resistances in the normally innervated
perfused canine paw preparation. The ordinate
represents the peak change in resistance (AR)
after nerve stimulation or each agonist. The
abscissa represents the initial resistance (IR) in
normally innervated canine hindpaws when ini-
tial resistance is decreased by ia prostaglandin
B: (50 and 100 gg/min) or increased by ia
norepinephrine (1-10 ug/min) or prostaglandin
B: (50-3200 gg/min). The slope and regression
line represent the responses from the number of
animals as shown in parentheses. Note the ab-
sence of any significant regression or correlation
between AR and IR.

tyramine, norepinephrine, nerve stimulation
and angiotensin. The data are summarized
in Fig. 3. It is quite clear that when initial
vascular resistance is increased by intra-
arterial infusions of prostaglandin B, (nor-
epinephrine and tyramine only) or increased
by intra-arterial infusions of prostaglandin
B, (norepinephrine and tyramine only) or
increased by intra-arterial infusions of nor-
epinephrine (all agonists), the absolute
magnitude of changes in vascular resistance
induced by tyramine, norepinephrine, sym-
pathetic nerve stimulation and angiotensin
is unaltered.

Intra-arterial injection of 40 pg of nor-
epinephrine produced approximately a 300
mm Hg rise in perfusion pressure (287 *+
15 mm Hg; SEM). Intra-arterial infusions
of prostaglandin B; and B, do not affect
the pressor responses of the perfused hind-
paw to norepinephrine (20). We, therefore,
increased perfusion pressure to 400-500
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Fic. 4. Relationship between initial resistance and the magnitude of constrictor-induced
increases in vascular resistances in the perfused canine paw preparation. The bars represent
the peak changes in resistance (AR) after norepinephrine. The value on the top of the bar
represents the change in response to NE expressed as a percentage of the initial resistance.
The abscissa represents the initial resistance (IR) in normally innervated canine hindpaws
when initial resistance is increased by ia infusions of prostaglandin B. (left panel) or de-
creased by ia infusions of PGB, (right panel) or nitroglycerin (1.0 pg/kg/min ia). (*) The
percentage change in resistance differs significantly (P < 0.05) from control despite the
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obvious similarity of the magnitude of the responses.

mm Hg with graded infusion rates of PGB,
and administered ia injections of NE. It is
quite clear from Fig. 4 (left panel) that
the absolute magnitude of NE-induced in-
creases in resistance remains constant de-
spite increases in initial vascular resistance.
A typical record of this experiment is illus-
trated in Fig. 5. When initial vascular re-
sistances were decreased by ia infusions of
prostaglandin B, and nitroglycerin, the
pressor responses to ia norepinephrine did
not significantly differ from control re-
sponses (Fig. 4, right panel).

clearly demonstrate that nitroglycerin-in-
duced vasodilation is directly proportional
to the initial vascular resistance of the blood
perfused canine hindpaw under conditions
of constant flow (Fig. 1). This finding is
in agreement with those of other investiga-
tors utilizing perfused preparations and the
intact animal for measurement of responses
to dilator substances (2—13). Nitroglycerin
relaxes arteriolar smooth muscle (24). The
greater the degree of initial smooth muscle
shortening the greater will be the capability
of the muscle to dilate. However, the rela-

Discussion. The data presented here tive (%) decrease in resistance appears to
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Fi. 5. A typical record illustrating the lack of effect of PGB:induced increases in
vascular resistance on the pressor response to norepinephrine (40 pg ia). Top: systemic pres-

sure; bottom: perfusion pressure.
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remain constant over a wide range of initial
resistances. Therefore, in agreement with
many investigators, we conclude that dila-
tor responses of the canine perfused paw
preparation must be expressed as a percen-
tage change from base line pressure or
resistance.

Large changes in perfusion pressure or
resistance may spontaneously occur as a
result of changes in the level of anesthesia,
drug-induced vasoconstriction or other
pharmacologic interventions. Studies per-
formed to test the LIV in skeletal and
isolated cutaneous arteries demonstrated aug-
mentation of agonist-induced vasoconstric-
tion at low initial vascular resistances and
a diminution at high initial vascular resis-
tances (2—13). The data presented in Figs.
2-5 clearly demonstrate that the actual
changes in resistance produced by vaso-
constrictor stimuli in the perfused canine
hindpaw are independent of the initial vas-
cular resistance. If the LIV is applied to
these responses then an inverse relationship
between response and initial vascular resis-
tance must exist since the former remains
constant and the latter increases. However,
in this instance, the data would be nor-
malized to fit the LIV rather than invoca-
tion of the LIV to explain the data. This
makes interpretation of the data tenuous at
best and may lead to erroneous conclusions.

Since the actual increase in resistance ob-
tained to vasoconstrictor stimuli in the
canine perfused paw preparation is inde-
pendent of the level of initial vascular re-
sistance, normalization of data to account
for the changes in baseline resistance would
lead, in this preparation, to misinformation
concerning the effects of drugs on vascular
responses to vasoconstrictor stimuli unless
(a) the initial resistance is unaffected by
the drugs or pharmacologic interventions,
or (b) the direction of the change in ab-
solute magnitude of the response and the
normalized data are in agreement.

The present study cannot offer an ex-
planation for the inapplicability of the LIV
to the pressor responses of the perfused
hindpaw to various vasoconstrictor stimuli.
Although a larger total vascular resistance
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develops when initial resistances are higher,
the absolute magnitude of agonist-induced
increases in vascular resistance are essen-
tially unchanged. Similar conclusions have
been reached by other investigators (21,
22 and P. J. Kadowitz, personal communi-
cations) utilizing the perfused canine hind-
paw preparation. The canine paw vascula-
ture has many arteriovenous (A-V)
anastomoses. Vasoconstrictor stimuli may
only contact the smooth muscle in some
A-V anastomoses or, more likely, only
partially constrict many of them. At higher
initial resistances an equivalent dose of
agonist may produce the same change in
resistance by further shortening of the mus-
culature of these A-V anastomoses. It also
is possible that the different vasoconstrictor
stimuli may preferentially contract large or
small arteries, as in the kidney (25).

The results of the present studies differ
from those of Zimmerman, Gomer and Liao
(26) and Kadowitz, Sweet and Brody (27)
who find that sectioning of the sympathetic
chain at L-4 to L-5 reduces the pressor
responses to angiotensin. This procedure
also reduces the pressor response to prostag-
landin B, (28) and prostaglandin F.. (29).
The constrictor response to these agents is
dependent on tonic sympathetic impulse
activity to the canine paw. However, the
pharmacologic interventions utilized here
primarily affect smooth muscle and do not
decrease vascular resistance by removal of
sympathetic tone. Therefore, while our
results are applicable to direct smooth vaso-
dilator substances, they should not be ex-
trapolated to agents which may decrease
vascular resistance by interference with nor-
mal adrenergic neurotransmission processes.

The absolute magnitude of change in
vascular resistance produced by vasocon-
strictor substances is constant over a wide
range of initial resistances. These results
have direct applicability to experiments
which evaluate the effect of vasoactive drugs
on the responses of the perfused canine
paw to norepinephrine and sympathetic
nerve stimulation when constant flow per-
fusion is utilized. When initial vascular re-
sistance changes as a consequence of physi-
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ologic or pharmacologic interventions by
smooth muscle dilator or vasoconstrictor
substances, then increases or decreases in
the pressor responses to bolus injections of
agonists, such as norepinephrine, tyramine
or angiotensin, would not be secondary to
the change in initial vascular resistance but
would reflect the intrinsic facilitatory or
depressant action of the various physiologic
or pharmacologic interventions.

Summary. The effect of initial vascular
resistance on the vascular responses of the
perfused canine hindpaw to nitroglycerin,
norepinephrine, tyramine, sympathetic nerve
stimulation and angiotensin was evaluated.
Initial resistances were altered by (a) vaso-
dilator drugs (nitroglycerin and prosta-
glandin B,) and (b) background infusions
of norepinephrine and prostaglandin B..
Over a wide range of initial vascular re-
sistances, the absolute magnitude of dilator
responses of the perfused canine hindpaw
to nitroglycerin is directly proportional to
the level of initial vascular resistance. Over
the pressure range of most physiologic and
pharmacologic perfusions (80-400 mm Hg;
2.7-18.5 peripheral resistance units), the
change in resistance produced by stimula-
tion of the sympathetic nerves and intra-
arterial norepinephrine, tyramine and angio-
tension was independent of the initial
vascular resistance and the mode by which
these resistances were altered. Although the
larger total vascular resistances developed
when initial resistances were higher, the
magnitude of induced increases in vascular
resistance was unchanged. If these results
are extrapolated to constant flow perfusion
experiments utilizing the canine hindpaw,
in which the initial vascular resistance in-
creases as a result of physiologic or phar-
macologic interventions, they indicate that
changes in response to a given constric-
tor agonist produced during drug-induced
changes in vascular resistance would result
from the intrinsic activity of the drug and
not secondary to the change in vascular
resistance.
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