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Very little information is available on the permeability of the blood-
brain barrier (BBB) to small polar drugs in chronic hypertension.
The blood and cerebrospinal fluid (CSF) pharmacokinetics of liben-
zapril (LZP), a potent angiotensin converting enzyme inhibitor,
were investigated in hypertensive (SH) and normotensive (SD) rats.
Following intravenous bolus administration of this hydrophilic drug,
the terminal rate constant for elimination (), steady-state volume of
distribution (V,_), and systemic clearance (CL) were similar in these
two animal groups. Other pharmacokinetic parameters (C,.°, &, k;,,
and k,,) were significantly (P < 0.05) greater in the hypertensive
group, except for the volume of the central compartment (V_) and
ratio of V. to V,_, which were smaller in SH rats. The ratio of area
under the concentration-time curve (AUC) in CSF to blood was
about twofold higher in SH rats compared to normotensive rats,
showing increased BBB permeability in hypertensive rats. An acute
brain uptake study was also performed in SH, SD, and WK rats by
intracarotid administration of *C-LZP along with *H,0 as a refer-
ence marker. Both LZP and water transport was found to be signif-
icantly higher (about two- to five-fold) in six of the seven different
brain regions in SH rats as compared to the normotensive (SD and
WK) controls. Because of this simultaneous increase in concentra-
tions of both the drug and the reference marker, BUI values were
not affected. Regional brain concentrations in SH rats were also
linearly correlated with the mean arterial pressure (MAP) values,
providing further evidence of the systemic pressure related increase
in BBB permeability.

KEY WORDS: blood-brain barrier (BBB); pharmacokinetics; liben-
zapril; cerebrospinal fluid (CSF); chronic hypertension.

INTRODUCTION

One basic function of the blood-brain barrier (BBB) is
to protect the brain and cerebrospinal fluid (CSF) compart-
ments of the central nervous system from the systemic
(blood) environment by restricting entry of solutes of polar
nonelectrolytes through intercellular tight junctions at the
cerebral capillaries. However, there is strong evidence that
this barrier becomes more permeable to large molecules
(molecular weight, 4000-70,000) such as albumin and dex-
tran under conditions of acute hypertension (1-4). In con-
trast, relatively few reports are available on the evaluation of
BBB permeability in chronic hypertension (5,6). Mueller and
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Heistad (5) found no differences in brain permeability be-
tween normotensive (WK) and SH rats to albumin. Majack
and Bhalla (6) examined both paracellular and pinocytotic
transport of horseradish peroxidase across the middle cere-
bral artery in SH and normotensive rats. Interendothelial
junctions in both groups demonstrated impermeability to the
tracer, which led them to conclude that, unlike acute hyper-
tension, animals with chronic hypertension may not be char-
acterized by increased BBB permeability.

No information is known about the effect of chronic
hypertension on the BBB permeability of commonly used
drugs, which are mostly small molecules (molecular weight
<1000). Since hypertension affects about 15 to 20% of Amer-
icans (7), the present investigation is of both scientific inter-
est and potential clinical significance. The major objectives
of this study were to compare (i) the blood and CSF phar-
macokinetic behavior of libenzapril (LZP), a potent an-
giotensin converting enzyme inhibitor, in normotensive (SD)
and the chronic hypertensive (SH) rats and (ii) the brain
uptake of LZP between normotensive (SD and WK) and
chronic hypertensive (SH) rats. The blood-brain permeabil-
ity of LZP evaluated in this commonly used chronic hyper-
tensive (SH rat) model (4,6,8,9) was significantly greater
compared to normotensive (SD and WK rats) controls.

MATERIALS AND METHODS

Radioactive Materials. *H,0 (1 mCi/g) was purchased
from New England Nuclear Corp., Boston, MA. '*C-LZP
(7.7 or 10.5 nCi/mg) was generously supplied by Ciba-Geigy
Corporation, Summit, NJ.

Animals. SD (Sasco Inc., Omaha, NE), WK, and SH
(Taconic Farms, Germantown, NY) rats were exposed to a
12-hr light:dark cycle and housed two per cage. Rats were
fed with commercial rat chow and tap water ad libitum and
were allowed an acclimatization period of at least 4 days
prior to experimentation.

Pharmacokinetic Studies with Blood and CSF. Male
rats (SH or SD) weighing 300-340 g were kept anesthetized
with pentobarbital (50 mg/kg, i.p.) and maintained at 37°C.
With the animal on its back, the left femoral artery (for blood
collection) and vein (for drug administration) were cannu-
lated with silicone tubing (0.012-in. ID X 0.025-in. OD) con-
taining heparin (100 units/ml). The right femoral artery was
isolated (for blood pressure measurement). Then the animal
was placed on its stomach and the skull was exposed. A
small hole was then drilled by hand using a dental burr on the
sagittal midline immediately rostral to the interparictal-
occipital bone suture. A 5-cm-long cannula (PE-50) tubing
was gently placed in the cisterna magna to a depth of 0.6-0.8
cm. The skull was cleaned of any escaping CSF via the gap
at the cannula/skull interface and the gap sealed with epoxy
glue (Krazy Glue, Krazy Glue Inc., Itasca, IL). Then the
animal was placed on its back again, and CSF flows via the
cannula were aided by gravity. This CSF collection method
was successful in about 80% (9 of 11 rats) of the attempts
made. Blood contamination of CSF (judged visually) was an
occasional problem observed in about 20% of the animals;
such rats were not used. The right femoral artery (exposed
carlier) was then connected to a Physiograph (Model 7,

236



Hypertension and BBB Permeability

N NH,

A 0

§=-0

OH

3-[(5-amino- -carboxy 1$-pentyl)-amino)-2,3,4,5-tetrahydro- 2-0x0-3S- 1H-benzazepine- 1-acetic acid
Fig. 1. Chemical structure of LZP.

Grass Instruments Co., Quincy, MA) via a transducer
(Model P23ID, Gould Statham Instruments Inc., Puerto
Rico) for the blood pressure determination. The normoten-
sive (SD) group had a MAP of 95 *+ 12 mm Hg (range, 83-112
mm Hg); the corresponding value for the SH group was 136
+ 15 mm Hg (range, 118-158 mm Hg), which was signifi-
cantly higher (P < 0.05). Following injection of 3 mg/kg of
14C-LZP via the left femoral vein, a 50:50 mixture of normal
saline and 5% glucose was infused (2 ml/hr for the first 2 hr
and then reduced to 1 mlhr). This infusion regimen was
found necessary to permit survival of the animal over the
duration of the experiment (8-12 hr) and, also, to maintain
normal hematocrit (42—46%) and normal blood pressure.
Blood (left femoral artery, 50 wl/sample) and CSF (25- to
100-pl aliquots/sample period) were collected over an 8- to
12-hr period. Sampling times for blood were 3, 6, 10, 20, 30,
40, 50, 60, 120, 180, 210, 240, 300, 360, 420, 480, 600, and 720
min. Collection intervals for CSF were 0-15, 15-30, 3060,
60-90, 90-120, 120180, 180-240, 240-300, 300-360, and 360—
480 min, respectively.

Brain Uptake Studies. Separate groups of SH (MAP,
149 = 28 mm Hg; n = 8) and SD (MAP, 96 = 11 mm Hg; n
= 7) rats were used in this part of the study. In addition, WK
(MAP, 94 = 21 mm Hg; n = 8) rats, which are genetically
more similar to SH rats than the SD species, were used as
additional normotensive controls. The method described by
Oldendorf (10) was used with minor modifications. The right
carotid artery was isolated in rats (250-350 g) under pento-
barbital anesthesia (50 mg/kg, i.p.). A 27-G needle was bent
at 90° and the tapered end was inserted into the artery, such
that carotid blood flow was essentially unchanged. Bleeding
was prevented by applying epoxy glue around the artery/
needle junction. The drug solution was injected via a 5-cm
PE-10 tubing attached to the other end of the needle. A
solution (30-35 pl) containing **C-LZP or C-sucrose (for
residual correction, discussed below) and a rapidly diffusible
reference compound (CH,0) was injected via the indwelling
cannula. The animal was decapitated 15 sec postinjection [a
time sufficient for the bolus to make a single passage through
the brain (11)]. The skull was opened and the whole brain
was placed on filter paper wetted with cold 0.9% NaCl.
Large subarachnoidal and dural blood vessels were removed
and discarded. Seven brain regions (medulla, olfactory lobe,
colliculus, pons, diencephalon, cortex, and cerebellum)
were dissected and analyzed for drug and reference com-
pound by scintillation counting. Since sucrose is an imper-
meable compound, total-brain radioactivity represents only
the amount in the blood associated with the region. There-
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fore, subtracting (i.e., correction for residual blood) this
value from the total tissue drug content provides an estimate
of actual drug uptake (10).

Analysis of Tissue, Blood, and CSF. Various brain re-
gions (10-250 mg, accurately weighed) were each dissolved
in 2 ml of tissue solubilizer (Protosol, New England Nuclear,
Boston, MA) contained in a 22-ml scintillation vial and in-
cubated for about 8-12 hr at 55°C in a shaking water bath.
After cooling the vials to room temperature, 10 ml of scin-
tillation fluid (Econofluor, New England Nuclear, Boston,
MA) was added to each vial and kept in the dark for 48 hr (to
remove chemiluminescence). The vials were then counted
for *H and 'C in a scintillation spectrophotometer (Model
LS-230, Beckman Instruments, Fullerton, CA). The counts
per minute (cpm) were converted to disintegrations per
minute (dpm) using a quench curve obtained by adding
known amount of radioactivity to tissues from nontreated
animals. Whole blood (50 pl) was added to 0.5 ml of a 2:1
mixture of solubilizer and ethanol contained in a 22-ml scin-
tillation vial and incubated in a shaking water bath for 1 hr at
55°C. After cooling the vial to room temperature, 0.5 ml of
30% hydrogen peroxide was added dropwise, and the vial
incubated for an additional 30 min at 55°C. Then, 15 ml of the
scintillation fluid (Biofluor, New England Nuclear, Boston,
MA) was added to the vial at room temperature, stored for
48 hr, and counted as described earlier for tissues. CSF sam-
ples (20-25 nl) were placed in scintillation vials containing
0.5 ml of solubilizer and incubated for 2 hr at 55°C in a
shaking water bath. After samples cooled to room tempera-
ture, 10 ml of scintillation fluid (Econofluor) was added to
the vial and Kept in a dark place for 24 hr. Then, the vials
were counted for radioactivity. Counts per minute were con-
verted to dpm, a measure of absolute radioactivity, by using
predetermined external standard and efficiency curves. The
BUI values are calculated by the following equation (10):

BUI = [(**C-brain)/(*H,0-brain)]/[*C-mix./*H,0-mix.)]

where *C-brain and *H,O-brain are the radioactivities of
these two compounds in the brain tissue, and *C-mix and
3H,O-mix are the ratios of these two substances in the in-
jection solution.

Data Analysis. LZP blood concentration versus time
data obtained after bolus dose administration were analyzed
according to standard pharmacokinetic techniques (12). Ac-
cordingly, initial parameter estimates were obtained using
log concentration—-time plots and were then refined by non-
linear regression analysis (13). Area under the concentra-
tion—time curve (AUC) was computed by the trapezoidal
rule. Volume of the central compartment (V,), steady-state
volume of distribution (Vdss)’ and systemic clearance (Cl)
were calculated by the following equations (12):

V. = dose/C?
V4. =dose(AUMC)YAUC?

Cl = dose/AUC

where C.° is the initial blood concentration and AUMC
is the first moment of the drug concentration in blood curve
obtained by the area under the curve of the plot of the prod-
uct of concentration and time versus the time from 0 to .
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Compartmental behavior was discerned using visual and sta-
tistical (Akaike’s information criteria and the F test) meth-
ods (14,15). Statistical analysis of pharmacokinetic parame-
ters and BUI values consisted of analysis of variance
(ANOVA) followed by Duncan’s multiple-range test (16) to
determine which differences were significant. Values are
presented as mean * SD.

RESULTS

Pharmacokinetic Studies. Blood concentrations of LZP
declined in a biexponential manner (Fig. 2) in both the nor-
motensive (predrug MAP, 95 = 12 mm Hg) and the hyper-
tensive (predrug MAP, 136 = 15 mm Hg) groups; the predrug
MAPs were significantly different (P < 0.05). The terminal
rate constant for elimination (), Va and CL were similar in
these two animal groups (Table I). Other pharmacokinetic
parameters [Cpo, rate constant of distributive phase (), in-
tercompartment transfer rate constant from the central to the
peripheral compartment (k,,), intercompartment transfer
rate constant from the peripheral to the central compartment
(k,;), and AUC ratio of CSF to blood concentrations] were
significantly (P < 0.05) greater in the hypertensive group,
except for the volume distribution of the central compart-
ment, V., and the V. /V,_ratio, which were smaller in SH
rats (Table I).

The ratio of CSF to blood drug concentration in SD and
SH rats as a function of time is shown in Table II. During the
first 30 min, these ratios were significantly higher in the SH
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Fig. 2. Experimental blood (W) and CSF (A) concentrations of LZP
following a 3 mg/kg intravenous bolus dose of *C-LZP in SD (top)
and SH (bottom) rats. Lines drawn through blood data are theoret-

ical values based on a biexponential equation.
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group (P < 0.05). During the terminal phase (60-480 min)
these ratios were, however, quite comparable between SD
(range, 0.13-0.29) and SH (0.15-0.32) rats (P > 0.05). In SH
rats, the peak CSF drug concentration was 1.49 = 0.78 pg/ml
(n = 5); the corresponding value for the SD rats was 0.47 +
0.15 pg/ml (P < 0.05, n = 4). Following an equilibration
period of about 60 min, CSF concentrations declined, ap-
proximately in paraliel with blood concentrations (Fig. 2).

Drug-induced decreases in blood pressure are shown in
Fig. 3. As stated, predrug MAPs were 95 = 12 and 136 = 15
mm Hg in SD and SH rats, respectively. Immediately after
injection (about 5 min), a steep decline in MAP was observed
in both groups. In the 0- to 15-min interval, the drop in MAP
values was 23 = 8 and 60 = 12 mm Hg (P < 0.05) in SD and
SH rats, respectively. The hypertensive group exhibited a
maximum drop (during the 15- to 30-min interval) of 63 + 13
mm Hg in MAP and the blood pressure stabilized in about 30
min. In the normotensive (SD) group, the drop in MAP was
lower, as might be expected (22 = 7 mm Hg; also during the
15- to 30-min interval), and the pressure stabilized after
about 60 min. As shown (Fig. 3), postdrug MAP values were
not significantly different between the two groups of rats
after that time (P > 0.05).

Brain Uptake Studies. Brain uptake indexes of LZP in
the three species of rats are shown in Table III. The reported
BUIs have been corrected for residual blood contribution
using sucrose as described (10). It was found that only one
region (medulla) showed appreciable uptake; no significant
differences were observed (P > 0.05) between the groups.
Uptake indexes in the other six regions were essentially zero
across all three species. In contrast to BUI values, corrected
tissue drug concentrations in six of the seven brain regions in
the hypertensive group were consistently higher (P < 0.05)
than the corresponding values obtained in the normotensive
(SD and WK) groups (Table IV). Similarly, regional concen-
trations of the marker *H,0) were also significantly (P <
0.05) higher in five of the seven regions between SH and WK
rats and four of the seven regions between SH and SD rats
(Table V). Similarities in regional uptake of LZP were also
observed in the three species of rats that were used. With
respect to brain LZP uptake, the medulla, olfactory lobe,
and diencephalon ranked the highest, the second highest,
and the lowest among the seven regions in all three species
(Table IV). Within each species, tissue concentrations in the
other four regions were essentially equal.

Commercially obtained SH rats exhibited a wide range
of MAPs. Therefore, the correlation between brain tissue
uptake of LZP and MAP was also examined. A linear trend
was observed between regional brain concentrations of LZP
and MAP (Fig. 4). However, statistical significance (P <
0.05) was obtained only for the medulla, pons, and cortex,
with P values of 0.064, 0.27, 0.16, and 0.91 for colliculus,
diencephalon, cerebellum, and olfactory lobe, respectively.
Similarly, concentrations of >H,O were also related to MAP,
with linear relationships being observed for the olfactory
lobe, colliculus, pons, and cortex (P < 0.05); P values of
0.068, 0.10, and 0.17 were obtained for medulla, dienceph-
alon, and cerebellum, respectively (Fig. 4). For reasons of
clarity and space economy, only those regions exhibiting a
significant correlation between MAP and uptake of LZP and/
or *H,0 (except olfactory lobe) are shown.
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Table I. Pharmacokinetic Parameters of Libenzapril in Rats*
CL
MAP Cp° o ) kip kay V. Va,, (ml/min
(mm Hg) (ug/ml) (min~") (min~!) (min~!) (min~') (mlkg) (mikg) V.V, * kg) AUC o100
SD
1 112 7.68 0.051 0.0047 0.0206 0.0092 390 886 0.44 10.1 0.15
2 92 10.22 0.074 0.0052 0.039 0.022 294 455 0.65 5.18 0.055
3 94 12.27 0.060 0.0080 0.0224 0.0158 244 500 0.49 7.7 0.13
4 83 5.97 0.038 0.018 0.0025 0.0214 502 622 0.81 12.0 0.10
Mean 95¢ 9.03% 0.055¢ 0.0089 0.021¢ 0.017¢ 357 615 0.59¢ 8.75 0.109"
SD 12 2.77 0.015 0.0061 0.014 0.0059 113 193 0.16 2.95 0.041
SH
5 124 14.7 0.19 0.0087 0.1142 0.0570 203 575 0.35 6.0 0.17
6 128 14.5 0.19 0.0090 0.1164 0.0463 206 663 0.31 7.6 0.22
7 118 12.6 0.15 0.0083 0.0878 0.0348 237 745 0.31 8.5 0.27
8 142 12.2 0.15 0.0029 0.0950 0.0481 245 562 0.43 2.2 0.21
9 158 20.3 0.31 0.0198 0.1765 0.0808 147 592 0.25 11.4 —
Mean 1367 14.9° 0.198°¢ 0.0097 0.1180¢  0.0531°¢ 208/ 627 0.33¢ 7.1 0.21*
SD 15 3.23 0.065 0.0061 0.0349 0.0176 38 76 0.066 3.3 0.041

* Numbers with the same superscript letter significantly different (P < 0.05).

DISCUSSION

Libenzapril, a potent angiotensin converting enzyme
(ACE) inhibitor, was selected as a model compound, primar-
ily because it is not metabolized and not protein bound (17);
hence total radioactivity represents unchanged free drug. In
addition, LZP appears to cross the BBB and its antihyper-
tensive effect may be centrally mediated like captopril, an-
other ACE inhibitor (18).

Rats (SH, 16 weeks old) used in this study reach the
hypertensive state at 4-5 weeks of age when the systolic
pressure can be as high as 150 mm Hg (19). MAP values in
rats reported in the literature depend on the species, the
artery used for measurement, and the status (awake or un-
conscious) of the animals (20). In anesthetized rats using the
femoral artery (as in this study), a MAP value of 117 = 11
mm Hg was reported (21). In our studies, MAP values for SD
rats were 95 = 12 mm Hg in the pharmacokinetics study and
96 = 11 mm Hg in the brain uptake studies; the correspond-
ing values for SH rats (136 = 15 and 149 + 28 mm Hg) were
significantly greater (P < 0.05); WK rats had a MAP of 94 +
21 mm Hg (Tables I and III). Pentobarbital anesthesia low-

Table II. Ratio of CSF/Blood Concentration of LZP

Time (min)® SH SD
7.5 0.26 * 0.039* 0.071 = 0.027
22.5 0.51 = 0.31* 0.10 = 0.007
45 0.27 * 0.14 0.15 = 0.08
75 0.29 = 0.18 0.19 = 0.06
105 0.20 = 0.077 0.19 = 0.07
150 0.22 £ 0.12 0.32 +0.23
210 0.19 = 0.11 0.28 =+ 0.05
270 0.23 + 0.18 0.26 = 0.007
330 0.25 = 0.26 0.26 = 0.014
420 0.13 = 0.035 0.26 +0.18

4 Midpoint of CSF collection interval.
* Significantly different (£ < 0.05) from the corresponding values in
the SD group.

ered blood pressure, as has also been reported (22). Blood
pressure data provided by the supplier (Taconic Farms) in
seven SH animals, using the tail cuff method, was 215 = 10
mm Hg. In the experimental setup (pentobarbital with anes-
thetized), the corresponding systolic pressure measured in
our laboratory was 165 = 13 mm Hg. In view of the factors
(methodical and site) discussed above, estimation of the ac-
tual drop in blood pressure due to anesthesia is difficult.
Effects of pentobarbital on BBB permeability are unknown.
However, since the present investigation is a comparative
study, this issue is not a concern.

Pharmacokinetic Studies. Since the animals were used
immediately after implantation of cannula in the cisterna ma-
gna, blood contamination of CSF is a possibility and was
excluded by visual examination; even 1 ul of blood in the
volume of CSF collected (25-100 pl) would have been
readily apparent. Besides, CSF concentrations of LZP in-
creased during the first 30—60 min, when blood concentra-
tions of the drug declined (Fig. 3). The collection technique
(i.e., draining CSF) is physiologically consistent, because
CSF is continuously produced and absorbed into blood, (23).
Since CSF concentrations of LZP are relatively much lower
than blood LZP, CSF collection will have little effect on the

1607 a SD Rats
M I s SHRats
%" 120 A a
E 100
s "1 R
r 80 I I 1 ; I

60 - i i J 2

40 ¥ T L T T v T v 1

100 O 100 200 300 400 500
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Fig. 3. Effect of LZP on the time course of MAP in SD and SH rats.
The test drug (3 mg/Kg) was administered iv. Values are mean *
SD; n = 4 in normotensive (SD) and » = S in SH rats.
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Table ITI. Brain Uptake Index“ of Libenzapril® in Rats*

Region SD WK SH
Medulia 0.190 = 0.11 0.11 = 0.057 0.172 = 0.049
Olfactory lobe 0.0016 = 0.0023 0.039 = 0.023 0.032 = 0.029
Colliculus 0.0082 = 0.012 0.044 = 0.044 0.0078 = 0.022
Pons 0.031 = 0.023 0.019 = 0.029 0.029 = 0.019
Diencephalon 0.0067 = 0.016 0.019 = 0.024 *%

Cortex *x 0.0074 = 0.011 0.0031 = 0.0055
Cerebellum 0.040 = 0.011 0.034 = 0.022 0.0013 = 0.0021
MAP (mm Hg) 96 + 112 94 +21° 149 + 282°

N 7 8 8

¢ Data after correction for blood residue.
b3 mg/kg.

* Numbers with the same superscript letter significantly different (P < 0.05).

** Indeterminate (negative value).

blood and CSF kinetics of the drug. Therefore, artifactual
effects due to blood contamination of CSF or the sampling
technique used are unlikely.

The decline of blood LZP in SH and SD rats as a func-
tion of time was best described by a biexponential equation
(C, =Axe ™ + B+ e~ P*") characteristic of the two-
compartment model, which consists of rapid and slow equil-
ibrating regions (Table I). A high degree of confidence in the
estimated parameter was observed. The r values for these
regressions ranged from 0.97 to 0.99. With one exception,
parameter coefficients of variation were small (4-38%) in
both SH and SD rats. In addition, 95% confidence intervals
were narrow except in the case noted (SD 4) where a high
coefficient of variation (6-282%) was observed and the 95%
confidence interval included the value of zero. Chronic hy-
pertension influenced the disposition of LZP. While sys-
temic clearances (CL = dose/AUC) and steady-state volume
of distribution (Vdss) were similar between SH and SD rats,
significantly higher «, k,,, and k,, values were observed in
SH rats (P < 0.05). This indicated that LZP equilibrated
more rapidly in the hypertensive rats and is consistent with
intuitive expectations (better mixing due to pressure). The
reason for smaller V. in SH rats is opened to speculation. As
shown Fig. 3, blood pressure in SH and SD rats became
essentially identical after about 1 hr. Therefore, the lack of
differences in V,_(calculated based on 12-hr data) may be
due to the antihypertensive effect of LZP. A drug with a

relatively small V / Va, ratio may show an unusually large
peak-to-trough concentration ratio over a dosing interval
even when administered relatively frequently (12). Since the
VC/Vdss ratio was significantly lower in SH rats, it suggests
that chronic hypertensive patients may experience a wider
range of plasma concentrations. Dosage adjustment may
therefore be more critical for drugs with narrow therapy
ranges in such patients.

Collins and Dedrick (24), using theoretical simulations,
demonstrated that an increase in brain capillary permeability
of a drug should cause an increase in the AUC ratio of CSF
to blood as well as their concentration ratio during the ter-
minal phase when both CSF and blood concentrations have
a parallel decline. In the present study, the uptake of LZP
into the brain was measured by both the ratio of CSF to
blood AUCs (Table I) and the time-dependent ratio of CSF
to blood concentration (Table II). A significantly (P < 0.05)
larger AUC was observed in the hypertensive rats (Table I).
The CSF-to-blood concentration ratios were also higher dur-
ing the first 75 min (when the blood pressure was signifi-
cantly greater in the SH group), although significant differ-
ence in this ratio was obtained only during the first two
collection intervals (0-15 and 15-30 min). During the termi-
nal phase this ratio was similar in both groups except for the
last sample, which approached background radioactivity and
was subject to large analytical error. An explanation for the
terminal CSF/blood concentration ratio to be essentially the

Table IV. Brain Concentration® of Libenzapril® in Rats*

Region SD WK SH
Medulla 0.21 = 0.096% 030 = 0.16° 0.70 = 0.46°°
Olfactory lobe 0.091 = 0.052° 0.22 = 0.11¢ 0.63 = 0.22¢9
Colliculus 0.036 = 0.026° 0.041 = 0.009° 0.21 + 0.16%f
Pons 0.046 = 0.016° 0.067 = 0.042 0.19 = 0.1181
Diencephalon 0.019 = 0.018 0.007 = 0.011 0.13 = 0.11
Cortex 0.046 = 0.023 0.072 = 0.045% 0.19 = 0.1505%
Cerebellum 0.067 = 0.022' 0.078 = 0.044™ 0.21 = 0.150"™

MAP (mm Hg) 96 + 11® 94 + 21° 1499 =+ 28°P

N 7 8 8

“ 3 mg/kg.

® ng/mg tissue/mg dose.

* Numbers with the same superscript letter significantly different (P < 0.05).
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Table V. Brain *H,0 in Normotensive and Hypertensive Rats*
*H,0 (pg/mg tissue)
Region SD WK SH
Medulla 0.099 = 0.040 0.11 = 0.024 0.15 = 0.034
Olfactory lobe 0.25 x0.11? 0.25 =+ 0.15° 0.71 = 0.53®
Colliculus 0.60 = 0.30° 0.28 = 0.30¢ 1.20 = 0.58%4
Pons 0.088 = 0.042 0.095 = 0.027 0.13 = 0.041
Diencephalon 0.47 *0.14° 0.32 +0.30° 1.06 + 0.57%f
Cortex 0.40 = 0.034 033 = 0.238 0.79 = 0.482
Cerebellum 0.13 = 0.042" 0.099 = 0.037 0.35 = 0.21%
* Numbers with the same superscript letter significantly different (P < 0.05).
A. B
120 140 160 180 200 s 140 9 g0 200 o
20 - -L L 0.20 N
Yi=-1.07 +0.0011X r=0.76 p < 0.05 o
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Fig. 4. Effect of MAP on brain tissue concentrations of LZP (@; ng/mg tissue/mg dose) and >H,0 (A ; ug/mg tissue) in SH rats. Lines
(Y1 for LZP and Y2 for >H,0) were drawn by linear regression. (A) Medulla; (B) colliculus; (C) pons; (D) cortex. TW = 3H,0.
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same in SD and SH rats can be obtained by examining the
pharmacodynamic results. Blood pressure declined rapidly
(~5 min) after intravenous bolus administration in both
groups but remained significantly higher in SH rats during
the first 60 min postadministration; MAP values in SD and
SH rats were similar after that time (Fig. 3). It, therefore,
appears that enhanced permeability of LZP observed previ-
ously (when MAPs were higher) in SH rats was reversed to
that of the normotensive group, when blood pressure differ-
ences did not exist. Increased brain permeability of LZP in
chronic hypertension was also demonstrated in the acute
brain uptake study discussed below.

Brain Uptake Index Studies. Brain uptake of LZP was
determined 15 sec [time required for single passage through
the brain (11)] after intracarotid drug administration. The
antihypertensive effect of LZP was not manifested until
about 5 min postadministration (Fig. 3). Therefore, BUI val-
ues were obtained at predrug MAP.

BUI values (Table III) showed that the brain uptake of
LZP, except for the medulla (17-19%), is small (less than
1-3% in the other six regions examined) during a single pas-
sage through the brain. The highest BUI in medulla was
unexpected because medulla is not directly supplied by the
internal carotid artery; the basilar artery provides most of
the blood supply. However, the injected drug can reach the
medulla via the circle of Willis because the pressure of in-
jection alters the blood-flow pattern transiently (25). The
preferential uptake of LZP by the medulla is speculated to be
due to regional differences in capillary density. The poor
overall brain permeability of LZP is best explained by its
poor lipophilicity; its chloroform/phosphate buffer (pH 7.4)
partition coefficient is <0.01 (unpublished observations).

In this investigation, brain uptake of the drug and *H,O
[classical reference marker (11)] was found to be essentially
identical in SD and WK rats. Therefore, either strain of rats
can be used as normotensive controls for the SH rats. When
a drug is injected via the common carotid artery, only about
10-20% reaches the brain. A reference marker is used along
with the drug in BUI studies primarily to correct for this
variability. Results from this study showed that the uptake of
both *C-LZP and *H,0 in the hypertensive group was two
to five times higher than that in the normotensive groups
(Tables IV and V). In this connection it is interesting to note
that tyrosine uptake is enhanced in SH rats (26). This in-
creased uptake of LZP could be either due to increased BBB
permeability in hypertension or due to differences in cere-
bral blood flow. Blood flow, however, in SH and WK rats is
similar (27-30). In addition, the brain permeability is rela-
tively blood flow independent when the BUI value is less
than 30% (31). A linear relationship (three of the seven re-
gions were statistically significant; the P values of colliculus,
diencephalon, cerebellum, and olfactory lobe were 0.064,
0.27, 0.16, and 0.91, respectively) was also observed be-
tween MAP and regional brain LZP and *H,O (Fig. 4) con-
centration. Therefore, results from brain uptake studies,
which are consistent with the CSF data, showed a higher
blood—-CNS permeability of LZP in hypertension. Because
of increased uptake of both LZP and *H,0 in hypertension,
BUI values (Table IIT) did not reflect increased brain uptake
of LZP in SH rats (Table IV and Fig. 4).

In summary, very few data are currently available on
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the effect of chronic hypertension on the blood-brain barrier
transport of drugs, which are in most cases of low molecular
weight. Based on our results with LZP, chronic hyperten-
sion can increase the BBB permeability of such small polar
molecules. Mechanisms responsible for increased perme-
ability of LZP in chronic hypertension need to be elucidated.
It also appears that such disruption of BBB in this model of
chronic hypertension is reversible when systemic pressure is
reduced to the normal level. Results of the present study
suggest that dosage requirements may be lower in chronic
hypertensive patients, particularly for drugs which act on the
CNS. Further studies are needed to evaluate this phenome-
non and its clinical significance.
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