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Summary Absorption rates for many biologically important 
compounds are determined by the relative hydrophobicity of the 
jejunal microvillus membrane. An estimate of this parameter 
may be obtained by measuring the incremental change in free 
energy that occurs when a methylene group partitions into the 
bilayer from an external aqueous solution. Although sensitive, 
this measurement has been difficult to quantitate in vivo; there- 
fore, these studies have historically been performed in vitro. 
M We describe a rapid, simple technique to measure this 

parameter in vivo. Furthermore, this method directly quanti- 
tates the resistance of aqueous unstirred layers that lie external 
to the microvillus membrane.-Meddings, J. B., and J. M. 
Dietschy. A rapid method to assess the hydrophobicity of the in- 
testinal microvillus membrane in vivo. J Lipid Rcs. 1989. 30: 
1289- 1296. 
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There are two kinetically distinct mechanisms for in- 
testinal absorption termed the receptor-dependent or 
receptor-independent pathways. As a' general rule, the 
former route is predominantly involved in the transport of 
relatively small, polar compounds with low lipid solubili- 
ty, while the latter is utilized by hydrophobic molecules 
that are often very lipid-soluble (1). These hydrophobic 
molecules constitute an important part of our dietary in- 
take and include compounds such as cholesterol, fatty 
acids, and the fat-soluble vitamins. It has become increas- 
ingly clear over the last several years that the intestine is 
a dynamic organ and is able to adapt to a variety of dif- 
ferent stimuli. These adaptations appear to include the in 
vivo regulation of these various transport mechanisms (2, 
3). For the receptor-dependent pathway, in vivo regula- 
tion can be quantitated by changes in receptor number 
(as assessed by the maximal transport velocity, Jm) or by 
changes in reo ptor affinity (as-assessed by the Michaelis 
constant, K d .  However, quantitating changes in the 
receptor-independent pathway in vivo is a more difficult 
problem. An increased rate of receptor-independent ab- 
sorption may be caused by either an increase in the 
available surface area for absorption or an absolute in- 
crease in the permeability properties of a constant mem- 
brane surface area. It i s  now clear that the permeability 
properties of the microvillus membrane (MVM) are de- 
pendent upon its chemical composition and these, in turn, 

may be influenced by dietary intake and disease states (2, 
4). Therefore, in order to understand the changes that 
occur in the rates of receptor-independent absorption 
with either disease or dietary manipulations, a method is 
needed to accurately assess both the permeability proper- 
ties of the microvillus membrane and its functional sur- 
face area. We describe herein a method that accurately 
provides these measurements in vivo and is sufficiently 
rapid that it can be used in single subjects, either in 
animal models or human volunteers, before and after any 
experimental intervention. 

METHODS 

Background 

For molecules absorbed by receptor-independent 
mechanisms, the rate of intestinal absorption U d )  is 
defined by the following relationship: 

where C, is the concentration of the molecule at the 
microvillus membrane and P represents the membrane 
permeability coefficient for that molecule. It has been 
recognized for some time that, for any given membrane, 
plotting the permeability coefficients of a series of com- 
pounds of increasing hydrophobicity results in the pattern 
illustrated in Fig. 1. As the hydrophobicity of the probe 
molecule increases, there is a log-linear increase in its 
membrane permeability coefficient. This pattern of mem- 
brane permeability suggests that the MVM, like other 
biological membranes, discriminates on the basis of the 
hydrophobicity or the lipid solubility of the probe mole- 
cule. It is also apparent that there is a group of smaller 
molecules whose permeability coefficients are higher than 
would be predicted simply on the basis of their hydropho- 
bicity alone, suggesting that they have an alternate 
pathway for absorption. These molecules, which have 
anomalously high permeabilities, are represented in Fig. 
1 by fatty acids 4:O to 6:O. In a homologous series of fatty 
acids or alcohols, the only difference between two con- 
secutive members of the series is a single methylene 

Abbreviations: MVM, microvillus membrane; PEG, polyethylene 
glycol; GLC, gas-liquid chromatography; HEPES, 4-(l-hydroxyethyl)-l- 
piperazinepropanesulfonic acid. 
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Fig. 1. The relationship between membrane permeability coefficients 
for a homologous series of fatty acids and their hydrophobicity. The 
slope of the linear portion of this curve is directly related to the in- 
cremental change in free energy that accompanies the partitioning of 
a methylene group from the aqueous phase into the interior of the 
membrane (sAF,,,). This is explained more completely in the text. 

group. Therefore, the difference in membrane permeabil- 
ity coefficients between these two probes is that produced 
by the increased hydrophobicity associated with an addi- 
tional methylene group. This difference in permeability 
can be translated into a thermodynamic parameter asso- 
ciated with that particular membrane; the incremental 
free energy change associated with the partitioning of a 
single methylene group from the aqueous phase into the 
membrane, measured in calories per mole (5): 

6AF,,, = -RTln(  --) P' 

In the expression R represents the gas constant, T the ab- 
solute temperate, P' and Po the permeability coefficients 
of the probe with and without the additional methylene 
group, respectively. 

This represents an important parameter of membrane 
function and in one sense estimates a particular mem- 
brane's hydrophobicity. For most biological membranes, 
where adequate data are available, the value for the in- 
cremental change in free energy associated with the parti- 
tioning of a methylene group from the aqueous phase 
into the membrane is on the order of - 500 callmol. A 
similar figure based upon fatty acid partitioning between 

water and triglyceride is close to - 800 cal/mol(6). These 
data suggest that biological membranes are relatively 
more polar than pure triglyceride. Changes in the struc- 
ture or composition of the cholesterol-phospholipid 
bilayer that affect its relative hydrophobicity would be ex- 
pected to change the value of this parameter; increasing 
the hydrophobicity of the membrane resulting in a more 
negative value while a more polar membrane would have 
a value more positive. Therefore, this represents a con- 
venient measurement of the relative hydrophobicity of the 
MVM and can be obtained from the permeability coeffi- 
cients of a homologous series of fatty acids or alcohols. 

This technique has been used in the past to assess the 
polarity of the MVM under into vitro conditions (2, 3). 
However, there have been several problems that have 
prevented more widespread acceptance of this method 
and its adaptation to in vivo studies. The first of these is 
the problem of diffusion barriers that lie external to the 
MVM. The presence of these barriers results in a pro- 
gressive fall in the concentration molecule from the bulk 
phase of the intestinal contents to the MVM such that the 
concentration of probe at the MVM (C,) may be much 
less than the concentration measured in the bulk phase 
(Cl). It can be seen from equation 1 that in order to 
calculate P an accurate value for C, must be obtained. 
This can be calculated from the bulk phase concentra- 
tion (C,) provided the rate of uptake of the probe mole- 
cule (Jd) and the resistance of the diffusion barrier (d/S,) 
are known (7,  8): 

In this formulation d represents the average thickness of 
the unstirred layer, S, its surface area, and D the free 
aqueous diffusion coefficient of the probe molecule. Re- 
cently, techniques have become available to accurately 
quantitate in vivo diffusion barrier resistance (d/S,), and 
therefore, C, may be calculated for any nondiffusion- 
limited probe molecule (8). 

The second major problem has been that the method, 
as used in the past, is relatively impractical. In order to 
assess the hydrophobicity of the MVM the uptake rates of 
at least four fatty acids must be measured. Two uptake 
rates are needed to calculate the value for DIS, while the 
remaining two, if only partially diffusion-limited, may be 
used to estimate the slope of the linear relationship be- 
tween 1nP and chain length and therefore assess the hy- 
drophobicity of the MVM. In order to quantitate the 
uptake rate of any probe molecule, an accurate means of 
measuring its aqueous concentration must be available. 
In the past this has traditionally been performed using 
radioisotopic methods and, therefore, has limited the 
number of probe molecules that may be used at any one 

1290 Journal of Lipid Research Volume 30, 1989 Note on Methodology 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


time in each animal or man. Thus, in order to obtain 
these permeability coefficients, multiple perfusions had to 
be performed. This problem is a limitation of the tradi- 
tional method, rather than the technique itself, since the 
rate of uptake of several fatty acids from the same solution 
would be expected to be entirely independent of one 
another. Therefore, if the concentration of multiple fatty 
acids could be accurately determined from the same per- 
fusate, then in a single perfusion study, in either man or 
an experimental animal, several important measurements 
could be made. These include the resistance of the diffu- 
sion barrier (d/S,), the absolute permeability coefficients 
of multiple fatty acids (P), and an estimate of the relative 
hydrophobicity of the MVM (6AF,,, for a methylene 
group). However, for this technique to be practical, 
several problems must be overcome. First, a rapid and 
reproducible method must be developed to measure the 
aqueous concentrations of multiple free fatty acids. Since 
the change in concentration for any fatty acid during the 
course of a perfusion study is of the order of 20%, the 
technique must be accurate over this concentration range. 
Secondly, it must be shown that for the purposes of in- 
testinal absorption a solution containing multiple fatty 
acids is equivalent to a solution containing a single fatty 
acid. In other words, the uptake of each fatty acid must 
be completely independent of the remaining fatty acids. 
Finally, in order to measure diffusion barrier resistance, 
it must be shown that the rate of absorption for at least 
one fatty acid contained in the perfusate is diffusion- 
limited. 

Materials 

A homologous series of saturated fatty acids (5:O to 
13:O) was obtained from Sigma (St. Louis, MO). The 
purity of each fatty acid was checked by gas-liquid chro- 
matography (GLC) and in each case was greater than 
98 %. The radioisotopes used in this study were obtained 
from New England Nuclear (Boston, MA) and included 
t3H]PEG (polyethylene glycol, mol wt 4000) as a volume 
marker and ["C]dodecanoic acid (12:O). Both were used 
as supplied. The remaining reagents and buffers were ob- 
tained from Sigma and were all of the highest grade 
available. 

Perfusion studies 

Female Sprague-Dawley rats of 125-150 g or female 
Golden Syrian hamsters (Charles River, Wilmington, 
MA) weighing 75-100 g were used in all experiments. 
Prior to the studies these animals were maintained on a 
pelleted rodent diet (Allied Mills, Chicago, IL) and al- 
lowed free access to water. The animals were anesthetized 
with pentobarbital and an in vivo perfusion loop was 
fashioned using a modification of a previously described 
method (8). Briefly, a 10-15 cm loop of jejunum was 

isolated just distal to the ligament of Treitz. Keeping its 
blood supply intact, the loop was cannulated at the proxi- 
mal and distal ends with Teflon catheters that were 
brought through the abdominal wall and connected to a 
perfusion pump. The loop was perfused for 30 min with 
buffer alone to allow for equilibration. The composition 
of the buffer (mM), was Na(150), K(5), C1(155), and 
HEPES(50) titrated to a pH of 7.5. Following the equili- 
bration period the buffer was replaced with an identical 
test solution containing seven fatty acids at the following 
concentrations (mM) 5:0(0.8), 7:0(0.4), 8:0(0.4), 9:0(0.3), 
10:0(0.25), and ll:O(O.l), and ['*C]l2:O was added in tra- 
cer quantities. This solution also contained ['HIPEG as 
a volume marker. The test solution was perfused through 
the loop at a rate of 5 ml/min for a total of 48 min. 
Samples were taken every 8 min and the concentration of 
each fatty acid was determined by gas-liquid chromato- 
graphy (GLC) techniques. In addition, the concentration 
of PEG and fatty acid 12:O were ascertained by standard 
liquid scintillation methods (8). 

Fatty acid concentrations 

The concentrations of all fatty acids, except 12:0, were 
determined by GLC using a Hewlett Packard 5890A 
GLC system and a Supelco (Bellefonte, PA) packed col- 
umn containing GP  10 % SP -216-PS. Fatty acids were ex- 
tracted from the aqueous sample into chloroform (as 
described in the Results section) and injected directly onto 
the column. Separation was achieved using a temperature 
gradient technique and the concentration of each fatty 
acid was assessed using dual internal standards for refer- 
ence purposes. The sample was injected with an inlet 
temperature of 28OOC at a flow rate of 30 ml/min using 
nitrogen as the carrier gas. During the run the oven 
temperature was increased at S°C/min from 90°C to 
17OoC and the eluted fatty acids were quantitated using 
a flame ionization detector maintained at 350OC. 

Calculations 

The rates of uptake for each fatty acid were determined 
from the rate of decline in concentration of each fatty acid 
with time and normalized to intestinal length. The driv- 
ing concentration was assumed to be the geometric mean 
concentration between the beginning and end of the per- 
fusion as described by Winne and Markgraf (9). Rates of 
uptake (Jd) were then normalized to those that would oc- 
cur at a standard 1 mM concentration of probe in the 
bulk phase by dividing the observed rate of uptake by the 
driving concentration. This value was defined as the ap- 
parent permeability coefficient( *P). 

The rate of uptake for fatty acid 12:O was determined 
from the rate of disappearance of "C dpm. This can be 
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expressed in several forms, the first being a clearance term 
(Cl) that reflects the volume of perfusate completely 
cleared of fatty acid 12:O per unit time per cm length of 
intestine. 

Adpm 1 c1 = __ x -  
A t  SL Eq. 5) 

where S represents the geometric mean concentration of' 
fatty acid 12:O in dpm/ml (9) and L represents the length 
of the loop. 

Since the rate of uptake of fatty acid 12:O is a linear 
function of concentration (8) this clearance term, ex- 
pressed in ml/min per cm, can be converted to the equiva- 
lent apparent permeability coefficient (*P), and therefore 
the uptake rate of all fatty acids will be expressed in terms 
of *P. 

Diffusion barrier resistance was measured by the 
diffusion-limited probe method (1, 7, 8). In order for this 
method to be valid, it must be clearly shown that the 
probe molecules used are, in fact, diffusion-limited. This 
can be done by plotting the apparent permeability coeffi- 
cients for these probe molecules, normalized by their 
aqueous diffusion coefficients (D), as a function of chain 
length. A diffusion-limited situation exists when the value 
of *P/D reaches a maximal and constant value with in- 
creasing chain length. In this case it can be shown that 

d D  - = -  

s, *P 

where *P is the apparent permeability coefficient of the 
diffusion-limited probe and D is its aqueous diffusion 
coefficient. 

Once the resistance of the diffusion barrier has been 
measured, it is possible to calculate the concentration of 
each probe molecule at the MVM (C,) using equation 3. 
Simply dividing the measured uptake rate (Jd) by C, for 
each probe (equation 1) will then yield the true membrane 
permeability coefficient (P) for each molecule. 

RESULTS 

The first problem encountered is the large variation in 
aqueous solubilities for these various fatty acids. Ideally, 
each fatty acid should be totally extracted into an organic 
solvent prior to injection onto the column. However, since 
the smaller members of this homologous series have a 
relatively high aqueous solubility, it was difficult to devise 
an extraction technique that ensured 100% recovery of 
each probe molecule. Following extensive preliminary 
studies, it was found that by lowering the pH of the 
aqueous solution to less than 1 with HCl and by saturat- 
ing the aqueous phase with sodium sulfate, acceptable ex- 
-traction rates could be achieved. Using this solution as a 
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Fig. 2. Fatty acid extraction rates into three organic solvents. The in- 
dividual points represent the mean value * SEM for three separate 
experiments. In each case, the perfusate containing all the probes was 
acidified to a p H  of < 1 with HCI and saturated with sodium sulfate 
prior to extraction. For each solvent the extractions were performed over 
2 h. 

starting point, Fig. 2 illustrates the efficiency of extrac- 
tion into various organic solvents for each member of the 
series following a 2-h extraction. This extraction consisted 
of 10 min of rapid shaking followed by a 2-h incubation 
at room temperature. Fatty acid extraction was maximal 
at the 2-h time point (data not shown) and remained cons- 
tant for 48 h. Since chloroform provided the best overall 
extraction efficiency, it was selected as the organic solvent 
for the remainder of the studies. 

From the data in Fig. 2 it is apparent that the extrac- 
tion efficiency for each member of this homologous series 
is not uniform. Therefore, there is no single fatty acid that 
can be conveniently used as an internal standard to ac- 
count for small variations in extraction for the remaining 
members of the series. In light of this observation, two 
separate fatty acids were selected as internal standards, 
fatty acid 6:O and 12:0, the former used to judge extrac- 
tion of the shorter members of the series and the latter for 
the longer members. For those fatty acids that lie between 
these two internal standards, a weighted average of the ex- 
traction of both standards was employed. Thus, fatty acid 
7 : O  was assumed to be extracted in a fashion equal to 80 % 
of fatty acid 6:O and 20% of fatty acid 120. Conversely, 
fatty acid 1l:O was assumed to be extracted in a manner 
approximating 80% of fatty acid 12:O and 20% of fatty 
acid 6:O. Therefore, to each sample of perfusate a known 
amount of both fatty acid 6:O and 12:O was added and, fol- 
lowing extraction into chloroform, the concentration of 
each fatty acid was measured using GLC techniques. A 
representative chromatogram is shown in Fig. 3 and 
illustrates the separation of each fatty acid that can be 
achieved using this technique. 
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Fig. 3. A representative chromatogram. Using the method described 
in the text, these fatty acids elute in the order shown and are easily 
resolved. The total time required is 15 min. 

During the course of a perfusion the concentration of 
each fatty acid decreases with time following a hyperbolic 
relationship (7). Uptake rates of each fatty acid are deter- 
mined using the initial decrease in concentration with 
time and approximating this with a linear relationship. 
Therefore, in order for this method to be valid, the 
measured fall in concentration must be as small as possi- 
ble while maintaining the ability to very accurately 
measure this decline in concentration. In order to eval- 
uate the ability of this method to measure small changes 
in concentration of aqueous free fatty acids, similar to 

O L W  
0 200400600800 

those encountered in a perfusion system, a series of pre- 
cise dilutions was made of a standard perfusate contain- 
ing all the fatty acids to be used. In Fig. 4 the measured 
concentration of each fatty acid is plotted relative to the 
actual fatty acid concentration as determined from the se- 
quential dilutions. The measured fatty acid concentration 
was obtained following extraction into chloroform as 
described, and after correction for variable extraction 
rates by the use of the dual internal standard method, also 
as described. 

As shown in Fig. 4, the correlation between the mea- 
sured fatty acid concentration and the actual concentra- 
tion is remarkably good over a 50% fall in fatty acid 
concentrations. In fact, the error in each measurement, 
with the exception of fatty acid 13:0, never exceeded 2 % 
and therefore this method provides a means of both clean- 
ly separating the probe molecules and accurately measur- 
ing the concentration of each. Since the concentration of 
fatty acid 13:O could not be reliably determined, pre- 
sumably due to its very low aqueous concentration, it was 
not used in further studies. Thus, in summary, it is prac- 
tical to extract free fatty acids from a perfusate and to pre- 
cisely measure their concentrations over a range that will 
enable the determination of accurate absorption rates. 

Since it has already been shown that the rate of uptake 
of these fatty acids is a linear function of increasing con- 
centration (7, s>, it is clear that the apparent permeability 
coefficient ('P) for each probe molecule can be calculated 
from a well-defined rate of uptake (Jd) at a specific bulk 

0 U 
0 100 200 300 4c 

F.A. 44:O 

0' I I I 
K) 0 5 0 1 0 0 4 5 0 2  0 

ACTUAL CONCENTRATION ( pM 1 

Fig. 4. Fatty acid concentration determinations. Using dual internal standards, as described in the Results sec- 
tion, the concentrations of all seven fatty acids were measured over the range encountered during the course of the 
perfusion. In each case the actual fatty acid concentration, as determined from sequential dilutions of the perfusate, 
is plotted on the horizontal axis while the concentration measured by GLC is plotted on the vertical axis. In each 
panel the line represents a perfect correlation between the measured and actual fatty acid concentration while each 
individual point represents a single concentration determination. Panel A demonstrates this relationship for fatty 
acids 5 : O  and 7:0, panel B for fatty acids 8:0, 9:0, and 1O:O. while panel C illustrates the results for fatty acids 1l:O 
and 13:O. 
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phase concentration (C using equation 4. However, 
before using this technique to measure *P for a variety of 
probe molecules simultaneously, it must be shown that the 
rate of uptake for each probe is entirely independent of 
the remaining fatty acids. Although competition for 
receptors is unlikely, since these probes are absorbed by 
a receptor-independent pathway, it is conceivable that 
complex interactions may occur in a perfusate that con- 
tains a mixture of six or more fatty acids. Such systems 
have not been extensively studied (10) and there is the 
possibility of fatty acid dimer formation or other reactions 
that would decrease the concentration of the monomer 
species. If these occurred, the measured rate of uptake for 
a fatty acid from the perfusate containing multiple fatty 
acids would be significantly lower than from a perfusate 
containing the fatty acid alone. To exclude this possibility, 
a series of experiments was performed to measure the rate 
of uptake or each fatty acid from a solution containing all 
the fatty acids or a perfusate containing only a single 
probe molecule. These experiments were performed in 
the rat and representative fatty acid uptake rates (ex- 
pressed as *P) from either perfusate are shown in Fig. 5 .  
It can be seen that in no case did the measured uptake 
rates differ significantly between either perfusion solution 
and, therefore, the rate of uptake from a solution contain- 
ing multiple fatty acids is equivalent to the rates obtained 
with a single fatty acid. 

To demonstrate the usefulness of this technique, Fig. 6 
illustrates the results obtained from such perfusion studies 

m S i n g l e  Fatty Acid Present 

T Multiple Fatty Acids Present - -  T 

7 : O  9:o lo:o 12:o 
FATTY ACID PROBE 

Fig. 5.  A comparison of fatty acid uptake rates from a solution con- 
taining either a single fatty acid or multiple fatty acids. Four represen- 
tative fatty acid uptake rates are illustrated with the rate of absorption 
expressed as nmol/min per cm per mM concentration. In each case the 
data represent the mean value k SEM from experiments performed in 
four to six animals. When a single fatty acid was used, concentrations 
were measured using either GLC or radioisotopic methods, while for the 
perfusates containing all seven fatty acids, GLC methods were used as 
described in the text. 

A. 2- 
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Fig. 6. Perfusion studies carried out in either the rat or the hamster. 
These studies were performed in eight animals of either species and the 
data represent the mean values k SEM. In panel A the apparent 
permeability of each fatty acid probe has been normalized for its appro- 
priate free aqueous diffusion coefficient (D) and expressed on a 
logarithmic scale. A diffusion-limited situation has been reached in each 
species represented by the plateau of fatty acids 1l:O and 12:O. Diffusion 
barrier resistance can, therefore, be calculated from the rate of uptake 
of either fatty acid 1l:O or 12:O as discussed in the text. Panel B illustrates 
the relationship between fatty acid chain length and the true mrmhranp 
permeability coefficient (P) for each probe following correction for 
unstirred layer effects. The significance of these findings is discussed in 
the text. 

carried out in both the rat and the hamster. Using the 
technique described above, the apparent permeability 
coefficients for each fatty acid were determined in every 
animal. In panel A each apparent permeability coefficient 
is normalized for the aqueous diffusion coefficient (D) of 
that probe and plotted as a logarithmic function of chain 
length. From this data several observations may be made. 
First, the permeability coefficients for any fatty acid in the 
hamster are much greater than in the rat. Fatty acid 5:O 
is taken up 1.5 times faster in the hamster while fatty acid 
12:O is absorbed almost twice as fast. There are three 
possible explanations for this difference; the hamster must 
possess either a greater absorptive surface area per linear 
cm of intestine, and/or a greater intrinsic permeability of 
the intestinal MVM to these fatty acids or a lower diffu- 
sion barrier resistance to the passage of these probe mole- 
cules. From the data presented in Fig. 6 it is possible to 
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discern which of these possibilities is, in fact, responsible 
for these differences. It can be seen from the data in pan- 
el A that a diffusion-limited situation has clearly been 
reached in the rates of uptake of both fatty acids 1l:O and 
12:O in each species (as *P/D has reached a maximal and 
constant value). Therefore, the resistance of the diffusion 
barrier in both species can be directly calculated from 
these experiments using equation 6. This provides sup- 
port for the last hypothesis cited since diffusion barrier 
resistance (d/S,) measured in the hamster equals 
0.017 * 0.004, a value almost one-half that found in rat 
of 0.033 * 0.002. Therefore, at least one explanation for 
the higher rates of fatty acid uptake seen in the hamster 
is the presence of an unstirred layer that offers only one- 
half the resistance of the unstirred layer in the rat under 
these perfusion conditions. In order to examine the ques- 
tions of absorptive surface area and the intrinsic perme- 
ability properties of the MVM, it is necessary to calculate 
the true membrane permeability coefficients for each of 
these fatty acids in both species. This can be achieved 
once the diffusion barrier resistance is known, as dis- 
cussed in the Methods section, and these results are illu- 
strated in panel B. If the hamster had a greater available 
absorptive surface area per linear cm of intestine than the 
rat, the true membrane permeability coefficients for each 
fatty acid (expressed per linear cm of intestine) would be 
greater in the hamster than in the rat. As shown in panel 
B this is not the case. There appears to be very little 
difference in this parameter between these two species. 
The final possible explanation for the observed increase in 
fatty acid uptake rates seen in the hamster is that this ani- 
mal has a MVM that is intrinsically more permeable to 
the fatty acids than that found in the rat. As discussed in 
the background section, this would imply that the change 
in incremental free energy associated with the absorption 
of a methylene group (6AF,+1) would be more negative in 
the hamster than the rat, providing a thermodynamically 
more favorable setting for fatty acid absorption. This 
term can be directly measured from these experiments us- 
ing equation 2 and the difference in permeability coeffi- 
cients of fatty acids 9:0 and 1O:O. The results of this 
calculation reveal that 6AF,,l in the rat equals 
-442 * 58 cal/mol while in the hamster a value of 
- 461 * 34 cal/mol is found, suggesting that no signifi- 

cant difference exists in the underlying permeability pro- 
perties of MVM in these species. Therefore, the observed 
difference in fatty acid uptake rates between these two 
species can be entirely explained by the difference in diffu- 
sion barrier resistance. There are no apparent differences 
in either the intrinsic permeability of the MVM or the 
available absorptive surface area per cm of intestine be- 
tween these two experimental animals. 

DISCUSSION 

In order to understand the regulation of transport 
mechanisms that occur in any membrane, it is first 
necessary to have some means available to quantitate 
these processes. In the case of receptor-dependent path- 
ways, classical techniques are available to quantitate, in 
kinetic terms, receptor number and receptor affinity (7, 
11). However, such techniques are more difficult to apply 
to those portions of the membrane involved in the recep- 
tor-independent uptake of biologically important com- 
pounds such as the fatty acids and sterols. As described 
more completely in the background section, a method has 
been described in the past to quantitate the effective 
polarity of this portion of a membrane by measuring the 
membrane permeability coefficients of a homologous 
series of either fatty acids or fatty alcohols. Although this 
method is theoretically appealing, it has suffered from two 
major drawbacks in the past. First, it was relatively 
cumbersome. Since the rates of absorption of different fat- 
ty acids were measured by isotopic techniques, a large 
number of studies were required. Therefore, the tech- 
nique was essentially limited to in vitro studies or, more 
recently, in vivo work using an animal model (8). It is 
relatively impractical, using these techniques, to measure 
multiple fatty acid absorption rates in human perfusion 
studies since numerous perfusions would be required. 
Secondly, since multiple studies must be performed in 
different animals and the individual uptake rates aver- 
aged, it has been impossible to derive these curves in 
either individual animals or man. Therefore, it has been 
impossible to follow changes in individuals that occur 
with changes in diet, diseases, or drug therapy. 

In this communication a significant extension of this 
method has been validated. An entire homologous series 
of fatty acids can be perfused simultaneously and the up- 
take rates of each individual fatty acid can be quantitated 
independently of the remainder. These uptake rates are 
identical to those seen when the fatty acids are perfused 
individually and, therefore, there is no interaction be- 
tween individual members of the series either in the per- 
fusate or at the level of the microvillus membrane. The 
advantages of this technique over previous ones are not 
trivial. Three major results are obtained from this type of 
study and, importantly, they are obtained in each indivi- 
dual subject in vivo. First, the resistance of the diffusion 
barrier that lies external to the microvillus membrane can 
be accurately assessed. Secondly, the true membrane 
permeability coefficients, after correction for unstirred 
layer effects, for an entire homologous series of fatty acids 
are obtained. Thirdly, from knowledge of these permea- 
bility coefficients a term can be calculated that reflects the 
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relative polarity or hydrophobicity of that portion of the 
membrane involved in the uptake of these probe mole- 
cules. This term, the incremental change in free ener- 
gy associated with the transfer of a methylene group 
(6AF,.,+l), is independent of changes in membrane surface 
area between two animals or species. 

Therefore, in conclusion, the method described here 
provides the basis for rapidly assessing several important 
physiologic parameters of the intestine in vivo. I t  is now 
possible to evaluate the functional effects of manipulations 
known to induce alterations in the physical structure of 
the microvillus membrane such as dietary change (4) or 
disease states. Since this information can now be obtained 
from a single perfusion study, these parameters can also 
be measured in human subjects using classical jejunal in- 
cubation and perfusion techniques. a 
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