
cubated overnight at 4°C with one of the 
two tracheal segments from each guinea 
pig; the other segment, serving as con
trol tissue, was incubated under identical 
conditions, but without the antiserum. 
The mean relaxation of tracheal strips 
that had been incubated with antiserum 
to VIP was lower by 71 percent with 1-
msec stimulations and 76 percent with 2-
msec stimulations (Fig. 2). 

Our results point to VIP as a trans
mitter of the nonadrenergic inhibitory 
nervous system in the airways of guinea 
pigs. Nerves containing VIP are widely 
distributed in organs with much smooth 
muscle, especially in sphincters (75). 
This peptide may also mediate enteric 
inhibitory responses (76), including the 
relaxation of the lower esophageal sphinc
ter that is induced by electrical vagal 
stimulation. 

Identification of the mediator of the 
nonadrenergic inhibitory system has ob
vious implications for the neurohumoral 
regulation of airway smooth muscle 
tone. Further, it is potentially important 
for understanding the pathogenesis of 
bronchial asthma and related broncho-
spastic disorders. Not only does the non
adrenergic inhibitory system appear to 
be the principal inhibitory nervous sys
tem for human airway smooth muscle 
(2), but a deficiency of this system could 
explain the hyperreactivity of airways in 
asthma (77). Support for this notion is 
provided by observations on Hirsch
sprung's disease, a condition charac
terized by persistent contraction of the 
distal bowel and localized absence of 
autonomic ganglia. In this disease, con
sidered analogous in some respects to 
bronchial asthma (77), the nonadrenergic 
inhibitory responses are lacking (18) and 
VIP nerves are markedly reduced in af
fected areas of the gut (79). 
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local hyperthermia. 
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(7) or c/s-dichlorodiamine platinum 
(PDD) (8) were injected into tumor-bear
ing mice. Local heating caused up to 
fourfold greater drug release and uptake 
by the tumor than in unheated areas. In 
addition, PDD specifically released from 
liposomes by heat produced a greater 
delay in tumor growth than did either 
free drug combined with tumor heating 
or drug containing liposomes but without 
local heating (7, 8). 

The strategy of using local heating to 
induce preferential release of drugs from 
liposomes does not effectively address 
the major problem in human cancer: the 
metastatic lesions. An alternative ap
proach was suggested by the fact that the 
interstitial fluids of a number of tumors 
in humans and animals have an ambient 
pH that is considerably lower than that 
of normal tissue (9-12). This difference 
could be utilized if liposomes could be 
constructed in a manner such that they 
would release encapsulated drug when 
passing through a region of lower pH. If 
microscopic domains of metastases also 
have a lower pH such vesicles could be 
of particular benefit in chemotherapy. In 
this report we describe pH-sensitive 
liposomes of possible therapeutic value. 

Our approach to pH-sensitive lipo-

/?H-Sensitive Liposomes: Possible Clinical Implications 
Abstract. When pH-sensitive molecules are incorporated into liposomes, drugs 

can be specifically released from these vesicles by a change of pH in the ambient 
serum. Liposomes containing the pH-sensitive lipid palmitoyl homocysteine (PHC) 
were constructed so that the greatest pH differential (6.0 to 7.4) of drug release was 
obtained near physiological temperature. Such liposomes could be useful clinically if 
they enable drugs to be targeted to areas of the body in which pH is less than physio
logical, such as primary tumors and metastases or sites of inflammation and infec
tion. 
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Fig. 2. Temperature profiles of CF release 10° 
from liposomes at different pH's. Liposomes 
were prepared by sonication of lipids (2 mg/ 
ml; 74 percent DHPC, 10 percent DPPC, 16 
percent PHC) in 0.2M CF atpH 8.6 (0.1M car
bonate buffer). The liposomes were separated 
from free CF on a Sephadex G-50 column and 
eluted with phosphate-buffered saline, pH 
7.5. The CF atpH 8.6 was used for sonication 
in an attempt to ensure the maximum amount 
of PHC in the charged form. When the lipo
somes were run on the G-50 column, pH 7.5 
buffer was used to bring them to a physiologic 
range. No CF loss was noted during the elu-
tion step. A liposome sample (20 to 30 fil) was 
added to 25 percent inactivated horse serum 
with different pH values (similar results are 
obtained with human or fetal calf serum), and 
the fluorescence intensity was measured at 541 nm (excitation at 465 nm) with a Perkin- Elmer 
1000M fluorimeter at constant temperature. A rapid release of fluorescence was observed that 
plateaued within 5 seconds; this was followed by much slower (a few percent per minute) leak
age. Values shown are at the 5-second time interval. The total fluorescence of each sample was 
measured by heating to 67° to 75°C, then cooling slowly to the assay temperature. This proce
dure takes into account thepH dependence of CF fluorescence and corrects for it (23). In 25 
percent serum this procedure is consistent with release in the presence of detergent. Each 
symbol represents the average of two replicates. 

Temperature (°C) 

somes is based on the incorporation of 
lipids with special head groups into ves
icle walls composed primarily of dipalmi-
toyl, distearoyl, or diheptadecanoyl L-a-
phosphatidylcholine (DPPC, DSPC, and 
DHPC, respectively). The internal aque
ous compartment contained 0.2M car-
boxyfluorescein (CF), a self-quenched 
fluorescent marker whose release and di
lution are accompanied by a marked in
crease in fluorescence yield (13). As the 
pH-sensitive lipid, we prepared N-palmi-
toyl L-homocysteine (PHC) (14, 15). 
Free homocysteine exists in two forms, 
the open form and a thiolactone ring (16). 
The PHC could also be in equilibrium be
tween open and closed forms, as illus
trated in Fig. 1. In the open form, PHC 
resembles a free fatty acid and is well 
accommodated in lipid bilayers. In con
trast, PHC thiolactone approximates a 
neutral lipid which destabilizes the bi-
layer, with a consequent drug release 
(17). The effect of serum pH and temper
ature on CF release was measured by the 
increase in fluorescence intensity (18) 
when portions of CF containing lipo
somes in pH 7.5 buffer were added to 
serum of different pH ' s . A temperature-
dependent p H differential was obtained 
in serum with vesicles containing 12 per
cent PHC and 88 percent DPPC. The 
maximum differential in serum (pH 6.8 to 
7.4) was obtained at 33°C, that is, below 
body temperature. Therefore, liposomes 
of differing composition were con
structed. Addition of 1 to 5 percent 
DSPC gave little differential between 36° 
and 39°C and higher amounts resulted in 
unstable liposomes. Attempting to bring 
the temperature of optimal p H dif
ferential release closer to 37°C, we com

bined either 10 or 18 percent DPPC with 
DHPC. The drug-releasing character
istics of p H 7.5 liposomes are shown in 
Fig. 2, in which the curves represent typ
ical temperature-release profiles at dif
ferent p H values. When the p H of the 
test serum was lowered to either 6.5 or 
6.0, a further increase in differential re
lease was obtained. 

Figure 3 summarizes CF release at dif
ferent pH ' s in serum at 37°C for three 
liposome combinations. Only a minimum 
effect of p H on release of CF from pure 
DHPC vesicles at 37°C was noted (79), 
whereas, as expected from earlier stud
ies (5, 6), DPPC vesicles showed a high 
CF release in serum at 37°C. In contrast, 
the addition of PHC to mixtures of 
DHPC and DPPC produced a graded re
sponse that was inversely proportional 
to the serum pH. The amount of CF re
leased at 37°C was approximately three-

DPPC - 10% DPPC - 18% 
PHC - 16% PHC - 12% 

Fig. 3. Comparison of rapid release of CF 
from liposomes of three compositions, at 37°C 
and four different pH values. In the first set, 
with pure DHPC, each value is the average of 
two replicates. In the second set the data are 
from Fig. 2. In the third set, with 70 percent 
DHPC, 18 percent DPPC, and 12 percent 
PHC, we show averages of four replicates 
from two separate liposome preparations. We 
used the procedure as described in Fig. 2. 

fold greater at p H 6.5 than at 7.4 and 
fivefold higher a t p H 6.0. 

Plasma-induced leakage from lipo
somes, which occurs when the lipids are 
in the liquid crystalline phase (20), is un
likely because the time required is much 
longer (hours compared to seconds). 
Nevertheless, a less organized bilayer is 
required for maximum drug release. 

The increased release of CF at lowpH 
is probably not due to leakage resulting 
from conversion of CF to its nonionized 
form by H + ions, because the pK of CF 
ionization is more than two p H units be
low the range studied. A t p H 6.0, more 
than 65 percent of the encapsulated CF 
was released from PHC-containing vesi
cles. In addition, little p H differential 
was observed in the DPPC-only lipo
somes (Fig. 3). 

From the results we obtained with 
serum in vitro, we predict that drug re
lease will be promoted if the liposome 
passes through a region of the body with 
a p H lower than physiological. A number 
of observations suggest that such condi
tions occur in vivo. For example, it has 
been demonstrated that the p H of ef
ferent blood from rat Walker carcinoma 
256 and hepatoma 5123 tumors have a 
lower average p H (as much as 0.18 unit) 
than afferent blood. ThepH of tumor in
terstitial fluid is about 6.9 and can be fur
ther depressed by administration of ei
ther glucose or NaHC0 3 , or C0 2 in
halation. In such cases t h e p H drops as 
low as 6.2. At the same time, t h e p H of 
the blood is either unchanged or slightly 
elevated (9, 10). In regions of inflamma
tion and infection, the exudate p H drops 
to 6.5, 60 hours after the start of the in
flammatory reaction (27), and capillary 
permeability is increased in both tumors 
and inflamed sites. 

If it proves possible to obtain specific 
release of drugs from pH-sensitive lipo
somes in animal tumors, such liposomes 
may become a clinically relevant means 
of drug delivery (22). 

M. B. YATVIN* 

Radiobiology Research Laboratories, 
Department of Human Oncology, 
University of Wisconsin, 
Madison 53792, and 
Department of Membrane Research, 
Weizmann Institute of Science, 
Rehovot, Israel 

W. KREUTZ 

Institut fur Biophysik und 
Strahlenbiologie der Universitat 
Freiburg, D-7800 Freiburg, 
Federal Republic of Germany 

B. A. HORWITZ 

M. SHINITZKY 

Department of Membrane Research 
Weizmann Institute of Science 

1254 SCIENCE, VOL. 210 



References and Notes 

1. G. Gregoriadis, Nature (London) 265, 407 
(1977). 

2. H. K. Kimelberg and E. Mayhew, Annu. Rev. 
Toxicol 6, 25 (1978). 

3. H. K. Kimelberg and M. L. Atchison, Ann. 
N.Y. Acad. Sci. 308, 395 (1978). 

4. E. Mayhew, D. Papahadjopoulos, Y. M. Rus-
tum, C. Dave, ibid., p. 371. 

5. M. B. Yatvin, J. N. Weinstein, W. H. Dennis, 
R. Blumenthal, in Sensitizers and Hyper
thermia, W. L. Caldwell and R. E. Durand, Eds. 
(Univ. of Wisconsin Press, Madison, 1977), vol. 
2, pp. 105-112. 

6 , Science 202, 1290 (1978). 
7. J. N. Weinstein, R. L. Magin, M. B. Yatvin, D. 

S. Zaharko, ibid. 204, 188 (1979). 
8. M. B. Yatvin, H. Muhlensiepen, W. Porchen, J. 

N. Weinstein, L. E. Feinendegen, Cancer Res., 
in press. 

9. H. Kahler and W. V. B. Robertson, J. Natl. 
Cancer Inst. 3, 495 (1943). 

10. P. M. Gullino, F. H. Grantham, S. H. Smith, A. 
C. Haggerty, ibid. 34, 857 (1965). 

11. K. A. Meyer, E. M. Kummerling, L. Altman, 
M. Koller, S. J. Hoffman, Cancer Res. 8, 513 
(1948). 

12. J. Naeslund and K. E. Swenson, Acta Obstet. 
Gynecol. Scand. 32, 359 (1953). 

13. J. N. Weinstein, S. Yashikami, P. Henkart, R. 
Blumenthal, W. A. Hagins, Science 195, 489 
(1977). 

14. For the synthesis of PHC the N-hydroxy suc-
cinimide ester of palmitic acid was first prepared 
and crystallized as described by Y. Lapidot et 
al. (15). This active ester was reacted with L-
homocysteine • H O (Sigma) in a manner similar 
to that outlined for other amino acids (15). Por
tions from two stock solutions of 372 mg (1 
mmole) of palmitic acid AMiydroxy succinimide 
ester in 10 ml of tetrahydrofuran and 250 mg (1.6 
mmole) of L-homocysteine thiolactone hydro
chloride in 10 ml of distilled water were added 
alternatingly into a stirred mixture of 20 ml of 
0.2M sodium carbonate-bicarbonate buffer, pH 
9.0, and 20 ml of tetrahydrofuran. The mixture 
was stirred at room temperature for 16 hours 
and then acidified with \M HC1 to pH 2 to 3; it 
was then warmed to 60°C and bubbled with ni
trogen to facilitate the precipitation of the thio
lactone form of PHC. The product was collect
ed, washed extensively with water, and recrys-
tallized from methanol. Thin-layer chromatogra
phy (with a mixture of chloroform, methanol, 
and 0.1M HC1, 65:25:4) revealed over 95 per
cent purity, with the remainder being mostly 
palmitic acid. 

15. Y. Lapidot, S. Rappoport, Y. Goldman, J. Lipid 
Res. 8, 142 (1967). 

16. H. D. Baernstein, J. Biol. Chem. 106, 451 
(1934). 

17. We attempted to determine the actual pK of the 
equilibrium by ultraviolet spectroscopy of PHC 
in dilute aqeuous solution with 20 percent meth
anol. R. Benesch and R. E. Benesch [J. Am. 
Chem. Soc. 78, 1597 (1956)] used this method to 
follow the kinetics of thiolactone formation for 
other homocysteine derivatives. They eliminat
ed the interfering absorption of - S ~ groups, by 
measuring samples at acid pH. For Af-acetyl 
homocysteine dissolved at pH 10.0, the - S H 
group is spectrophotometrically titratable. 
When PHC prepared with NaOH was dissolved 
at pH 10.0 and titrated immediately, the titration 
of absorption at 240 nm resembled that for N-
acetyl homocysteine in equilibrium with its thio
lactone. The molar extinction coefficient of PHC 
at acid/?H (224o nm = 4-103) is similar to that ob
tained for thiolactone by Benesch and Benesch. 
This indicates that a PHC thiolactone is rapidly 
formed. Because of - S ~ interference, the pK 
for PHC thiolactone formation has not been de
termined, and further studies to do so by x-ray 
diffraction are needed. The results from such 
studies should make it possible to determine 
whether PHC does in fact destabilize the bilayer 
by the proposed mechanism. 

18. A sample of lipids (DPPC, Fluka, Buchs, Switz
erland; DHPC, Sigma Chemical Company, St. 
Louis, Mo.), at 2 mg/ml in 0.2M carboxy-
fluorescein (Kodak, recrystallized) at pH 8.6, 
was sonicated to clarity (15 minutes) at 70 W 
with a Branson B-12 Sonicator. The sample 
was chilled, centrifuged for 10 minutes to re
move any metal fragments, and the liposomes 
obtained were separated on a Sephadex G-50 
column at/?H 7.5. The CF at/?H 8.6 was used 
for sonication in an attempt to ensure the pres
ence of the maximum amount of PHC in the 
charged form. When the liposomes were run on 
the G-50 column, pH 7.5 buffer was used to 
bring them to a physiologic range. No CF loss 

SCIENCE, VOL. 210, 12 DECEMBER 1980 

was noted during the elution step. The liposome 
fraction obtained was kept on ice and assays 
were started within 1 hour after preparation. Af
ter 24 hours at 4° to 6°C, some leakage of fluo
rescence could be detected, but not significantly 
more for liposomes containing PHC than for 
pure DPPC or DHPC vesicles. 

19. C. Sweet and J. E. Zull, Biochim, Biophys. Acta 
173, 94 (1969). 

20. G. Scherphof, H. Morselt, J. Regts, J. C. Wil-
schut, ibid. 556, 196 (1979). 

21. V. Menkin, Biochemical Mechanism in Inflam-

The frequency composition of the 
electroencephalogram, or EEG, reflects 
the age and the functional status of the 
brain. With maturation the dominant fre
quency becomes more rapid, and brain 
damage, dysfunction, or deterioration 
causes frequency slowing in the brain re
gions involved (/). These conclusions 
were initially based on qualitative im
pressions gained by visual examination 
of ink tracings. By means of analog fil-

mation (Thomas, Springfield, 111., 1956), pp. 69-
77. 

22. M. B. Yatvin, W. Kreutz, B. Horwitz, M. Shi-
nitzky, Biophys. Struct. Mech. 6, 233 (1980). 

23. F. C. Szoka, K. Jacobson, D. Papahadjopoulos, 
Biochim. Biophys. Acta 551, 295 (1979). 

24. M.B.Y. was a recipient of Senior International 
Fellowship F06-TW 00325 of the Fogarty Inter
national Center. National Institu|es of Health, at 
the Weizmann Institute. 

29 September 1980 

ters and special-purpose frequency ana
lyzers and, more recently, by using 
general-purpose digital computers imple
menting the fast Fourier transform 
(FFT), these conclusions have been con
firmed by quantitative studies of changes 
in the EEG frequency spectrum with age 
and with brain disease (2). 

The EEG frequency spectrum is con
sidered to contain four major frequency 
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Parieto-occipital Central Temporal Frontotemporal 

Age (years) 

Fig. 1. Regression equations for data from U.S. children (N = 306) and Swedish children 
(N - 342) for each frequency band and derivation. Dashed lines (from right side of head) and 
dotted lines (left side) describe the equations derived from U.S. children. Solid lines describe 
the Swedish data. The data are valid for children aged 6 to 16 years. 
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Developmental Equations for the Electroencephalogram 
Abstract. Thirty-two linear regression equations predict the frequency composi

tion of the electroencephalogram within four frequency bands, for four bilateral 
regions of the brain, as a function of age. Equations based on such data from 
large groups of healthy children in the United States and Sweden are closely similar. 
These equations describe the development of the electrical activity of the normal 
human brain, independent of cultural, ethnic, socioeconomic, or sex factors. 


