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Summary 

Unidirectional f lux rates of  saturated fa t ty  acids, saturated alcohols, and bile 
acids were measured in an intact rat diaphragm preparation. The logarithm of 
the permeabili ty coefficients for fa t ty  acids containing from five to ten carbon 
atoms was a linear funct ion of  the  number  of  carbon atoms in the  fa t ty  acid 
chain. Incremental free energies of  solution were +336 cal • mo1-1 for the addi- 
t ion of  a hydroxyl  group and --258 cal • tool -1 for the addit ion of  a methylene 
group. These incremental free energies were similar to  those obtained by  other  
investigators in other  animal tissues, and our data suggest a structural similarity. 
between membranes in different tissues and in different species. The muscle 
membrane exhibited anomalously high permeabilities for fa t ty  acids containing 
less than five carbon atoms. Since muscle lacks tight junctions,  this result 
suggests that  small non~lec t ro ly tes  traverse polar regions or aqueous pores 
within the  cellular membrane.  

Int roduct ion 

Permeability characteristics of  cellular membranes have been defined by 
studying permeation patterns of  various molecules through these membranes.  
Numerous experiments have been conducted  in various mammalian and non- 
mammalian epithelial "tissues [ 1--11].  No study,  however,  has been undertaken 
to measure the  permeabili ty characteristics of  the muscle membrane.  Studies in 
muscle tissue would make it possible to compare the permeabili ty character- 
istics of  this tissue with published data from other  cell membrane preparations. 

* To w h o m  c o r r e s p o n d e n c e  should  be  addressed. 
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Studies in muscle tissue could also provide insight into the pathways that 
ions and small non-electrolytes use to enter the cell. Investigators have sug- 
gested that these molecules bypass the membrane and traverse 'tight junctions' 
(zona occludens) which connect epithelial cells [1,2,4,12--14]. Muscle tissue 
does not have tight junctions and uptake of ions and small non-electrolytes 
should occur across the membrane itself. 

We determined unidirectional flux rates for a homologous series of saturated 
fatty acids and saturated alcohols and for bile acids with related groupings in 
intact diaphragm. True permeability coefficients were calculated by correcting 
flux rates for the unstirred water layer, and incremental free energies 
(SAFw_>I) were determined for both hydroxyl (-OH) and methylene (~H2-) 
groups using these permeability coefficients. Previously reported permeability 
coefficients were converted to free energy values and compared with our 
results. 

Materials and Methods 

Chemicals and reagents. Radioactively-labeled ([1-14C]-) and unlabeled satu- 
rated fatty acids and saturated alcohols were all 99% pure and used as provided 
from Applied Science Laboratories, Inc., State College, PA. Unlabeled bile 
acids, obtained from Steraloids, Inc., Pawling, NY, and radiolabeled ([24- 
14C]-)bile acids, obtained from Mallinckrodt Chemical Works, St. Louis, MO, 
were purified when necessary by thin-layer chromatography. 3H-labeled 
dextran (molecular weight 15000--17 000) was obtained from New England 
Nuclear Corp., Boston, MA. All chemicals were dissolved in a Ca2+-free Krebs/ 
bicarbonate buffer oxygenated with 5% CO2/95% 02 resulting in a pH of 7.4 at 
37°C. 

Tissue preparation. Male Sprague-Dawley rats (180--220 g) maintained on an 
ad libitum diet o f  rat chow were killed by a blow on the head and bled. The 
intact diaphragm was dissected taking care not to sever any muscle tissue [15]. 
The sternum was cut horizontally at the level of the fourth to fifth costal 
cartilage. The abdominal and back muscles were dissected from the lower rib 
cage and the ribs transected superior to their diaphragmatic insertions. 
Abdominal and thoracic structures (ligaments, vessels, etc.) transversing the 
diaphragm or adhering to the central tendon were dissected. The spine was 
transected above and below the twelfth vertebra freeing the intact diaphragm. 
All extraneous tissues were removed. The dissection procedure was performed 
in 3 min with no apparent damage to the diaphragm. Fragments from the dis- 
section were removed by immersing the diaphragm in ice ,o ld  0.154 M NaC1 
for 5--10 s. Each diaphragm was secured by tying 3~) silk surgical suture to a 
portion of protruding rib and placed in 4°C oxygenated buffer where they 
remained until incubation. No tissue remained in 4°C buffer for longer than 
15  min. Prior to incubation each diaphragm was placed in a beaker of Ca 2÷- 
free Krebs/bicarbonate buffer oxygenated with 5% CO2/95% O2 at 37°C for 
5 min (pre-incubation). The only agitation in the pre-incubation or incubation 
beakers was produced by the stream of oxygenating bubbles. 

Flux-rate determinations. Measurements of unidirectional flux rates of satu- 
rated fatty acids and bile acids were performed using a modification of the 
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technique developed in this laboratory [16]. After the 5 min period of pre- 
incubation each diaphragm was suspended by the suture in a beaker of Ca 2+- 
free Krebs/bicarbonate buffer at 37°C containing both 14C-labeled test sub- 
stance (probe) and 3H-labeled dextran, the latter used as a marker to measure 
adherent mucosal fluid volume, i.e., the fluid adhering to the tissue. After an 
8 min incubation period (except during time courses) each diaphragm was 
washed for several seconds in cold 0.154 M NaC1, blotted, placed on filter 
paper moistened with 0.154 M NaC1, cut into two portions free of extra- 
cellular debris, and transferred to a previously tared counting vial. After drying 
overnight at 93°C the dry tissue weight was determined by weighing the vial 
containing dried tissue and subtracting the original weight. The diaphragm was 
then hydrolyzed with 0.8 ml of 0.75 N NaOH and autoclaved at l l 0 °C  for 
6 min. After cooling at room temperature, 15.8 ml of an acid/toluene/Triton 
X-100 scintillation fluid were added,to the vial. 

Flux-rate measurements of volatile alcohols required a different technique. 
At the conclusion of the incubation period the diaphragm was bisected. The 
wet weight of each half of the specimen was determined. One tissue half was 
transferred to a previously tared counting vial and placed in a drying oven, 
After drying overnight at 93°C, the dry tissue weight was determined asabove. 
The other tissue half was transferred to a counting vial to which 0.8 m l  of 
0.75 N NaOH was added. The vial was then capped. The tissue was hydrolyzed 
in a metabolic shaker at 37°C. After cooling at 4°C for 30 min, 15.8 ml of the 
acid/toluene/Triton X-100 scintillation fluid were added to the vial. The dry 
weight of the saponified sample was determined by multiplying the wet weight 
of t h e  hydrolyzed tissue by t h e  dry weight : wet weight ratio obtained from 
the half portion dried in the oven. 

Radioactivity was measured in a Packard Tri-Carb liquid scintillation counter 
using an external standard technique to correct for quenching. Flux rates (Ja) 
are expressed as nmol of the probe absorbed into the muscle per min per 
100 mg dry tissue weight (nmol/min per 100 mg). Jd values were normalized to 
1 mM concentration after accounting for the mass in the adherent fluid volume 
measured in microliters of solution per 100 mg dry tissue weight (pl • 100 mg-1). 

Determination o f  surface area. Tissue samples (1 cm diameter) obtained bY 
punch biopsy were dried and used for the determination of surface area per 
100 mg dry weight (cm 2 • 100 mg-l). 

Free diffusion coefficients. The free diffusion coefficients (D) for the fatty 
acids, bile acids, and alcohols used in this study were obtained as described [8] 
and are listed in Table I, Column B. 

Statistical analysis. Data are expressed as mean net uptake +1 S.E. 

Results 

Adherent fluid volume. A period of incubation must be selected in which the 
entire adherent fluid volume is uniformly labeled by a n impermeant molecule. 
As seen in Fig. 1, [3H]dextran did not achieve equilibrium until after 6 min 
of incubation. If t h e  time allowed for incubation' is less than that required for 
un~orm dis~but ion o f  the volume marker,  a situation will arise where the 
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Fig.  1. C h a r a c t e r i s t i c s  o f  l a b e l i n g  o f  the adherent  f lu id  v o l u m e  i n  intact  rat diaphragm as a f u n c t i o n  o f  
incubat ion  t i m e .  [ 3 H ] D e x t r a n  was used as the  v o l u m e  marker.  Each po in t  represents  the m e a n  ±1 S .E .  
for  de terminat ions  i n  s ix  a n i m a l s .  

probe is distributed much more quickly than the marker (i.e.,Dprob e > Dmarker ). 
In such a situation the tissue uptake would be overestimated and the adherent 
fluid volume underestimated. A time period greater than 6 min was selected 
for incubation of  the diaphragm. 

Transport characteristics of tissue uptake. Unidirectional uptake was deter- 
mined with respect to time and concentration using four saturated fatty acids 
(hexanoic, heptanoic, octanoic and nonanoic acids) two bile acids (tauro- 
cholate and taurodeoxycholate), and one saturated alcohol (decanol) as probe 
molecules. Competition studies were also performed using these probe mole- 
cules. 
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I~ls. 2 .  The uptake ,  _7~ o f  o c t a n o i c  ac id  into  intact  rat d i~nhrasms  as a f u n c t i o n  o f  t i m e .  Each s p e c i m e n  
was  incubated  i n  C a  ~" -free Krebs/bicarbosmCe buf fer  for  8 m i n  i n  the concentra t ion  course .  Each po in t  
represents  the m e a n  +1 S .E .  for  de terminat ions  in  s ix  =nim,ds .  
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Fig. 3. The re lat ionship b e t w e e n  the  rates o f  uptake (Jd) of a homologous series of  fatty  acids and the 
n u m b e r  o f  carbon atoms in each c o m p o u n d .  Each spec imen  was  incubated  in Ca2+-free Krebsfo icarbonate  
buf fer  for 8 rain. Each p o i n t  represents  the  m e a n  for de terminat ions  in six animals. 

The rate of tissue uptake was linear with respect to time to 10 min and 
extrapolated essentially to zero at zero time for all compounds studied (Fig. 2). 
The finding coupled with the adherent fluid volume data (equilibrium after 
6 rain), dictated that the standard period of incubation be greater than 6 min 
and less than 10 min. 8 rain was chosen as the experimental incubation period. 
As would be anticipated, the tissue uptake of all probes tested was artifactually 
high at 2 min (the probe equilibrate d much more quickly than the volume 
marker). 

Tissue uptake of fatty acids was linear with respect to increases in concentra- 
tion. No data suggestive of saturation kinetics for fatty acids (hexanoic, 0-- 
4 mM; heptanoic, 0--4 raM; octanoic, 0--4 raM; and nonanoic, 0--2 mM) bile 
salts (taurocholate, 0--20 mM and taurodeoxycholate, 0~-20 raM) or an alcohol 
(decanol, 0--2 mM) were apparent. Tissue uptake was not inhibited by closely 
related solutes. Octanoate uptake was unaffected by heptanoic or nonanoic 
acid, and taurocholate uptake was unaffected by taurodeoxycholate. The kinet- 
ics exhibited by the diaphragm were those of a passive transport system for 
those probe molecules studied. 

Apparent permeability coefficients of solutes. Flux rates were determined 
for a homologous series of saturated fatty acids between acetic acid and 
dodecanoic acid, for saturated monoalcohols between octanol and dodecanol, 
and for Several bile acids (conjugated and unconjugated) as shown in Table I. 
The pK value for all the fatty acids is significantly lower than pH 7.4 and the 
population of non-ionized species, the  permeable molecule is essentially con- 
stant. (The apparent permeability of fatty acids can increase by decreasing the 
pH from 7.4 to 6.0. This pH shift increases by 50-fold the relative concentra- 
tion of the permeant non-ionized species.) Flux rates increase in a hyperbolic 
fashion between pentanoic and dodecanoic acid when the fatty acid chain 
length is plotted vs. Jd, as seen in Fig. 3. This indicates that the most significant 
determinant o f  fatty acid permeability in this preparation is the characteristic 
of the membrane (see Discussion). The uptakes for acetic and butyric acids are 
anomalously high. 
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Discussion 

This s tudy was undertaken to define the properties of  a mammalian tissue 
which is functionally and histologically unlike previously examined tissue. 
Permeability characteristics have been studied in epithelial tissues [1--11] ,  
adipocytes [17],  red blood cells [18,19] ,  single~elled species [20] ,  and arti- 
ficial membrane systems [21,22] ,  bu t  never in muscle tissue. Diaphragmatic 
uptake of  various fa t ty  acids, bile acids, and an alcohol is characterized by a 
process of  passive permeation.  

We have referred to our permeabili ty coefficients as apparent values because 
the cell membrane is not  the only barrier to a permeating molecule. Adjacent 
to every biological membrane is water which is more structured and not  in 
equilibrium with the bulk phase solution, the unstirred water layer [23].  There 
is no instance in which the flux rate of  molecular permeation is dictated solely 
by  the cell membrane.  A correction must  be made for diffusion through the un- 
stirred water layer to determine the true permeabili ty coefficient of  the mem- 
brane. 

The rate of  movement ,  J, of  a molecule across the unstirred water  layer is 
defined by  the equation:  

J = D/d (Ci -- C2) • (I) 

where D is the free diffusion coefficient of the solute, d represents the thick- 
ness of the unstirred water layer, and CI and C2 equal the concentration of the 
probe in the bulk phase and at the water/lipid interface, respectively. 

Movement  of  the probe molecules across the cell membrane is def ined by  the 
equation: 

J = P(C2) (2) 

where P is the true permeabili ty coefficient for the molecule. To define P the 
concentrat ion at the cell membrane (C2) must  be  known.  Solving Eqn. 1 for C2: 

C2 = C~ - -  J ( d / D )  (3) 

where J ( d / D )  represents the correction factor for the effect  of  the unstirred 
water layer. 

The experimental flux, Jd, must  be converted into a term which can be sub- 
st i tuted in the above equations. Jd is expressed in the units, mass/unit  t ime per 
100 mg, and J must  be expressed as mass/unit  t ime per unit  area. A conversion 
factor,  Sw, representing the effective surface area of  the unstirred water layer 
through which a molecule moves and having the units, area/100 mg, has been 
derived. It is assumed that  Sw is equal to the effective surface area of  the cell 
membrane,  Sm, also expressed in terms of  area/100 mg and that  both  surfaces 
are essentially planar. The assumption is supported by  the finding that  the  rat 
diaphragm appears flat when examined histologically. 

The term, Jd /Sw ,  can be subst i tuted for J and Eqn. 3 can be rewrit ten as: 

C2 = C1 - -  ( J d / S w ) ( d / D )  

and Eqn. 2 becomes:  

(4) 

P = J / C ,  - -  ( J d / S w ) ( d / D )  (5) 
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When JdlSm is subst i tuted for J to correct  for the effective surface area of  the 
cell membrane,  Eqn. 5 becomes:  

P = (Jd/Sm)/C1 -- (Jd/Sw)(d/D) (6) 

Sw and Sm (experimentally determined) were 21.3 cm 2 per 100 mg. 
The determinat ion of  P depends upon an accurate measurement  of  d, the 

only unknown value. Two mathematical  methods  were used to  calculate d: 
(1) In the situation where the membrane is the absolute rate-limiting step, 

i.e., D/d ~ P, the unstirred water layer can be calculated from the formula: 

d = (D.  t tn/0.38) In (7) 

where D is the free coefficient of  diffusion for an impermeant  molecule and 
t in  the half-time required for this molecule to uniformly distribute itself 
throughout  the unstirred water layer [24].  Dextran has been shown in our 
preparation to require 8 min to uniformly label the unstirred water layer. 
Solving the equation for dextran with a D value of  1.00 • 10 -6 cm 2 • s -~ and a 
t in  of  4 min, d equals 251/~m [25].  

(2) The thickness of  the unstirred water  layer can also be calculated by 
solving Eqn. 4 for d. C2 may be eliminated (approaches zero) in the special 
situation where the uptake  rate of  the probe molecule is limited wholly by  the 
unstirred water  layer, i.e., P > > >  D/d. In this situation: 

d = (Sw)(D)(C1)/J d (8) 

Molecules which cross the lipid membrane more quickly than the unstirred 
water layer can be located in Table I by  dividing the Jd value of  each probe by 
its respective D value. When a probe molecule's movement  into the cell is 
limited by its rate of  diffusion across the unstirred water layer, its Jd/D value 
should become constant ,  i.e., Jd in the diffusion-limited solute is directly 
proport ional  to D. This relationship develops in the less polar members  of  any 
homologous  series. Jd/D should increase log-linearly with increasing chain 
length in molecules of  which the uptake is limited by  the cell membrane.  This 
relationship exists because the addition of  each -CH2- group to the molecule 
increases the  permeation rate of  the cell membrane by  a constant  factor. 

In the homologous  series of  fa t ty  acids there is no plateau in the values of  
Jd/D (column 3 of  Table I). The flux rates of  the fa t ty  acids tested increase by 
a constant  factor  when plot ted as ln(Jd/D) vs. chain length, i.e., the cell mem- 
brane is the rate-limiting factor (Fig. 4). The ln(Jd/D) values rise for octanol 
and decanol. The ln(Jd/D ) value for dodecanol  is similar to that  of  decanol 
representing a situation where the unstirred layer is rate-limiting, and, there- 
fore, d can be calculated for decanol and dodecanol.  The calculated d values for 
decanol and dodecanol  were 317 and 408/~m,  respectively. The mean of  the 
calculations by  both  methods  1 and 2 is 325 lum. This value was used in subse- 
quent  calculations. 

Using the calculated d value, a correction factor: 

(Jd/Sw)(d/D). (9) 

may be determined for any probe molecule (column D of  Table I). The value of  
C2 may be calculated and the true permeabili ty coefficient may be determined 
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a t o m s  in e a c h  c o m p o u n d .  

(column F, Table I). 

P = (Jd /Sm) /C2  (10) 

Our data demonstrate the effect of the unstirred water layer on uptake and the 
error encountered if correction for this barrier is not considered. The data also 
distinguish between probe molecules of which the movement into the cell is 
limited by the unstirred water layer and those molecules of which the uptake 
is dictated by the membrane itself. 

In Fig. 5, P values in rat diaphragm are plotted semilogarithmically vs. 
increasing chain length; comparison is made with rabbit jejunum similarly 
plotted [11]. Although absolute values vary, the slopes are similar. Both mem- 
branes, therefore, appear to have similar permeability characteristics. 

The apparent permeability coefficients of bile acid monomers vary with 
differences in their molecular structure [26]. For any given number of -OH 
groups, unconjugated bile acids are absorbed more quickly than their con- 
jugated counterparts, and removal of an -OH group increases the permeability 
coefficient. Differences in molecular weights are insignificant when compared 
to the magnitude of permeability changes observed. Stein calculated the num- 
ber of hydrogen bonds bile acids can form in an aqueous solution and has 
noted that the function ln(Jd M1/2} for a series of bile salts is inversely related to 
the number (N) of hydrogen bonds that a bile acid can form [26]. When 
in(Jd M1/2) of OUr data is plotted vs. N a linear relationship (y = 10.662 -- 0.526r = 
0.94} exists, i.e., the addition of functional groups which form additional 
hydrogen bonds decrease ln(Jd Mln) by a factor of 0.526. When ln(Jd M~n) was 
plotted vs. N in rat jejunum, the slopes were --0.386 and --0.607 [9,10]. Rat 
jejunum and diaphragm have similar slopes and appear to have similar perme- 
ability characteristics. 
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Permeability characteristics of  membranes can be described in thermo- 
dynamic terminology if accurate values of  true permeabili ty coefficients are 
available. The permeabili ty coefficient of  any solute is proport ional  to K, its 
partition coefficient (the steady state ratio of  a given solute 's distribution into 
two immiscible phases be tween which the solute can freely migrate). K is 
proport ional  to e-AFw-->I/RT where AFw_>I is the free energy required to  trans- 
fer 1 mole of  a solute from the water  to the lipid phase or from an aqueous 
solution into the lipid membrane,  R ,  the gas constant,  and T, the absolute tem- 
perature. The In P is proport ional  to AFw_>I. 

There is no method  of  determining absolute free energies of  solution bu t  an 
incremental free energy or 5AFw_>I can be determined by  the addition of  a 
functional group: 

A F w _ > I  = - -R  T ln(P*/P ° ) (11 ) 

where P+ and po are the permeabili ty coefficients of  the probe molecule with 
and wi thout  the  subst i tuent  group, respectively [27].  When the logarithm of 
permeabili ty coefficients is plot ted as a function of  chain length for the fat ty  
acids from hexanoic to dodecanoic the  slopes of  the best  fit straight lines corre- 
spond to an average increase in P by  a factor of  1.52 for each ~H2-group added 
to the chain. This is equivalent to an incremental free energy change o f - - 2 5 8  
cal • tool -~. Using the permeabili ty data for the bile acids studied, the addition 
of  an ~)H group reduces permeabili ty of  the probe molecule by  a factor of  0.58 
(3AFw_>z, +315 cal" mol -~) and the substi tut ion of  a taurine group for a 
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carboxyl group reduced permeation by a factor of 0.11 (~AFw_>I  , +1360 cal.  
mo1-1 ). The substitution of an R-COO- group for an R-H2COH group reduced 
permeation by a factor of 0.13 (SAFw_>I, +1252 cal • mol-l). 

Table II shows the 8 AFw_> 1 associated with -CH2- and -OH groups in various 
membranes and bulk solvents. The 6AFw_>I values of these two substituent 
groups indicate that: (1) the cell membrane of the muscle tissue is much more 
polar than bulk solvents; and (2) muscle tissue, rabbit gallbladder, rabbit 
jejunum, and frog choroid plexus are similar in their permeability character- 
istics and are the most polar tissues studied to date. The significance of this ob- 
servation is not clear. 

Undirectional flux rates of acetic and butyric acids are higher than would be 
predicted from a linear extrapolation of the other fatty acids. There are several 
explanations for this apparently deviant behavior. Firstly, carrier-mediated 
active or facilitated transport mechanisms might exist within the membrane for 
low molecule weight polar molecules. Studies in rat intestine [8] and now in 
rat diaphragm have not revealed kinetics consistent with those of a carrier- 
mediated system, although kinetic data have only been generated using fatty 
acids of at least six carbon atoms. In addition, publications from several 
laboratories reported similar anomalously high permeation rates for different 
probe molecules that had no chemical or structural similarity. It is unlikely that 
this behavior can be attributed to the presence of a carrier-mediated transport 
system operative for all these molecules. Secondly, because the kinetics of low 
molecular weight polar molecules were initially studied in epithelial tissue, it is 
possible that these molecules might passively move through relatively low-resis- 
tance pathways, i.e., tight junctions [1,2,4,9,13,14]. High permeation rates for 
these compounds have been demonstrated in isolated adipocytes and red blood 
cell ghost membranes, thus, this does not appear to be an acceptable explana- 
tion [17,19]. Thirdly, existence of enhanced uptake of acetic and butyric acids 
in our system coupled with recent studies, supports the hypothesis that high 
rates of permeation must be explained in terms of some inherent property of 
the cell membrane itself. Muscle tissue unlike epithelial tissue has no tight junc- 
tions. Pathways (polar regions or aqueous pores) must exist within the mem- 
brane itself [7,17], and low molecular weight polar molecules must use these 
pathways as their major mode of transmembranal permeation. 
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