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Supplementary Fig. S1. Comparison of chemically-fixed/gold-enhanced, HPF/FSF, and 

HPF/FSF/gold-enhanced samples from the neonatal proximal small intestine. Section thicknesses 

are 31nm (tomographic slice, panel a) and 120-150nm (projection images in remaining panels). 

Bar=500nm (panels a-c) and 200nm (panels d-f). (a-c) Chemically-fixed/gold-enhanced samples. 

White arrows mark gold particles in coated tips of RTVs. (d) HPF/FSF; no gold enhancement. 

(e-f) HPF/FSF/gold-enhanced samples. Released Au-Fc in the extracellular space in f is marked 

with black arrowheads. FSF resulted in superior preservation as compared with chemical fixation 

(as judged by the smooth appearance of regular structures such as membranes, organelles and 

microtubules), and gold enhancement during FSF did not degrade the resolution or ultrastructural 

details. By contrast, chemically-fixed samples showed distortions of membranes and vesicle 

shapes compared with counterparts in HPF/FSF samples: compare vesicle membranes (black 

asterisks), lipid droplets (“L”), mitochondria (white asterisks), and the extracellular space (red 

asterisks). Chemical fixation appeared to induce artifactual convoluted structures in the 

extracellular space (red asterisks in panels b and c) that were not present in the extracellular 

space of HPF/FSF samples (red asterisk in panel f). The excellent preservation of ultrastructure 

in HPF/FSF samples after gold enhancement allowed accurate measurements of vesicle 

diameters (e.g., the MVBs in panel e).  
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Supplementary Fig. S2. Ultrastructure of neonatal ileal cells (HPF/FSF samples; section 

thickness=120-180nm). Bar=1µm (panels a-b), 500nm (panel d) and 200nm (panels c,e). Early 

EM studies revealed that FcRn is expressed in the proximal small intestine (duodenum and 

jejunum), but not the distal small intestine (ileum), of the suckling rat1-3. After weaning at three 

weeks, rodent proximal intestinal cells become morphologically distinct from their neonatal 

counterparts and no longer transport IgG or express detectable levels of FcRn2,4.  

(a-b) Comparison of jejunal and ileal cells. 1 = Region 1 (microvilli and terminal web); 2  = 

Region 2 (apical cytoplasm below the terminal web and above the nucleus); 3 = Region 3 (LIS 

and nearby cytoplasm). Ileal cells differ from jejunal cells by containing a giant lysosome (GL) 

between the nucleus (NU) and terminal web, and a nearly straight LIS below the tight junction 

(TJ). (c-e) Higher magnification projection views of Regions 1 and 2 in ileal cells. Tubular 

vesicles in the ileum have larger diameters (>80nm) than their counterparts in the jejunum 

(average = 56nm; Supplementary Fig. S8). The white arrow in panel c shows Au-Fc being taken 

up through fluid phase endocytosis. Gold-containing degradative compartments are marked with 

red asterisks in panels d and e. 
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Supplementary Figure S3. Apical cytoplasm showing Regions 1,2,3

1

2

3

1

1

2
2

2

3

2

2

2

2

3*

doi: 10.1038/nature07255                                                                                                                                           SUPPLEMENTARY INFORMATION

www.nature.com/nature 5



Supplementary Fig. S3. Projection image (HPF/FSF sample; section thickness = 180nm) of the 

apical cytoplasm of a jejunal cell (comparable to Fig. 1c, but a larger view). Bar=500nm. 1 = 

Region 1 (microvilli and terminal web); 2  = Region 2 (apical cytoplasm below the terminal web 

and above the nucleus); 3 = Region 3 (LIS and nearby cytoplasm).  

 The tips of jejunal villi are covered by a polarized epithelial cell monolayer with long 

apical microvilli and tight junctions between neighboring cells (Fig. 1b; Supplementary Fig. S2a). 

The cells are columnar, with the nucleus in the basolateral half. The terminal web (1-2µm layer 

of cytoplasm below the microvilli) contains actin bundles, microfilaments, and tubular vesicles5 

(Fig. 1b). Cytoplasm beneath the terminal web and apical to the nucleus contained tubular 

vesicles, rough and smooth endoplasmic reticulum, coated vesicles, mitochondria, lipid droplets, 

multivesicular bodies (MVBs), and apical vacuoles2,6 (Fig. 1b; Supplementary Fig. S1,S4). The 

basolateral membrane, with which vesicles fuse to release IgG, begins just below the tight 

junctions and includes membranes that define the lateral intercellular space (LIS) and the 

membrane at the “bottom” of the cell (Supplementary Fig. S5-S6). 
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Supplementary Figure S4. Apical cytoplasm showing Regions 2 & 3
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Supplementary Fig. S4. Apical cytoplasm showing Regions 2 and 3. (a) Projection image 

(HPF/FSF sample; section thickness = 180nm) of Regions 2 and 3 of a jejunal cell from a 

glancing section that cut through a LIS such that the LIS membrane was sometimes in the plane 

of the section. Bar=500nm. 2  = Region 2 (apical cytoplasm below the terminal web and above 

the nucleus); 3 = Region 3 (LIS and nearby cytoplasm). Box corresponds to the area that is 

shown as a 3D model in the inset and in Supplementary Movie 8. White asterisks mark the LIS 

membrane. The white arrow points to a coated pit in the LIS membrane. The two white 

arrowheads point to a peanut-shaped coated pit (Au-Fc is indicated by the triangular white 

arrowhead) in a different part of the LIS membrane (red asterisk). (b) Projection image 

corresponding to segmented model in Fig. 2f. Bar=200nm. White arrowheads: RTVs; white 

arrows: Au-Fc in RTVs; red arrowheads: ITVs; red arrows: Au-Fc in ITVs; M: Mitochondrion. 
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Supplementary Figure S5. Cytoplasm near the nucleus
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Supplementary Fig. S5. Projection images of the cytoplasm at the level of the nucleus in a jejunal 

cell (HPF/FSF samples; section thickness =180nm). Bar=500nm (panel a) and 200nm (panels b-

c). (a) Cytoplasmic region near the top of the nucleus (the cell is oriented such that the apical 

surface would be above the top of the figure). Few tubular vesicles were seen in this region of 

the cell, but there were gold-containing coated pits (white arrows), irregular vesicles, and lipid 

droplets (L). (b) Cytoplasmic region near the middle of the nucleus showing coated vesicles and 

released gold in the extracellular space (red asterisk). (c) Cytoplasmic region below the region 

shown in panel b. At this level in the cell, we found few vesicles, but observed released Au-Fc in 

the extracellular space (red asterisk). 
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Supplementary Figure S6. Released Au-Fc observed 
near “bottom” of cell
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Supplementary Fig. S6. Release of Au-Fc from the “bottom” of a jejunal cell. Bar=1µm (main 

figure; chemically-fixed sample) and 200nm (inset; HPF/FSF sample). Both images are 

projections taken from 150-180nm sections. In the main figure, released Au-Fc is seen in the LIS 

and at the bottom of the cell facing the blood (“RBC” = red blood cell). Inset: White arrowheads 

point to released Au-Fc. White arrows point to a collagen filament in the extracellular matrix 

near the basement membrane. 
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Supplementary Fig. S7. Comparison of Au-Fc and Au-dextran uptake in chemically-fixed 

samples of jejunal (proximal) and ileal (distal) cells. A neonatal rat was fed Au-Fc or Au-dextran 

and projection images were taken from 120nm sections that were chemically-fixed and then gold 

enhanced as described7. Bar=500nm (panels a and b) and 1µm (panels c and d). The finding of 

Au-Fc attached to membranes of endosomal compartments and transported to the LIS in the 

jejunum (panel a) but randomly distributed in degradative compartments in the ileum (panel b) is 

consistent with expression of FcRn in the proximal, but not distal, small intestine2, and with 

previous findings that proximal cells transferred endocytosed IgG to the blood, whereas distal 

cells degraded >98% of absorbed IgG8. By contrast, little or none of the fluid phase marker, Au-

dextran, was taken up by jejunal cells (panel c this figure and Fig. 1a, main paper), and the Au-

dextran that was taken up appeared in degradative compartments. Ileal cells took up Au-dextran 

(panel d) equally as well as Au-Fc (panel b). These results confirmed that the proximal, but not 

the distal, neonatal small intestine takes up Au-Fc through an FcRn-mediated pathway. By 

contrast, consistent with its function to digest proteins non-selectively, only the neonatal ileum 

was involved in large-scale fluid phase uptake, as predicted by earlier studies showing that 

tracers were absorbed non-specifically by the neonatal distal small intestine but not released2,9. 
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Supplementary Figure S8. Diameters of structures 
within neonatal jejunal cells
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Supplementary Fig. S8. Distributions of the diameters of structures within neonatal jejunal cells. 

Diameters were measured in tomograms derived from HPF/FSF samples. Similar size 

distributions were found for chemically-fixed and immunolabeled samples (data not shown). 

Each histogram is shown with a schematic representation of the structure being measured. Red 

lines indicate what was measured and gold spheres indicate gold particles. Double membranes 

seen in the schematic depictions of coated pits/vesicles in or near the LIS represent adjacent 

membranes in the LIS seen in cross section (i.e., the. inner membrane represents the membrane 

of an adjacent cell). Irregular vesicles were divided into two categories: irregular >70nm tubular 

vesicles (ITVs) (diameter indicated by the black line; no histogram is shown for this diameter 

because it varied from 70-95nm within a single vesicle), and irregular non-tubular vesicles 

(INTVs).  

Note on terminology: we referred to the coated regions on regular ~60nm tubular vesicles 

(RTVs) as coated “tips” if they were at one of the ends and coated “buds” if they were in the 

middle of the vesicle. The coated tips and buds showed a narrow distribution of diameters 

centering around 60nm. We referred to the ends of ITVs and the protrusions found in various 

locations of INTVs as “bulbs”. The coated bulbs found on both the ITVs and INTVs tended to be 

narrower than uncoated bulbs, as indicated in the schematic diagrams, but were broader than the 

coated tips/buds on the RTVs. 
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Supplementary Figure S9.  Immunolabeling images
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Supplementary Fig. S9. Immunolabeling images. Cryosections of jejunal cells containing 

enhanced Au-Fc were labeled with an antibody against an endosomal marker and a secondary 

antibody conjugated with 10nm colloidal gold.  Sections were analyzed by electron tomography 

(tabulated results presented in Fig. 1h-i and Supplementary Table S2). Representative images are 

shown in the panels above as tomographic slices (11-34nm) or 120nm projections (Rab5 panels 

c-e,g-i). The scale bar shown in the first image of each panel applies to the whole panel except 

where otherwise noted. Immunogold labels were distinguished from enlarged Au-Fc using the 

following criteria: (i) Enlarged Au-Fc (arrowheads) were distributed throughout the volume of 

the section, whereas immunogold labels (arrows) were on only the top or bottom surfaces of the 

section, (ii) Enlarged Au-Fc were inside transport vesicles and associated with the inner leaflet of 

the vesicular membrane, whereas immunogold labels usually appeared to be attached to the outer 

leaflet of vesicular membranes and exposed to the cytoplasm, and (iii) Enlarged Au-Fc were 

generally bigger (15-20nm) than immunogold labels (7-12nm; most measured as 6-9nm) and 

were often irregularly shaped, whereas immunogold particles were spherical. 

Early endosomal markers. (a-b) Images of EEA1 localized to the membranes of an Ap-IV, RTVs 

and INTVs. (c-i) Images of Rab5 on Ap-IVs (c,d), an MVB (e), RTVs (f-h), and INTVs (i). 

Panel f is a tomographic slice derived from a portion of the region shown in panel e. 

Late endosomal markers. (a-c) Images of Rab7 on small vesicles (SmV; 30-40nm vesicles 

related to lysosomes) and lysosomes (LYS). (d-e) Images of Rab9 on the LIS membrane and on 

irregular vesicles proximal to the LIS.  

Recycling endosomal marker. (a-b) Images of Rab11 on the LIS membrane, an MVB, and on 

RTVs. 
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 Supplementary Fig. S10. Projection images of some of the regions used for generating 

tomograms and 3D models. Bar=500nm. Section thickness = 180nm (panels a-c) and 120nm 

(panel d). (a) Corresponds to models in Fig. 2g and Supplementary Fig. S11a. (b) Corresponds to 

models in Fig. 2h and Supplementary Fig. S11b and to Supplementary Movie 3. (c) Corresponds 

to models in Fig. 4f and Supplementary Fig. S11c. (d) Corresponds to models in Fig. 5a and 

Supplementary Fig. S11d and to Supplementary Movie 7. 
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Supplementary Figure S11. 3D models built from tomograms 
from Regions 2 and 3
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Supplementary Fig. S11. Larger views of segmented models. Colors for segmented models: 

Tubular and irregular vesicles (blue shades); microtubules (pink straws); lysosomes (violet); 

rough ER (green with scarlet ribosomes); mitochondria (bright green); LIS membranes (purple 

and blue); clathrin coats (small red spheres around blue vesicles/buds); Au-Fc (gold spheres). 

“M” = mitochondrion; white asterisks: MVBs; white arrows: Au-Fc. White arrowheads in b 

mark the ends of an RTV. Red arrowheads indicate a network of irregular vesicles in b and mark 

the ends of an ITV in a tangled network in c. Bar=200nm. (a) Corresponds to model in Fig. 2g 

and projection in Supplementary Fig. S10a. (b) Corresponds to model in Fig. 2h, projection in 

Supplementary Fig. S10b, and Supplementary Movie 3. (c) Corresponds to model in Fig. 4f and 

projection in Supplementary Fig. S10c. (d) Corresponds to model in Fig. 5a, projection in 

Supplementary Fig. S10d and Supplementary Movie 7. 
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Supplementary Table S1. Distribution of Au-Fc in different compartments of jejunal cells 
Region Microvilli Ap-CP/CV Ap-IV RTV CV ITV INTV LIS Bl-CP/CV SV MVB LYS NOISE SUM 

1 21 4 7 1          33 

1 12 5 3 6          26 

1 10 3 3 2          18 

1  2 5 8          15 

1,2 3 2 4 8  2 7   1  2  29 

1,2  3 6 4   3       16 

2,1* 11 8 16 41 20 44 38  22 12  8 6 226 

2,1* 7 6  28 13 12 25  3 8 3 6  111 

2,1   2 8 1 2 4      2 19 

2,1 1  2 8 1 3 5   2    22 

2,1  3  8  1 4   9 3   28 

1,3 6 4 6 4    7      27 

3,1  1 4 3   3 4 2 1    18 

2    4  7 8   4  2 2 27 

2    12  1 5   4 2  1 25 

2    6  4 8   1    19 

2    9 1 5 6   2 1   24 

2*    36 11 19 35  6   3 4 114 

2*    38 18 13 29  7 6 10 6 5 132 

2*    44 15 15 22  6 5 5 8  120 

2    9 2 6 7   2 3  1 30 

2    10 3 7 11  4 2    37 

2    8 3 7 5   3    26 

2,3    2  9 17 3   3 1  35 

2,3    8 4 5 9 6  1   2 35 

2,3    8 1 5 6 2 1 4 3  1 31 

2,3    8 4 3 6 3 2 1 2  2 31 

2,3    7 4 7 5 1  2 2 1 1 30 

2,3    5      1 4   10 

2,3    6 2 5 3 1 5 3    25 

2,3    7  8 6 3     1 25 

2,3    3 1 3 4 2   4   17 

2,3      2 5   3    10 

2,3    7 1 5 7 1  2    23 

2,3    3  6 12 1  5    27 

2,3    8 2 1 3 6      20 

2,3    12 2 5 8 3 1 1 3   35 

2,3    12 3 6 4 3  2 2  1 33 

3,2    2 3 5 15 6 1 5    37 

3,2      6 8   4 3 1  22 

3,2      3 4 19  1 2  1 30 

3,2       4 1  1 5   11 

3,2      4 6 2  3 3   18 

3,2    8 2 1 3 6      20 

3,2  1 4 3   3 4 1 1    17 

3,2    5 1  3 2 2 1   1 15 

3    2  7 7   1  5  22 

3       5 20 5     30 

3      4 5 6 3 1    19 

3      1 2 5 5 1    14 

3      1 2 8 2     13 

3    2  5 3 4 1 1 1   17 

3    5 2 2 4 10 2     25 

3    2 1 4 4 6 2 2    21 

3    2  1 5 9 2     19 

3*       3 20 16     39 

3*        26 34    1 61 

SUM 71 42 62 432 121 262 406 200 135 109 63 43 32 1979 

% 3.6% 2.1% 3.1% 21.8% 6.1% 13.2% 20.5% 10.1% 6.8% 5.5% 3.2% 2.2% 1.6% 100% 
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Supplementary Table S1. Distribution of Au-Fc in different compartments of jejunal cells  

Region, Portion of the tomogram as defined in the text (1 denotes Region 1;  2 denotes Region 2;  

3 denotes Region 3;  X,Y denotes mainly Region X, but overlapping with Region Y);  Ap-

CP/CV: apical coated pit/coated vesicle;  Ap-IV: apical irregular vesicle;  RTV: regular ~60nm 

tubular vesicle;  CV: ~60nm coated vesicle;  ITV: irregular >70nm tubular vesicle;  INTV: 

irregular non-tubular vesicle;  LIS: lateral intercellular space;  Bl-CP/CV: basolateral coated 

pit/coated vesicle;  SV: 70-140nm spherical vesicle;  MVB: multivesicular body;  LYS: 

lysosome;  NOISE: gold particles not associated with organelles and/or membranes; SUM: total 

gold particles in each tomogram (row) or in each compartment (column).  

Each row corresponds to a single tomogram. Chemically-fixed/enhanced samples are 

denoted by an asterisk. All other tomograms were derived from 120-180nm HPF/FSF/enhanced 

samples. Samples with large numbers of gold particles were derived from animals fed with 

higher concentrations of Au-Fc (~3.5µM instead of 2-3µM) and from thick sections (300nm). In 

general, we found that nearly half (~40%; ranging from 20% to 60% in the 57 tomograms listed 

above) of the transport vesicles contained at least one Au-Fc. 
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Supplementary Table S2. Immunolabeling experiments 
Marker Region Microvilli Ap-CP/CV Ap-IV RTV ITV INTV LIS Bl-CP/CV MVB LYS SmV NOISE SUM 
EEA1 2,1,3    41  13 1      55 

EEA1 1,2 9 4 1 10         24 

EEA1 2,3    6 1 2 1 4    11 14 

EEA1 1 1 4  1  5       11 

Total  10 8 1 58 1 20 2 4    11 104 

               

Rab5 2,3    14 2 40   63   5 119 

Rab5 2,3    5 3 21   23    52 

Rab5 1,2   9   4      5 13 

Rab5 2    7 1 29   2    39 

Rab5 2    10 3 21   3   4 37 

Rab5 2    4 2 27   6    39 

Rab5 2    21 2 15   7   3 45 

Rab5 2     11 17   12   9 40 

Rab5 1   17         6 17 

Rab5 1   19         13 19 

Total    45 61 24 174   116   45 420 

               

Rab7 2     7 6    16 8 6 37 

Rab7 2          4 3  7 

Rab7 2          2 1  3 

Rab7 2          26 5  31 

Total      7 6    48 17 6 78 

               

Rab9 3     12 42 2   8  8 64 

Rab9 3,2     10 35 14     65* 59 

Total      22 77 16   8  73 123 

               

Rab11 3    8 18  15 2  4   47 

Rab11 2     3 4   1   2 8 

Rab11  2     10 21   2    33 

Rab11 2     15 6   1 7   29 

Rab11 2,3     4 8 13  3 1  1 29 

Rab11 2,3     3 3 2     3 8 

Rab11 3,2     7 6 11  2   3 26 

Total     8 60 48 41 2 9 12  9 180 

 
Intestinal segments containing enlarged Au-Fc were labeled with one of five endosomal markers: 
EEA1, Rab5, Rab7, Rab9, or Rab11. Region, Portion of the tomogram as defined in the text (1 
denotes Region 1;  2 denotes Region 2;  3 denotes Region 3;  X,Y denotes mainly Region X, but 
overlapping with Region Y);  Ap-CP/CV: apical coated pit/coated vesicle;  Ap-IV: apical irregular 
vesicle;  RTV: regular ~60nm tubular vesicle; ITV: irregular >70nm tubular vesicle;  INTV: 
irregular non-tubular vesicle;  LIS: lateral intercellular space;  Bl-CP/CV: basolateral coated 
pit/coated vesicle;  MVB: multivesicular body;  LYS: lysosome (includes MVB-like late 
endosomes);  SmV: small (30-40nm) spherical vesicle (related to lysosomes). Each row 
corresponds to a single tomogram or a single 2D projection image in the case of some of the Rab5 
entries. NOISE: gold particles not associated with organelles and/or membranes; SUM: total gold 
particles in each tomogram or image, not including noise.  
*The large number of noise particles in this tomogram did not affect identification of specific 
immunogold labels because the noise particles were mainly aggregated in one region of the surface.  

doi: 10.1038/nature07255                                                                                                                                           SUPPLEMENTARY INFORMATION

www.nature.com/nature 26



Supplementary Table S2. Immunolabeling data 

In order to further characterize the Au-Fc-containing vesicles classified by morphology that were 

summarized in Supplementary Table S1, we conducted immunolabeling experiments using 

antibodies against endosomal markers and analyzed the labeled sections by electron tomography. 

Currently available data suggest that early endosomal antigen 1 (EEA1) is located on early 

endosomes, Rab5 is on early endosomes, coated vesicles, and the plasma membrane, Rab7 is on 

late endosomes, Rab9 is on late endosomes and the Golgi, and Rab11 is on recycling 

endosomes10,11. Some overlap between the types of endosomes that label with each marker is 

expected because (i) the endo-lysosomal system is dynamic, with early endosomes maturing into 

late endosomes12, and (ii) individual vesicles can contain functionally distinct subdomains that 

label with different markers10.  

Regions containing both enhanced gold and immunogold labels were chosen for imaging 

(Supplementary Fig. S9). Immunogold labels were distinguished from enlarged Au-Fc using the 

following criteria: (i) Enlarged Au-Fc (arrowheads) were distributed throughout the volume of 

the section, whereas immunogold labels (arrows) were on only the top or bottom surfaces of the 

section, (ii) Enlarged Au-Fc were inside transport vesicles and associated with the inner leaflet of 

the vesicular membrane, whereas immunogold labels usually appeared to be attached to the outer 

leaflet of vesicular membranes and exposed to the cytoplasm, and (iii) Enlarged Au-Fc were 

generally bigger (15-20nm) than immunogold labels (7-12nm; most measured as 6-9nm) and 

were often irregularly shaped, whereas immunogold particles were spherical. The above table 

lists the number of immunogold particles found in individual tomograms or images. These data 

were converted to histograms in Fig. 1h-i: Fig. 1h presents the data as the percent of each marker 
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found in the different vesicles or cellular locations, and Fig. 1i presents the data as the percent of 

each vesicle or cellular location that was positive for the different markers. 

 We found EEA1, one of the markers for early endosomes, mainly on ~60nm regular 

tubular vesicles (RTVs), which were usually located in Regions 1 and 2 (Fig. 1h). In addition, 

EEA1 labeled microvilli and other apical structures in Region 1, and irregular vesicles (mainly 

irregular non-tubular vesicles; INTVs) in Regions 2 and 3. A few EEA1 labels were on the 

basolateral membrane of the LIS or in basolateral coated pits or coated vesicles (Bl-CP/CV), 

suggesting that these regions of the LIS were engaged in endocytosis to retrieve FcRn that had 

released Au-Fc. Rab5, another early endosome marker, was found mainly on INTVs (mainly in 

Regions 2 and 3) and MVBs (mainly in Region 2), and also on RTVs, apical irregular vesicles 

(Ap-IVs), and irregular tubular vesicles (ITVs) (mainly in Regions 2 and 3). By examining 

which markers were found on each type of vesicle (Fig. 1i), we concluded that Ap-IV, RTVs, 

and MVBs could be considered to be early endosomes, with a subset of ITVs and INTVs also 

falling into this category. The large number of Rab5 labels on MVBs, together with the absence 

of late endosomal marker labels (Rab7 and Rab9), was consistent with our suggestion that these 

organelles served a transport, rather than degradative, function in FcRn-mediated transcytosis in 

neonatal jejunal cells (see text).  

 Late endosomal markers (Rab7 and Rab9) were mainly found on lysosomes (LYS), a 

category that included MVB-like late endosomes containing many internal vesicles, and small 

(30-40nm) vesicles (SmV) that probably represented a subset of lysosomes. In addition, subsets 

of ITVs and INTVs, including many Rab9-positive INTVs, labeled with these markers, and Rab9 

was found on the LIS membrane. None of the late endosomal markers were found on RTVs or 

MVBs. Rab 11, a marker for recycling endosomes, was found on ITVs, INTVs, the LIS 
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membrane, including a few coated pits and nearby coated vesicles (Bl-CP/CV), and on small 

subsets of MVBs, RTVs, and lysosomes. We concluded from these data that ITVs and INTVs 

represented a diverse category of early, late, and recycling endosomes. Interestingly, the majority 

of ITVs could be considered recycling endosomes, rather than early or late endosomes, whereas 

the majority of INTVs could be considered to be early endosomes, rather than recycling or late 

endosomes (Fig. 1i). 

These results demonstrate the complexity of the endo-lysosomal system: instead of a 

single morphological category of vesicle corresponding to an early, late, or recycling endosome, 

we found that each category included many types of vesicles. Also, many of the different 

morphological classes of vesicles had characteristics of more than one category of endosome. 

Thus the categories of “early”, “late”, or “recycling” for different types of endosomes is an over-

simplification, at least in the case of neonatal jejunal cells. It is difficult to compare our results 

with other studies because most endosomal labeling experiments have been done by 

immunofluorescence, and therefore a detailed description of the ultrastructure of endosomes with 

these markers is not available. In addition, to our knowledge, there are no published 

immunolabeling studies involving endosomal markers and rat neonatal jejunal cells. As these 

cells are specialized for transporting IgG from ingested milk and undergo morphological changes 

when IgG transport ceases after weaning2, vesicles in these cells may have different properties 

than vesicles in other cell types or in the same cell type at a later stage in development. Given 

this caveat, we compared our results to a recent EM study that distinguished early and late 

endosomes in a human hepatoma cell line using morphological, kinetic, and molecular criteria, 

finding that early endosomes containing high levels of internalized transferrin were EEA1-

positive and contained only a few internal vesicles, whereas late endosomes containing low 
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levels of transferrin were Rab11-positive and contained more internal vesicles13. Our finding that 

the neonatal jejunal MVBs contained relatively few internal vesicles (Fig. 4) and the fact that 

they labeled with Rab5, an early endosome marker, was consistent with these results. 
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Supplementary Table S3. Pulse and pulse/chase experiments 
 

Label time Region 
Micro- 

villi 
Ap- 

CP/CV Ap-IV RTV CV ITV INTV LIS 
Bl- 

CP/CV MVB LYS FPV NOISE SUM 
1,2 18 2            20 3min; 

no chase 1,2,3 49 6 1         3  59 

1,2 4  5           9 

1,2 7  1           8 

1,2 8  2 2          12 

1,2 10  7 4   1     3  25 

1,2,3   2 1   4       7 

1,2 23 1 6 1  1 7      5 44 

5-7min; 
no chase 

1,2 13   6   6   2    27 

1,2 15 2 4         1  22 

1,2,3 77 6 4 4   2 1      94 
5-10min; 
no chase 

1,2 47 5 6    1   3  4  66 

1,2 2  1 4  1 5       13 

1,2,3 18   3   5   2   1 29 

1,2,3 36 2 2 3  2 3 2  1  2  53 

10min; 
no chase 

1,2,3 26 4 4 1   4 3    3  45 
                

Label time; 
Chase time Region 

Micro- 
villi 

Ap- 
CP/CV Ap-IV RTV CV ITV INTV LIS 

Bl- 
CP/CV MVB LYS FPV NOISE SUM 

2,3       3 29     7 39 

2,3       9 4 3    1 17 

1,2,3    2  2 1   3  1 3 12 

1,2,3      3 6 3      12 

1,2,3    1    2      3 

1,2,3 11  2 8  1 7 6     2 37 

3,2    2  4 6 15  2   5 34 

3,2        27      27 

3,2,1 6     3 5 3      17 

1,2,3 4   3 1 8 8 11      35 

3,2      2 9 8  1    20 

5min; 
10-12min 

chase (rFc) 
 

1,2 6  3   3 4 1     2 19 

1,2,3 9     1 2 7 1   1  21 

1,2,3 4      4    1   9 

1,2,3 3 1     13 3  1  1  22 

2,3       5 2      7 

5min; 
10-15min 

chase (hIgG) 

2,3        2 1   1   4 

1,2,3 2  2 1  2 6 5 1 2  1  22 

1,2,3 13  5 3   7 8     4 40 

1,2,3 4  2 2  2 9 10  2   3 34 

1,2 5 3 4 1  1 5 1 3    1 24 

5min; 
10-15min 

chase (hIgG) 

1,2 5   2  8 8 2     4 29 

2,3       5 1      6 

2          3    3 

1,2,3 5   4          9 

1,2,3    2   5  1     8 

5min; 
20-25min 

chase (hIgG) 

1,2,3 6      4   4    14 

3,2       2 15 1     18 

3,2       2 19      21 
5min; 

15-25min 
chase (rFc) 

1,2,3       1 4  1    6 
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Supplementary Table S3. Pulse and pulse-chase data 

The first column specifies the durations of the incubation with Au-Fc (label) and, in the lower 

portion of the table, of the subsequent incubation with unlabeled rat Fc (rFc) or human IgG 

(hIgG) (chase). Region, Portion of the image as defined in the text (1 denotes Region 1;  2 

denotes Region 2;  3 denotes Region 3;  X,Y denotes mainly Region X, but overlapping with 

Region Y);  Ap-CP/CV: apical coated pit/coated vesicle;  Ap-IV: apical irregular vesicle;  RTV: 

regular ~60nm tubular vesicle;  CV: ~60nm coated vesicle,  ITV: irregular >70nm tubular 

vesicle;  INTV: irregular non-tubular vesicle;  LIS: lateral intercellular space;  Bl-CP/CV: 

basolateral coated pit/coated vesicle; MVB: multivesicular body;  LYS: lysosome (includes 

MVB-like late endosomes);  FPV: fluid-filled vesicle containing randomly-distributed gold 

particles (seen in these samples, which were derived from ligated intestines incubated with Au-

Fc, but not seen in samples obtained from intestines extracted from Au-Fc-fed rats – see 

Supplementary Table S1);  NOISE: gold particles not associated with organelles and/or 

membranes; SUM: total gold particles in each image. Each row corresponds to a single 

projection image. 

 

In order to follow the progression of Au-Fc across neonatal jejunal cells, we conducted pulse and 

pulse/chase experiments. Because it would be difficult, if not impossible, to synchronize uptake 

of an ingested ligand in a live animal, we incubated ligated neonatal rat intestines with Au-Fc for 

fixed amounts of time. A caveat that might affect interpretation of the results is that incubated 

ligated rat intestinal segments have been shown to exhibit morphological changes compared with 

counterpart segments that were not subjected to incubation or ligation2. In our images derived 

from ligated segments, we noted fewer villus cells in some samples and also the presence of 
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vesicles containing randomly-distributed Au-Fc (FPV in above table), which were not observed 

in the samples derived from Au-Fc-fed rats (Supplementary Table S1). Otherwise, the 

morphologies of the vesicles listed in this table were similar to their counterparts in 

Supplementary Table S1 (which lists the number of gold particles found in different vesicles in 

steady-state experiments involving intestinal segments from Au-Fc-fed neonatal rats). A second 

caveat is that buffer would occasionally leak from the injection site during the wash step, which 

could be an indication that the wash buffer did not effectively flow throughout the entire length 

of the ligated section. In a direct comparison of two independent [5min label; 10-12min rFc 

chase] samples, we found a greater proportion of Au-Fc on microvilli and in Ap-IV in the sample 

that was not washed successfully (data not shown) than in the sample that was more thoroughly 

washed (data included in above Table). It was therefore possible that some of the microvilli-

associated Au-Fc observed in chased samples represented Au-Fc that was never flushed from the 

intestine during the wash step.  

 The upper portion of the table presents the results of short Au-Fc incubations in the 

absence of a chase with unlabeled ligand. At the first time point (3min), Au-Fc was observed on 

the microvilli and in apical coated pits and coated vesicles. By 5-7min, some Au-Fc had reached 

the apical irregular vesicles in the terminal web, the RTVs located throughout Regions 1 and 2, 

and the irregular vesicles (ITVs and INTVs) located predominantly in Regions 2 and 3. A few 

Au-Fc were localized in MVBs and in the LIS after 5-10 min of incubation. Data for time points 

after 10min were derived from the pulse/chase experiments in the lower portion of the table, 

which represented events ranging from 10 to 30 min after initial uptake. After a ≥10min chase, 

we observed proportionately fewer Au-Fc in apical coated vesicles, apical irregular vesicles, and 

RTVs, suggesting that these vesicles represented relatively early steps in transcytosis, consistent 
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with their labeling with antibodies against early endosomal markers (Supplementary Table S2). 

This suggestion also correlated with their locations in the cell: apical coated and irregular 

vesicles being found mainly in Region 1, and RTVs mainly in Regions 1 and 2 and only rarely 

near the LIS. Although there were relatively few gold-containing MVBs in the pulse and 

pulse/chase data, they appeared to represent a somewhat later step in transyctosis that was 

usually only reached ≥10min following uptake. Interestingly, many of the jejunal MVBs were 

positive for Rab5, an early endosome marker, some were positive for Rab11, a marker for 

recycling endosomes, but none labeled with late endosomal markers (Supplementary Table S2), 

consistent with an intermediary role in FcRn-mediated transcytosis. Later steps in transcytosis 

appeared to involve ITVs and INTVs, correlating with their prevalence in Region 3 near the LIS 

and immunolabeling with markers for recycling and late endosomes (Supplementary Table S2). 

Indeed the samples in the [5min; 15-25min rFc chase] data set showed Au-Fc almost exclusively 

in INTVs and the LIS, suggesting that irregular vesicles near the LIS represent a step at or near 

the end of the transcytotic pathway. Many of the images in the chase experiments included 

significant numbers of Au-Fc on the microvilli, even after as long as 20-25min of chase time. 

Some of these may represent Au-Fc that was not washed out of the ligated intestine before the 

chase. Others could have resulted from recycled Au-Fc that was exocytosed from the apical 

membrane, but remained bound to the microvilli at acidic pH. 
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Supplementary Results and Discussion 

 

Choice of labeling strategy 

The ideal label for EM tomography studies of receptor-mediated endocytosis would be a small, 

non-toxic label that was stable under physiological conditions, did not disrupt ligand binding or 

induce misdirection of receptor-ligand complexes, bound only one ligand per label so as not to 

induce cross-linking of receptors, and was compatible with HPF/FSF. As described in more 

detail elsewhere7, these criteria ruled out currently available labels that have or could be used for 

EM studies of endocytosis such as colloidal gold14,15, ferritin2, quantum dots16, giant platinum 

clusters17, monolayer-protected gold clusters18, peroxidase19 and other labels that are visualized 

after photooxidation of diaminobenzidine and metal deposition20,21. In particular, ferritin, which 

was used to label IgG in previous 2D EM studies of FcRn-mediated transport1-3 is large 

(diameter~14 nm) and its multimeric nature would promote undefined ligand-ferritin 

stoichiometries and cross-linking, rationalizing the observation that ferritin conjugation inhibited 

proper transport of IgG in rabbits22.  

Instead of using any of these labeling methods, we labeled the reduced hinge disulfides of 

rat IgG2a Fc with 1.4nm monomaleimido Nanogold to generate gold-labeled Fc (Au-Fc) that 

retained pH-dependent binding to FcRn and was taken up normally into FcRn-expressing MDCK 

cells and neonatal rodent intestinal cells7. When subjected to the same labeling protocol, intact 

IgG was labeled at low efficiencies, thus we used Au-Fc, rather than Au-IgG, as a ligand for 

FcRn (intact IgG and Fc bind with similar affinities and pH-dependent binding profiles to rat 

FcRn23). 
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 The small size of 1.4nm Nanogold makes it difficult or impossible to visualize directly in 

2D projections or tomograms recorded at a magnification allowing reconstruction of an 

informative portion of a cell7, so we developed a new HPF/FSF-compatible enlargement protocol 

and an improved method for enhancing chemically-fixed samples. Our HPF/FSF method builds 

upon a new FSF-based silver enhancement method24 by using gold enhancement to gradually 

enlarge Nanogold and render it impervious to osmium compounds used during fixation7. Our 

chemical fixation enhancement method results in reduced autonucleation7. We previously 

showed that the resulting methods produced specifically-enlarged gold particles of 10-20nm that 

could be used as reliable tracers for the pathway of FcRn-mediated transcytosis of IgG7. Specific 

enlargement was also demonstrated in Fig. 1-5 of the main text and Supplementary Fig. S1-

S7,S9. 

 

Ultrastructure of neonatal ileal cells 

Two major roles for the neonatal rodent small intestine have been identified: FcRn-mediated 

transfer of maternal IgG in proximal cells (duodenum and jejunum), and non-receptor-mediated 

uptake and intracellular digestion of proteins for nutrition in ileal cells. Intestinal transmission is 

highly specific for IgG. Other milk and serum proteins are primarily taken up by ileal cells, 

where they are digested. Proteins endocytosed by ileal cells are transferred into the blood 

inefficiently or not at all2,8. 

Neonatal ileal cells (Supplementary Fig. S2) were morphologically distinct from cells in 

the proximal small intestine (Supplementary Fig. S3-S6). The most obvious feature was the large 

supranuclear vacuole, or giant lysosome, in the central region of the cell (Supplementary Fig. 

S2b). The apical cytoplasm contained smaller vacuoles and an interconnected system of vesicles 
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displaying a distinct “beaded” membrane structure composed of regularly spaced particles2,9,25 

(Supplementary Fig. S2c-e). In addition, the terminal web of neonatal rat ileal cells contained 

tubulovesicular early endosomes that were morphologically distinct from the regular ~60nm 

tubular vesicles (RTVs) observed in the terminal web of jejunal cells (Supplementary Fig. S2c-e). 

 

Considerations regarding exocytosis versus endocytosis of Au-Fc at the basolateral 

membrane 

We suggested that Au-Fc-containing coated pits in the basolateral membrane represented 

snapshots of ligand release via exocytosis (see main text for details). In evaluating whether 

uptake of Au-Fc by FcRn at the basolateral membrane (either the membrane at the “bottom” of 

the cell or the lateral intercellular space (LIS) membrane) could explain the observed gold-

containing coated pits, we considered properties of the LIS, the affinity of rat FcRn for Fc as a 

function of pH, and the likely concentration of transported Au-Fc in the blood and LIS.  

The microenvironment directly adjacent to epithelial cells can maintain a distinct 

composition from bulk solutions, thus the pH of an LIS could be as low as 7.0 (ref. 26), rather 

than 7.4, as assumed for blood. However, because we observed released Au-Fc at both the LIS 

(Supplementary Fig. S1f,S7a) and at the “bottom” of the cell facing the pH 7.4 environment of 

the extracellular space (Supplementary Fig. S6), we must consider the binding between FcRn 

and Fc over the range between pH 7.0 (which we assume is the lowest possible pH for the LIS) 

and 7.4 (the pH of the extracellular fluid). We did not observe significant binding of IgG to rat 

FcRn in surface plasmon resonance studies conducted using 30µM IgG at pH 7.0 and above27, 

indicating an equilibrium dissociation constant (KD) > 30µM. (Although a recent study reported 

that human FcRn can bind significant amounts of IgG at neutral and even basic pH, this 
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unexpected binding could have resulted from the use of IgG that was partially aggregated28, 

which would not be the case in vivo, but which would artifactually increase the apparent binding 

affinity.)  

In the present studies, we used Au-Fc, rather than IgG, as a ligand for FcRn. The Au-Fc 

was prepared with a monofunctional gold cluster (monomaleimido Nanogold®), and then 

purified on both a gel filtration column and an FcRn affinity column, which was loaded at acidic 

pH and eluted at basic pH. The resulting Au-Fc did not contain detectable aggregates, which 

could artifactually increase binding at neutral or basic pH due to avidity effects, and it bound to 

FcRn on the affinity column at pH 6 and was eluted as expected at pH 8 (ref. 7). To further verify 

the pH dependence, a surface plasmon resonance-based binding study was conducted over the 

range between pH 6.8 to 7.4, which demonstrated that Au-Fc retained the expected pH-

dependent affinity transition for binding to FcRn (J. Vielmetter, unpublished results). 

To calculate the concentration of Au-Fc in the LIS, where most of the Au-Fc is released, 

we counted the number of Au-Fc particles in tomograms containing LIS regions and divided by 

the approximate volume of the LIS (e.g., in Supplementary Movie 7, there are 4 Au-Fc particles 

in an LIS volume of ~7 µm x 0.175 µm x ~0.04 µm for an estimated concentration of ~0.1 µM, 

and in Supplementary Movie 6, there are 5-6 Au-Fc in an LIS volume of 7-8 µm x 0.175 µm x 

~0.04 µm for a concentration of ~0.2 µM). While these estimates are only approximate, they are 

likely to be accurate to within an order of magnitude. The estimated concentration of Au-Fc in 

the LIS is similar to the maximum concentration of Au-Fc that could be transported into the 

blood, which can be calculated by assuming that all of the ~0.6nmol of Au-Fc fed to a neonatal 

rat (see Methods) was transferred to the blood, where it was diluted into a volume of 2 - 3 ml, 

resulting in a concentration of Au-Fc in the blood of ~0.3 µM. Thus we suspect that the 
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concentrations of Au-Fc in the LIS and the blood are likely to be similar. An upper estimate for 

the concentration of released Au-Fc is therefore 0.3 µM, which is at least 100-fold lower than the 

KD for the FcRn-Fc interaction at neutral or basic pH. Therefore in the absence of unlabeled 

competitor ligands, <1% of the FcRn molecules exposed to the basolateral extracellular fluid 

would bind Au-Fc. However our experiments were conducted in the presence of an unlabeled 

competitor ligand because Au-Fc had to compete for binding with probably at least a 100-fold 

excess of unlabeled maternal IgG that was transferred during the ~11 days prior to the feeding of 

Au-Fc. If the number of surface-accessible FcRn proteins is limiting compared with the amount 

of ligand, then even an upper limit of 1% of the receptors at the basolateral surface being bound 

to Au-Fc at neutral or basic pH would be an over-estimate. It therefore seems unlikely that the 

gold particles in coated pits at the LIS are Au-Fc proteins being endocytosed after rebinding to 

FcRn. We also think it is unlikely that the gold-containing coated pits at the LIS membrane 

represent snapshots of endocytosis of Au-Fc proteins that never dissociated from FcRn after 

fusion of an uncoated vesicle with the LIS membrane, because a single-molecule study of 

exocytosis of IgG from FcRn-expressing endothelial cells found that IgG remains bound to FcRn 

no longer than several seconds following exposure to the extracellular environment29.  

We must also consider the possibility that an experimental artifact during preparation of 

the intestinal samples for microscopy resulted in large scale re-uptake of Au-Fc from the 

basolateral surface. This possibility cannot be conclusively ruled out. However we consider it 

unlikely for the following reasons: (i) In both our HPF/FSF and chemically-fixed samples, we 

observed >100 gold-containing coated pits at the basolateral membrane, but we never observed 

an example of what was unambiguously a gold-containing uncoated pit at the basolateral 

membrane. Thus at least some of the gold-containing coated pits represented snapshots of 

doi: 10.1038/nature07255                                                                                                                                           SUPPLEMENTARY INFORMATION

www.nature.com/nature 39



exocytosis, or we did not see any exocytosis of Au-Fc, which is contradicted by the observation 

of free Au-Fc particles in the LIS (Fig. 5a) and at the bottom of the cell (Supplementary Fig. S6). 

(ii) Coated pits with associated labeled FcRn ligands appeared in different experimental 

conditions, making the possibility of a common artifact unlikely. First, in the experiments 

reported here, we observed gold-containing coated pits at the basolateral membrane in both 

chemically-fixed and HPF/FSF samples, which were prepared under different conditions. 

Although it is possible that released Au-Fc could rebind to FcRn prior to complete fixation in the 

chemically-fixed samples, this is unlikely in the FSF samples, because high pressure freezing 

immobilizes cellular activity within milliseconds30. In addition, earlier 2D EM studies of 

chemically-fixed neonatal rat small intestine showed labeled IgG in pits at the LIS membrane 

that appeared to be coated2,4,19. These studies involved incubation of excised and ligated small 

intestinal segments with IgGs labeled with ferritin or peroxidase, methods that differ from ours 

in the type of FcRn ligand that was used (IgG versus Fc), the method of labeling (ferritin or 

peroxidase versus Nanogold), the mode with which the ligand was administered (ex vivo 

incubation of ligated intestines versus feeding to neonatal rats), and the method of sample 

preparation for EM imaging (chemical fixation versus HPF/FSF). 
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Supplementary Movies 

Unless noted otherwise, all movies are derived from HPF/FSF/gold enhanced samples of 150-
200nm sections. Colors for segmented models in all movies and figures: Tubular and irregular 
vesicles (blue shades); microtubules (pink straws); lysosomes (violet); rough ER (green with 
scarlet ribosomes); mitochondria (bright green); LIS membranes (purple and blue); clathrin coats 
(small red spheres around blue vesicles/buds); Au-Fc (gold spheres). 
 
Supplementary Movie 1. Tomogram showing gold particles in coated vesicles at the base of 
microvilli and in tubular and irregular vesicles within the terminal web. The region of the cell 
shown is 1.5µm x 1.5µm. 
(QuickTime; 7.9 MB) 
 
Supplementary Movie 2. Tomogram and segmented model showing gold particles in regular and 
irregular tubular vesicles attached to microtubules. The region of the cell shown is 708nm x 
2831nm and corresponds to Fig. 2f.  
(QuickTime; 8.1 MB) 
 
Supplementary Movie 3. Segmented model of a 3.2µm x 3.2µm portion of a cell (corresponding 
Supplementary Fig. S11b) showing a complicated distribution of regular and irregular vesicles in 
Regions 2 and 3. The movie highlights a complicated irregular vesicle in the upper right of the 
model and a tangled and interleaved set of branched tubular vesicles in the lower left of the 
model. Clathrin coats are indicated by red dots. 
(QuickTime; 9.9 MB) 
 
Supplementary Movie 4. Tomogram and segmented model of a 1.6µm x 2.5µm portion of a cell 
(corresponding to Fig. 3e) showing irregular vesicles and an MVB with a gold-containing tubule. 
Clathrin coats are indicated by red dots. 
(QuickTime; 10.2 MB) 
 
Supplementary Movie 5. Tomogram of a 2.5µm x 2.2µm portion of a cell showing MVBs with 
gold particles attached to inner vesicles. 
(QuickTime; 10.2 MB) 
 
Supplementary Movie 6. Tomogram of a 1.1µm x 1.6µm portion of a chemically-fixed section 
showing clathrin coated vesicles and coated buds in the vicinity of the LIS.  
(QuickTime; 5.0 MB) 
 
Supplementary Movie 7. Tomogram and segmented model of a 2.8µm x 2.4µm portion of a cell 
(corresponding to Supplementary Fig. S10d,S11d) showing cytoplasm near the LIS. Two coated 
pits, one of which contains gold, are seen in the LIS membrane. 
(QuickTime; 9.7 MB) 
 
Supplementary Movie 8. Tomogram and segmented model of a 472nm x 572nm region of the 
LIS (corresponding to Supplementary Fig. S4a) showing coated pits. 
(QuickTime; 9.4 MB) 
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