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Abstract The heterogeneity  of  dog interstitial fluid (peripheral 
lymph)  high  density  lipoprotein (HDL) was  investigated and 
compared  to  plasma HDL. Interstitial  fluid and plasma HDL of 
normal and cholesterol-fed  dogs  was  subfractionated by ultra- 
centrifugation and affinity  and  molecular  weight  sieving  chro- 
matography.  Both  plasma (P) and interstitial fluid (L) HDL can 
be subfractionated into a larger  fraction (P-I and L-I) and a 
smaller  one (P-I1 and L-11).  Cholesterol  feeding  induces a large 
increase  in  the P-I and L-I component of HDL, but  the  increase 
in L-I is far greater in  proportion  than that of P-I. Furthermore, 
L-I of cholesterol-fed  dogs  appears to be  almost  exclusively 
discoid  in  shape,  while  only approximately 15% of  particles  in 
P-I are discoidal. The discoid HDL of L-I is  reflected  in  its 
chemical  composition: 28% unesterified  cholesterol, 6% choles- 
teryl  ester, 45% phospholipid, and 21% protein. It contains  large 
amounts of apoE  in  addition  to  apoA-I and apoA-IV. We found 
that the  association  of apoE with  discoid  particles is frequent, 
but not  necessary.mCalculations based  on  known protein mass 
and quantitation of  discoid  particles  on  electron micrographs 
suggest that  the  concentration of  discoid  particles  in  the  peripheral 
lymph  of  cholesterol-fed  dogs is about fourfold that of the  plasma 
of the  same  animal.  These  findings  provide  strong  circumstan- 
tial  evidence  for  the  peripheral  formation of  discoid HDL, 
perhaps as  an early event  in  reverse  cholesterol transport. - 
Dory, L., L. M. Boquet,  R. L. Hamilton, C. H. Sloop, and 
P. S. Roheim. Heterogeneity of  dog interstitial fluid (peripheral 
lymph)  high  density  lipoproteins:  implications  for a role  in 
reverse  cholesterol transport. J.  Lipid Res. 1985. 26: 519-527. 

Supplementary key w o r d s  discoidal HDL apolipoproteins cho- 
lesterol  feeding 

Epidemiologic  studies  have  clearly  established the 
negative correlation between plasma  high  density  lipopro- 
tein  (HDL) cholesterol concentrations  and  the develop- 
ment of coronary  heart disease in  man (1, 2). Although 
this relationship  and  its  independence  from  other risk 
factors is well documented,  the  mechanism of the  ap- 
parently protective effects of HDL is not clear. It was first 
proposed by Glomset (3) that HDL may  promote choles- 
terol efflux from  peripheral tissues by a process usually 
referred  to  as reverse cholesterol transport.  The  ability of 

HDL or even specific HDL apolipoproteins to promote 
cholesterol efflux from  cultured cells has been  clearly 
demonstrated  in a number of laboratories (4-8). Despite 
the  potential  importance of this process in  the prevention 
of the development of coronary  heart disease, there is little 
direct evidence in vivo for the  interaction of HDL with 
peripheral cells and a resultant removal of cellular choles- 
terol by HDL. Compositional studies of interstitial fluid 
lipoproteins  can  thus provide indirect evidence  for the 
interaction between plasma  lipoproteins  and  peripheral 
cells. Such  an  interaction,  as manifested by altered chemi- 
cal composition, would be difficult to detect  when examin- 
ing  plasma HDL because it represents a mixture of parti- 
cles of hepatic, intestinal, and interstitial origin, modified 
to  varying degrees by plasma enzymes. Our  studies of the 
interstitial fluid lipoproteins have provided us with  a 
unique  opportunity to  detect and  characterize  lipopro- 
teins in direct  contact with peripheral cells. Specifically, 
we have been able to show that  interstitial fluid HDL of 
normal  and of cholesterol-fed dogs differs from  the  plasma 
HDL of the  same  animal in  a number of properties. 
These  include a  significantly higher  proportion of un- 
esterified cholesterol, phospholipid, and  apoE  and apoA- 
IV, increased  heterogeneity  in shape  and size, and  an 
overall increase in size (9, 10). Interstitial fluid HDL 
contains a  variable but  large  number of discoid particles 
resembling  nascent HDL secreted by the liver (11) or 
intestine (12).  We have also shown recently that  the dis- 
coid component of lymph HDL may  be a precursor of 
plasma HDL, in  the cholesterol-fed dog (13). 

The purpose of the studies reported  here was to isolate 
and  characterize  distinct,  homogeneous  subfractions of 

Abbreviations: LDL, low density  lipoproteins; HDL, high  density 
lipoproteins;  SDS-PAGE,  sodium  dodecyl  sulfate-polyacrylamide gel 
electrophoresis; EDTA, ethylene  diamine  tetraacetic  acid;  apo,  apolipo- 
protein; UC, unesterified  cholesterol. 
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lymph HDL, compare them to equivalent plasma HDL 
subfractions (if present), and examine the implications of 
our findings  with  respect to reverse  cholesterol transport. 

HDL 
( 1.05 - 1.21 Wml) 

MATERIALS AND METHODS 
ConA-Sepharose 

affinity chrom. 

Animals,  diets,  and  lymph  collection 
Mongrel dogs  (free of heartworms) were  fed either 

normal dog chow (Purina) or dog chow supplemented 
with 10% sucrose,  0.3%  cholic acid, 3%  cholesterol,  20% 
lard,  and 0.5% propylthiouracil for  30-40  days  (14).  Both 
control and cholesterol-fed  dogs  were  fasted  overnight 
prior to the surgery for  lymph  collection. The surgical 
procedure and lymph collection  were carried out as pre- 
viously  described (10). 

Lipoprotein  isolation  techniques 
Non-apoB-containing (HDL) lipoproteins, especially 

in cholesterol-fed  dogs, extend beyond the traditional 
density cut of d > 1.063 g/ml(l4).  HDL were  isolated at 
the density interval of  1.05-1.21 g/ml. The d < 1.05 g/ml 
lipoproteins were  removed by a 24-hr run at 100,000 g in 
an SW-40 (Beckman) rotor at 5OC. The infranatants were 
then adjusted to d 1.22 g/ml by addition of solid  KBr, and 
a substantial volume of KBr of d 1.21 g/ml was layered 
over. The d 1.05-1.21 g/ml  fraction was isolated by a 40-hr 
run in the same rotor under the same conditions. The 
subsequent fractionation procedure is summarized in 
Fig. 1. The apoB-containing lipoproteins present  in the 
d 1.05-1.21 g/ml  fraction  were  removed by affinity chro- 
matography using Con A-Sepharose (15). The d 1.05-1.21 
g/ml fraction was  extensively  dialyzed against the equili- 
brating buffer  consisting of 0.05 M Tris-HC1, pH 7.0, 
containing 1.0 M NaCl and 1 mM each of  CaC12,  MgC12, 
and MnC12. The affinity chromatography was carried out 
in a 2.5 x 15  cm column with a flow rate of 0.3 ml/min. 
The unretained fraction (HDL mixture) was concentrated 
in  dialysis  bags  against  Aquacide and applied to a 1 X 120 
cm column of 10% agarose  (A-0.5m,  Bio-Rad)  equilibrated 
in 0.15 M NaCl, 0.1% Na  azide, and EDTA, pH 7.4.  All 
chromatographic steps  were carried out at 4OC. 

Heparin-Sepharose affinity chromatography was car- 
ried out as described by Shelburne and  Quarfordt (16). 
The heparin-Sepharose 4B  was  packed  in a 1.5 x 20  cm 
column and equilibrated in 2 mM phosphate buffer, pH 
7.4, containing 0.05 M NaCl and 0.01%  EDTA, Na azide. 
The lipoprotein mixture was  extensively  dialyzed against 
the same buffer and applied to the column. The unre- 
tained lipoproteins (apoE-poor) were washed off with 
several  volumes of the same buffer. The retained apoE- 
rich lipoproteins were then eluted in a single step by a 2 
mM phosphate buffer, pH 7.4, containing 1.0 M NaCl. 

10% Agarose 
chromatography 

Y 
Fraction I 

Y 
Fraction I 

H”p ariwSeph. 
aff  nity  chrom. 

Fig. 1. HDL fractionation  procedure. The apoB-containing lipo- 
proteins  from  the  ultracentrifugally  isolated  plasma or interstitial  fluid 
HDL were r e m d  by Con A-Sepharose alnity chromatography. The 
HDL mixture was then  subfractionated  according  to size by 10% agarose 
column chromatography. The larger, more heterogeneous HDL subfrac- 
tion  obtained  in  this  step  (Fraction I) was further  subfractionated into 
apoE-rich  and  apoE-deficient HDL by heparin-Sepharose  affinity chro- 
matography. For details, see Materials  and  Methods. 

Analytical  techniques 
The protein content of the various lipoprotein fractions 

was determined by the method of Lowry et al. (17), and 
the total and unesterified  cholesterol content by an en- 

A. 

a. b. a. b. 

+ ApoB 

Origin + 

B. 

+ Apo A-IV 
* ApoE 

ApoA-l 

Fig. 2. Agaroac electrophomis (A) and SDS-PAGE (B) of inter- 
stitial  fluid HDL (d 1.05-1.21 g / d )  before (a) and  after (b) Con A- 
Sepharose  affinity  chromatography. Note the absence of @-migrating 
lipoproteins (A) or  apoB (B) in HDL obtained  after  this  step. 
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Fig 3. Ten  percent  agarose (A-0.5m) column chromatography of intentitial fluid (shaded area 0 - 0 )  or 
plasma (clear area 0 - 0) .  HDL mixture obtained from  a  typical  normal (A) or cholesterol-fed (B) dog. Fractions 
I and I1 were pooled separately as indicated. 

zymatic method using cholesterol  oxidase  with or without 
cholesteryl ester hydrolase,  respectively, in the assay  mix- 
ture (18). The phospholipid content was determined by 
the method of Bartlett (19). Sodium dodecyl  sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) was carried 
out according to Laemmli (20). Electron microscopy was 
performed on samples negatively stained with 2% phos- 
photungstic acid, pH 6.4, as previously described (21). 

RESULTS 

Fractionation of HDL 
As  shown  in Fig. 2, the contaminating apoB-containing 

lipoproteins from the d 1.05-1.21 g/ml fraction are re- 
moved  by Con A-Sepharose  affinity chromatography. The 
apoB-containing lipoproteins remain bound to Con  A 
and  are eluted subsequently with 0.2 M of 1-0-methyl CY- 

D-glucopyranoside in  the equilibrating buffer (15). The 
electrophoretic mobility and the apolipoprotein composi- 
tion of HDL before and after Con A-Sepharose chroma- 
tography are shown  in  Fig. 2. 

This heterogeneous mixture of non-apoB HDL is sub- 
fractionated according to size by chromatography in  10% 
agarose. Fig. 3 shows a typical elution pattern of the 
plasma and interstitial fluid HDL mixture from a choles- 
terol-fed as well as from a control dog. It is apparent  that 
in the control dog (Fig. 3A), HDL fraction I1 (smaller size 
HDL) is the predominant species, both in plasma and 
interstitial fluid. Fraction I represents only a minor com- 
ponent. Cholesterol feeding, on the other hand, induces 
a large increase in fraction I of both plasma and  inter- 
stitial fluid HDL. Fraction I1 remains the dominant HDL 

species of plasma, but fraction I becomes the dominant 
fraction in interstitial fluid  (Fig.  3B). 

The total protein and cholesterol mass distribution 
between the two fractions is  shown in Table 1. It can be 
seen that,  in cholesterol-fed  dogs, interstitial fluid HDL 
fraction I (L-I) contains over 50% of the total protein and 
66% of the total cholesterol  mass  present  in unfractionated 
HDL, whereas plasma HDL fraction I  (P-I) of the same 
animal contains only 12% of the total protein and 22% of 
the total cholesterol  mass. On the other hand, in control 
dogs  over 90% of the protein and 85% of the cholesterol 
mass of interstitial fluid or plasma HDL is present in 
fraction I1 (not shown). 

Physico-chemical properties of HDL subfractions 
Fig. 4 shows typical electron micrographs of plasma 

and interstitial fluid HDL subfractions of a cholesterol- 
fed dog. L-I appears to be  morphologically homogeneous, 
with 80-90% of the particles of discoid shape. P-I, on the 
other  hand, is not homogeneous; it appears to be a mix- 
ture of discoid and mostly  larger, spherical HDL. On the 

TABLE 1. Protein and  total  cholesterol  mass distribution in  fractions 
I and I1 of interstitial  fluid and plasma HDL  (1.05-1.21  glml) 

of cholesterol-fed dogs as separated  by column 
chromatography in 10% agarose 

Interstitial Fluid Plasma 

I I1 I I1 

Protein ( %) 5 1 * 5 "  4 9 * 5  1 2 * 2  8 8 k 2  
Cholesterol ( 7 6 )  66 f 3 34 f 3 22 f 3 78 f 3 

"Mean * SEM of  three experiments. 
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I 

Fig. 4. Negatively  stained plasma (a, P-I and P-11) and  interstitial  fluid  (b, L-I and L-11) HDL subfractions 
obtained from a cholesterol-fed dog. 

average, approximately 15% of the particles  in this frac- 
tion are discoid (as determined by counting 500 particles 
on several  micrographs).  Both L-I1 and P-I1 appear to be 
uniformly  spherical. 

Note,  however, that despite the apparent morphological 
similarity betmen P-I1  and L-11, size distribution analy- 
sis  reveals  significant  differences (Fig. 5).  P-I1 is a nar- 
rowly distributed population with a mean diameter of 100 

* 2 A (mean * SEM). The size distribution of L-I1 is 
significantly skewed  toward a larger mean diameter of 120 * 2 A .  Similar differences  also  exist  between the size 
distribution of L-I  and  P-I. Both  have a wide range of 
sizes, but L-I has a greater mean diameter of  250 * 4 A. 
This size represents the length of the discs,  while the 
mean diameter of P-I (160 * 3 A )  is that of the spherical 
particles (a vast majority of the total). 
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The chemical  composition of the plasma and interstitial 
fluid HDL subfractions of cholesterol-fed and control 
dogs  is  shown in Table 2. Two very important features 
become  evident: I )  both interstitial fluid HDL subfrac- 
tions from  cholesterol-fed  dogs and the L-I fraction of 
control dogs are significantly enriched in  unesterified 
cholesterol  when compared to equivalent plasma HDL 
subfractions; and 2) fraction I HDL (both P-I and L-I) 

have a significantly higher cholesterol-to-protein ratio 
than the corresponding  fractions 11. In addition, in choles- 
terol-fed  dogs,  even the apparently spherical interstitial 
fluid HDL subfraction has an elevated  cholesterol-to- 
protein ratio and  an unusually  high content of unesterified 
cholesterol. The chemical  composition of the discoid HDL 
subfraction of interstitial fluid (L-I) correlates well with 
its physical appearance (i.e.,  very high  unesterified  choles- 
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Fig. 5. Particle size distribution (obtained from  electron micro- 

graphs)  of  plasma (P-I and P-11) and  interstitial  fluid (L-I and L-11) 
HDL subfractions obtained from a cholesterol-fed dog. 500 particles 
were  measured  for each distribution  pattern. 

terol and phospholipid content). 
The apolipoprotein composition of the HDL subfrac- 

tions of cholesterol-fed dogs is  shown in Fig. 6. Note- 
worthy  is the enrichment in apoE and apoA-IV  relative to 
apoA-I in L-I as well as P-I.  In contrast, P-I1  and  L-I1 

contain almost  exclusively apd- I ,  with a small amount of 
apd- IV  in the case of  L-11. These results indicate that 
the apoE found in the interstitial fluid HDL,  and to a 
lesser extent in plasma HDL, is restricted to fraction I 
HDL.  The apolipoprotein composition of the HDL sub- 
fractions from control dogs  is similar (not shown). 

Fraction I of plasma and interstitial fluid HDL of 
cholesterol-fed dogs can be further subfractionated by 
heparin-Sepharose affinity chromatography into apoE- 
enriched, apd-IV- and apd-I-containing, and apoE- 
deficient, apd-IV- and apd-I-containing particles (Fig. 
7). Using interstitial fluid HDL, both of these subfrac- 
tions appear to be of discoidal shape and contain large 
amounts of unesterified  cholesterol and phospholipid, 
consistent with their physical appearance (results not 
shown). These results suggest that the association of apoE 
with  discoid particles is frequent but not necessary.  Lack 
of sufficient material in P-I  and L-I of control plasma or 
interstitial fluid precluded a similar analysis. 

DISCUSSION 

We previously reported the heterogeneity of peripheral 
lymph HDL with  respect to size (10). We have  also  shown 
that  dog interstitial fluid HDL differs in apolipoprotein 
and lipid  composition  from  plasma HDL (10). Specifically, 
interstitial fluid HDL contained two (in control) to four 
times (in cholesterol-fed) the amount of unesterified  cho- 
lesterol, at the expense of cholesteryl  esters, and it  also 
contained an increased proportion of phospholipid and a 
decreased mass of protein (10). Such extensive  differences 
between plasma and interstitial fluid HDL imply exten- 
sive modification of filtered plasma HDL by peripheral 
tissues  or, possibly, de novo peripheral HDL assembly 
from components filtered from plasma and/or synthesized 
by peripheral cells. In the present study, we characterized 
two morphologically distinct HDL populations present in 
interstitial fluid of dogs and compared them to their 
equivalent plasma subfractions. 

Our results  clearly demonstrate that interstitial fluid 
HDL (d 1.05-1.21 g/ml) can be subfractionated on the 
basis of size into two populations: a smaller, spherical 

Control Cholested-Fed 
Plasma Interstitial Fluid Plasma Interstitial Fluid 

I I1 I I1 I I1 I I1 

Protein 2 4 i 2  4 2 k 1  2 6 * 3  4 3 t 2  2 0 * 2  4 1 * 1  2 1 * 1  3 6 f 3  
Unesterified cholesterol 14 f 1 5 k 0 . 2  1 5 * 1  6 i 1  16 k 2 5 f 0.5 28 f 1 15 f 3 
Cholesteryl ester 20 * 1 14 f 1 1 5 * 1  1 3 k 1  17 f 6 14 f 2 6 * 2  1 2 * 2  
Phospholipid 4 3 * 5  3 9 * 1  4 4 * 1  3 8 k 2  4 7 * 3  4 0 * 2  4 5 * 1  3 7 * 1  
Unesterified cholesterollprotein 0.58 0.12 0.58 0.14 0.80 0.12 1.33 0.42 
% Unesterified cholesterol 42 25 50 32 48 26 82 56 
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1. F e  P L e  

"* Apo A-IV + 

c ApoE + 

Fig. 6. SDS-PACE of interatitial  fluid and plasma HDL subfrac- 
tions  obtained  from  a  cholesterol-fed dog. 

HDL with a mean diameter of 120 A (L-11) and a larger, 
predominantly discoid HDL with a mean diameter of 250 
A (L-I). There is little overlap  between  these  two popula- 
tions. The proportion of the larger,  discoid HDL is  very 
small in plasma or interstitial fluid of control dogs and in 
the plasma of cholesterol-fed  dogs.  Most of the material 
in P-I is,  in  fact,  larger,  spherical HDLl (in control  dogs) 
or  HDL, (in cholesterol-fed  dogs). The proportion of 
discs  within the larger HDL fraction is  greatly  increased 
in the interstitial fluid of cholesterol-fed  dogs (L-I) and 
represents close to 100% of the particles in fraction I of 
interstitial fluid HDL. Thus, discs represent approxi- 
mately 50% of the total HDL mass  in the interstitial fluid 
of cholesterol-fed  dogs. Such a disproportionate increase 
in discs in the interstitial fluid and not in the plasma is 
inconsistent  with the concept that interstitial fluid HDL 
is  simply a filtrate of plasma HDL. Instead, two  possibili- 
ties  exist: I) a preferential filtration (or active transport 
process) of the larger, discoid HDL from  plasma (an un- 
likely  possibility,  in our view); or 2) peripheral HDL 
assembly  from  filtered plasma and peripherally derived 
components.  Based on the known protein mass  in  each 
HDL subfraction and on our estimation of the proportion 
of discs  in  each  fraction using electron  microscopy,  it 
appears that in control and cholesterol-fed dogs inter- 
stitial fluid contains a concentration of discs approxi- 
mately  fourfold higher than  that of plasma. This may  be 

an underestimate because the interstitial fluid compart- 
ment volume  is  significantly larger than  that of the plasma 
compartment. The higher concentration of discs  in the 
interstitial fluid strongly suggests peripheral assembly of 
these  particles. 

The increase in size  of the smaller,  spherical HDL of 
interstitial fluid  in  cholesterol-fed  dogs  suggests that an 
interaction (and subsequent modification)  occurs  between 
filtered plasma HDL  and peripheral cells. There is a 
significant enrichment in  unesterified  cholesterol, result- 
ing in a tripling of the unesterified  cholesterol-to-protein 
ratio and a threefold  increase in the unesterified  choles- 
terol content when compared to small plasma HDL. The 
excessive  unesterified  cholesterol  may  be accommodated 
within the surface of the HDL sphere or within the 
neutral lipid  core or both. It is tempting to speculate that 
this unesterified  cholesterol enrichment is  derived  from 
peripheral cells through their interaction with HDL, 
representing an initial or early event  in the process of 
reverse  cholesterol transport. 

Enrichment in unesterified  cholesterol  in the smaller, 
spherical HDL, possibly through a receptor-mediated 
interaction with peripheral cells (22), may  be  only one of 
many alternative ways peripheral tissues  dispose  of  exces- 
sive  cholesterol. The appearance of a large number of 
discoid HDL, composed of 28% unesterified  cholesterol, 

unbound FRACTION bound 

a b  a b  

Fig. 7. Heparin-Sepharose  affinity  chromatography of interstitial 
fluid (a) or  plasma (b) fraction I HDL (L-I or P-I) into apoE-rich 
(bound) and apoE-deficient (unbound) HDL.  HDL obtained from a 
cholesterol-fed dog was uaed. The apoE-containing lipoproteins wen 
eluted in  a  single step gradient by the  running  buffer (2 mM phosphate, 
pH 7.4, 0.01% EDTA,  Na azide) containing 1 M NaCI. 
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45% phospholipid, and  only 6% cholesteryl  esters,  may 
represent  another  major  path  in  cholesterol  excretion. 
T h e  ability of a cholesterol-loaded  macrophage  to  synthe- 
size and secrete  apoE,  as well as  excrete  cholesterol,  has 
been  demonstrated by Basu,  Goldstein,  and  Brown (23). 
A number of laboratories  have  since  demonstrated  the 
presence of apoE  mRNA  in a variety of tissues (24, 25). 
Therefore,  it  appears  reasonable to suggest that newly 
secreted apoE, together  with  other  apoproteins filtered 
from  plasma  and  relatively  lipid-deficient  (namely apoA- 
IV, known  to exist in  such a state  in  dog  plasma or inter- 
stitial  fluid,  Lefevre, M., and L. Dory,  unpublished  ob- 
servations)  may  combine  with  plasma  membrane choles- 
terol  and  phospholipid  (destined for reverse  cholesterol 
transport)  to  form  the  discoid  particles. 

The  apoprotein  composition of discoid HDL particles 
suggests  that,  whereas  apoE is a major  constituent, sig- 
nificant  amounts of apoA-IV  and apoA-I are  also  present. 
The  use of heparin-Sepharose affinity chromatography 
suggested  that  at  least  some of the discs contain all three 
apolipoproteins. We  have, however, presented  evidence 
that  there  are  some  discoid  particles  containing  no  detect- 
able apoE, but  rich  in  apoA-IV  and,  to a lesser extent, 
apoA-I. O u r  observations suggest that  apoA-IV  may also 
play an  important  role  in reverse cholesterol  transport. If 
the  assumption  that  mammalian  peripheral tissues do  not 
synthesize apoA-IV and apoA-I is correct,  the  assembly of 
discoid  particles likely occurs  in  the  interstitial  space 
rather  than  within  the cells. This  hypothesis is supported 
by the  recent  demonstration  that  apoE  and cholesterol 
secretion by macrophage were not  linked  and  could  be 
selectively inhibited (23). The use of immunoafinity 
chromatography  may yield HDL fractions  homogeneous 
with  respect  to  apoprotein  composition  and,  thus,  meta- 
bolic function. O u r  results  clearly  point  to  the  importance 
of studies  dealing  with  interstitial fluid lipoproteins  and 
hint  at  some of the  obtainable benefits in  unraveling 
aspects of cholesterol flux between  the liver and  peripheral 
cells. BIO 
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