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The diversity of antigen-specific receptors on  
T and B lymphocytes is generated by the assem-
bly of variable (V), diversity (D), and joining (J) 
gene segments in a process termed V(D)J re-
combination (Schatz and Spanopoulou, 2005). 
This process is catalyzed by the lymphocyte-
specific recombinase proteins RAG1 and 
RAG2 (recombination-activating gene 1 and 2), 
which initiate the recombination reaction by 
generating double-strand breaks between V,  
D, and J gene segments and their flanking re-
combination signal sequences (RSSs). V(D)J 
recombination is regulated in a lineage- and  
developmental stage–specific fashion during  
T lymphocyte development in the thymus, 
with four TCR genes, Tcra, Tcrb, Tcrg, and Tcrd, 
rearranging at two distinct developmental stages 
to generate  or  T lymphocytes (Cobb  
et al., 2006; Krangel, 2009). The Tcrb, Tcrg, and 
Tcrd genes rearrange first, in CD4CD8 dou-
ble negative (DN) thymocytes, and a small sub-
set of DN thymocytes with in-frame Tcrg and 
Tcrd rearrangements may become  T lym-
phocytes. A larger subset of DN thymocytes 
with in-frame Tcrb rearrangements differentiate 

to the CD4+CD8+ double positive (DP) stage, in  
which Tcra gene recombination occurs. In-frame  
Tcra rearrangement leads to cell surface expres-
sion of  TCRs, and those TCRs that can sup
port positive selection promote maturation of 
DP thymocytes to either the CD4+CD8 or 
CD4CD8+ single positive stage.

Tcrd and Tcra gene segments are organized 
together in a complex genetic locus (Krangel  
et al., 2004; Krangel, 2009). The mouse Tcra/Tcrd 
locus spans 1.6 Mb and contains about 100 V/ 
gene segments that occupy the largest portion of 
the locus (Fig. 1 A). The 3 100 kb of the locus 
contains two D, two J, and a C gene segment, 
followed by 61 J and a C gene segment. Tcrd 
and Tcra recombination events are distinct in 
their developmental timing. However, they are 
distinct in other important respects as well. For 
example, only a small subset of V gene segments 
commonly rearrange to D and J segments in 
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Studies have suggested that antigen receptor loci adopt contracted conformations to 
promote long-distance interactions between gene segments during V(D)J recombination. 
The Tcra/Tcrd locus is unique because it undergoes highly divergent Tcrd and Tcra recombi-
nation programs in CD4CD8 double negative (DN) and CD4+CD8+ double positive (DP) 
thymocytes, respectively. Using three-dimensional fluorescence in situ hybridization,  
we asked whether these divergent recombination programs are supported by distinct  
conformational states of the Tcra/Tcrd locus. We found that the 3 portion of the locus is 
contracted in DN and DP thymocytes but not in B cells. Remarkably, the 5 portion of the 
locus is contracted in DN thymocytes but is decontracted in DP thymocytes. We propose 
that the fully contracted conformation in DN thymocytes allows Tcrd rearrangements 
involving V gene segments distributed over 1 Mb, whereas the unique 3-contracted,  
5-decontracted conformation in DP thymocytes biases initial Tcra rearrangements to the 
most 3 of the available V gene segments. This would maintain a large pool of distal  
5 V gene segments for subsequent rounds of recombination. Thus, distinct contracted 
conformations of the Tcra/Tcrd locus may facilitate a transition from a Tcrd to a Tcra  
mode of recombination during thymocyte development.
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DN thymocytes, whereas essentially all V gene segments rear-
range to J segments in DP thymocytes (Krangel et al., 2004; 
Krangel, 2009). The V segments that rearrange in DN thymo-
cytes include several that are relatively close to D and J (e.g., 
TRDV1, TRDV2-2, TRDV4, and TRDV5) and several that 
are as far as 1 Mb away (e.g., TRAV15/DV6 family). Tcrd and 
Tcra recombination events also differ in the following way: be-
cause germline D gene segments are eliminated by V to D 
to J rearrangement, Tcrd has only a single opportunity for re-
combination on an allele. In contrast, Tcra typically undergoes 
multiple rounds of V to J rearrangement (Krangel et al., 
2004; Krangel, 2009). Tcra recombination initiates with the use 
of relatively 3 V and 5 J gene segments, and these initial re-
arrangements can be replaced by multiple cycles of V to J re-
arrangement involving progressively more 5 V and more  
3 J gene segments as thymocytes search for a TCR that can 
mediate positive selection (Pasqual et al., 2002).

The distinct dynamics of Tcrd and Tcra recombination 
events can be partly understood based on the known properties 
of locus cis-acting regulatory elements. The Tcrd enhancer (E) 
is activated in DN thymocytes and is thought to locally regu-
late D and J chromatin structure and accessibility to support 
V to D to J rearrangement (Monroe et al., 1999; Bassing  
et al., 2003). The Tcra enhancer is activated in DP thymocytes 
and activates the TEA (T early ) promoter at the 5 end of the 
J array (Sleckman et al., 1997); TEA germline transcription is 
essential to modify 5 J chromatin and target 5 J segments 
for initial recombination events (Villey et al., 1996; Hawwari 
et al., 2005; Abarrategui and Krangel, 2007). During subse-
quent rounds of recombination, promoters of the rearranged 
V gene segments target additional V rearrangements to pro-
gressively more 3 J gene segments (Hawwari and Krangel, 
2007). Less is understood about the parameters that bias initial 
Tcra rearrangements to relatively 3 V gene segments and 
thereby result in a 3 to 5 progression of V gene usage. One 
idea is that the 3 V gene segments are preferred initial targets 
for the recombinase because these V gene segments are selec-
tively activated by E, which is known to function across the 
3 one third of the Tcra/Tcrd locus in DP thymocytes (Hawwari 
and Krangel, 2005).

A variety of studies have implicated conformational 
changes in antigen receptor loci as important determinants of 
long-distance V(D)J recombination events (for review see 
Jhunjhunwala et al., 2009). Three-dimensional (3D) fluores-
cence in situ hybridization (FISH) analyses have demonstrated 
developmental stage-specific contraction of Ig and TCR loci 
that is thought to promote synapsis of widely separated RSSs 
(Kosak et al., 2002; Roldán et al., 2005; Skok et al., 2007). 
For example, the well-studied Igh locus contracts in pro-B cells 
to prepare for VH to DHJH rearrangement and then decon-
tracts in the subsequent pre-B stage (Roldán et al., 2005). Igh 
contraction depends on transcription factors Pax5, Ikaros, and 
YY1 (Fuxa et al., 2004; Liu et al., 2007; Reynaud et al., 2008); 
depleting any of these factors reduces distal VH rearrangement 
even though distal VH chromatin accessibility may be normal 
(Hesslein et al., 2003; Fuxa et al., 2004; Liu et al., 2007). 

A recent elegant study has provided a detailed picture of Igh 
locus contraction in pro-B cells (Jhunjhunwala et al., 2008).  
A notable feature of the contracted conformation is that all VH 
gene segments are brought into proximity to the DHJH cluster 
in 3D space. This is thought to provide all VH gene segments 
a similar opportunity for recombination (Jhunjhunwala et al., 
2008), which may be particularly important because indi-
vidual Igh alleles can support only a single round of VH to 
DHJH rearrangement.

In DN thymocytes, the Tcra/Tcrd locus behaves similarly 
to the Igh locus in that it undergoes a single round of V to D 
to J rearrangement and must allow rearrangement of both 
D-proximal and -distal V gene segments. However, in DP 
thymocytes, the locus behaves differently, with multiple rounds 
of V to J recombination starting with proximal V gene seg-
ments. This raises the question of whether these divergent 
modes of recombination are supported by distinct con
formational states during thymocyte development. In this 
study, we provide a detailed characterization of Tcra/Tcrd  
locus conformation in DN and DP thymocytes. We find that 
the entire locus is contracted in DN thymocytes, but that the 
5 portion is selectively decontracted in DP thymocytes. We 
suggest that decontraction of the 5 region facilitates a transi-
tion of the locus from a Tcrd to a Tcra mode of recombination 
during thymocyte development.

RESULTS AND DISCUSSION
To determine the spatial conformation of the Tcra/Tcrd locus 
during thymocyte development, we used 3D-FISH to track 
the relative positions of four distinct segments of the locus  
using bacterial artificial chromosome (BAC) probes (A, B, C, 
and D; Fig. 1 A). Tcra/Tcrd locus V gene segments can be clas-
sified as proximal, central, and distal according to their posi-
tioning relative to D, J, and J gene segments. Sets of unique 
V gene segments are distributed across the proximal and distal 
300 kb of the V array (identified by probes C and A, respec-
tively); in contrast, the central V gene segments are found in a 
400-kb region that is duplicated in strain 129 mice (identified 
by probe B, which hybridizes discontinuously with an ex-
tended region covering almost the entire duplicated region). 
We used these and probe D (which hybridizes downstream  
of C) to analyze Tcra/Tcrd locus conformation in three cell 
types: DN thymocytes from Rag2/ mice, DP thymocytes 
from Rag2/ mice injected with anti-CD3 antibody to drive 
the DN to DP transition, and control splenic B lymphocytes 
of wild-type mice. Use of these cell populations allowed us to 
uniformly analyze unrearranged Tcra/Tcrd loci; this approach 
was valid because previous studies had shown locus contrac-
tion to occur independent of recombinase expression (Fuxa  
et al., 2004; Roldán et al., 2005; Skok et al., 2007; Jhunjhunwala 
et al., 2008).

The four probes were used in various three-way com
binations (A–B–D, A–C–D, and A–B–C) in three-color 
3D-FISH followed by confocal microscopy. Selected images 
obtained using the A–B–D probe strategy are shown (Fig. 1 B). 
We then evaluated all pairwise distances between the centers 
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Figure 1.  Subregion-specific contraction of the Tcra/Tcrd locus during thymocyte development. (A) Organization of Tcra/Tcrd locus and 
relative positions of four BAC probes (A, B, C, and D). V segments are categorized as proximal, central, central duplication, or distal. Probe  
B (C57BL/6 origin) hybridizes discontinuously to the central and central duplication regions of the strain 129 Tcra/Tcrd locus. (B) 3D-FISH analysis of 
strain 129 Tcra/Tcrd locus conformation in splenic B cells and recombinase-deficient DN and DP thymocytes using probes A, B, and D. Each image 
represents a single z-plane with representative loci. Bars, 1 µm. (C) Scatter plots display pairwise distance measurements between the centers of 
probe hybridization compiled from use of the A–B–D, A–C–D, and A–B–C probe combinations. Data were accumulated from two to five indepen-
dent experiments for each cell type (184–592 total alleles) with 78–126 alleles per experiment. Median values are indicated by horizontal lines.  
**, P < 0.01; ***, P < 0.001; ns, not statistically significant.
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To evaluate the overall organization of the 
locus in 3D space, we calculated the coordinates 
of sites A, B, C, and D from the full set of median 

distance measurements. The resulting models (Fig. 3, which 
presents two different views of the superimposed models)  
depict the mean conformation of the locus in nuclei of all three 
cell types. The range of conformations adopted by the locus is 
obviously much more complex, as indicated by the heteroge-
neous pattern of probe B hybridization and the broadly distrib-
uted probe to probe distance measurements on the entire 
population of alleles (Figs. 1 and 2). Nevertheless, the models 
highlight a nonlinear mean configuration of the locus in nuclei 
of all three cell types. Furthermore, the models emphasize that 
the conformational difference between B cells and DN thy-
mocytes affects the entire locus, whereas the conformational dif-
ference between DN and DP thymocytes preferentially impacts 
the 5 half of the locus: there is a striking change in the A–B 
distance between DN and DP thymocytes, with relative con-
servation of spatial relationships among B, C, and D.

Previous studies have linked locus contraction with V(D)J 
recombination at the Igh, Igk, Tcra, and Tcrb loci (for review 
see Jhunjhunwala et al., 2009). In this study, we showed that 
the Tcra/Tcrd locus is contracted in both DN and DP thymo-
cytes but that the contracted configurations in the two devel-
opmental compartments are distinct. We suggest that the two 
Tcra/Tcrd locus conformations support different modes of  
V gene segment usage during Tcrd and Tcra recombination. 
We think that the globally contracted configuration adopted 
in DN thymocytes provides widely distributed V gene 

of mass of the hybridization signals on large numbers of alleles 
for each cell type (Fig. 1 C). We found that all median dis-
tances measured across the 3 portion of the locus (B–D,  
B–C, and C–D) were substantially reduced in both DN and DP 
thymocytes as compared with splenic B cells (Fig. 1 C, top 
row). The B–C and C–D distances were indistinguishable be
tween DN and DP thymocytes; however, there was a small 
but significant difference in the B–D distance. From these 
data, we conclude that the 3 half of the Tcra/Tcrd locus  
(B–C–D) is extended in B cells and is similarly, although not 
identically, contracted in both thymocyte subsets. In contrast, 
all median center to center distances measured across the  
5 end of the locus (A–B, A–C, and A–D) were substantially re
duced in DN thymocytes but then increased in DP thymo-
cytes (Fig. 1 C, bottom row). The measured increases in the 
A–C and A–D distances likely reflect a selective extension of 
the A–B segment because the B–C, C–D, and B–D distances 
are all similar in DN and DP thymocytes. Thus, the 5 end of 
the locus (A–B) displays a strikingly different behavior than 
the 3 end; it contracts in DN thymocytes but then decon-
tracts in DP thymocytes. The results indicate that the Tcra/Tcrd 
locus possesses different contracted configurations in DN and 
DP thymocytes: in the former, it is contracted along its entire 
length, whereas in the latter, the 3 half is contracted, but  
the 5 half is decontracted.

We noticed that on a fraction of alleles, probe B appeared 
to detect two or three foci rather than a single focus (Fig. 2). 
In each instance, this complex hybridization pattern could be 
attributed to a single allele because the second allele was well 
separated, as judged by simultaneous hybridization with addi-
tional probes. Alleles with multiple foci did not result from 
DNA replication because additional probes always detected 
single foci on the same allele (Fig. 2). Because probe B hybrid-
izes discontinuously to four segments spanning 700 kb of 
the duplicated central portion of the V array (Fig. 1 A), the 
detection of multiple foci by probe B is likely to reflect an ex-
tended conformation of this portion of the Tcra/Tcrd locus. 
Remarkably, examples of multiple probe B foci were frequent 
in B cells and DP thymocytes (38% and 30% of alleles, respec-
tively) but were rare in DN thymocytes (5% of alleles; Table I). 
These data indicate that the 5 end extension of the Tcra/Tcrd 
locus includes both distal and central V gene segments.

Figure 2.  Conformation of central V segments as 
defined by probe B hybridization. Representative ex-
amples of alleles with multiple foci detected by probe B in 
B cells and DP thymocytes. Tcra/Tcrd alleles were detected 
using a combination of probes A, B, and C. The top row of 
images shows probe B hybridization; the bottom row 
shows a combination of probes A and B. Probe C identified 
a single focus in each instance (not depicted). Similar 
results were observed in two independent experiments 
using the same probe combination. Bars, 1 µm.

Table I.  Enumeration of alleles with one, two, and three foci 
detected by probe B

Cell type Probe B foci per allele

One Two Three

% % %
B cellsa 62 35 3
DN thymocytesb 95 5 0
DP thymocytesc 70 24 6

The proportion of alleles with multiple probe B foci in DN thymocytes was 
significantly different from B cells and DP thymocytes (P < 0.0001 by Fisher’s exact 
test). Data were from one experiment for each cell type.
a158 total alleles.
b140 total alleles.
c166 total alleles.
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B and D. One potential difference is that 
we focused on 129 mice, which have an 
internal duplication in the Tcra/Tcrd locus, 
whereas Skok et al. (2007) analyzed C57BL/6 
mice, which have an internal triplication. 
However, neither this nor other back-
ground differences account for the discrep-

ant results because we also detected contraction when we 
compared C57BL/6 Rag2/ DN thymocytes to C57BL/6 
B cells (Fig. S1). It remains possible that distinct methodolo-
gies for distance measurements may account for the different 
conclusions of the two studies. We suggest that a contracted 
configuration of the locus in DN thymocytes provides a logi-
cal basis for long-distance Tcrd gene recombination events 
that are known to occur in DN thymocytes.

Although several factors have been shown to be required 
for Igh locus contraction in pro-B cells, the molecular mecha-
nisms regulating locus contraction and decontraction are still 
unknown. Prior work has indicated that E can regulate his-
tone modifications and transcription of unrearranged V gene 
segment promoters at a distance of nearly 500 kb (Hawwari 
and Krangel, 2005). Because enhancer–promoter communica-
tion is thought to occur through direct long-distance interac-
tions, we asked whether E plays a role in 3 end contraction 
of the Tcra/Tcrd locus in DP thymocytes. However, compari-
son of wild-type and E-deficient alleles in DP thymocytes re-
vealed no significant difference in 3 end contraction (Fig. S2 A). 
We also observed no significant difference in locus contraction 
between wild-type and E- or E-deficient alleles in DN thy-
mocytes (Fig. S2 B). Chromatin-organizing proteins such as 
SATB1, CTCF, and cohesin have been shown to promote 
long-distance looping interactions at nonantigen receptor loci 
(Cai et al., 2006; Splinter et al., 2006; Nativio et al., 2009). 
Whether they play similar roles at antigen receptor loci re-
mains to be established.

It is intriguing that E has been documented to regulate 
Tcra/Tcrd locus chromatin across a remarkably long 500-kb re-
gion that corresponds to the contracted portion of the locus in 
DP thymocytes (Hawwari and Krangel, 2005). Because 3 end 
contraction appears to occur in an E-independent fashion, we 
speculate that when E is activated in DP thymocytes, this pre-
existing conformation may promote interactions between E 
and distant promoters, much as it may promote interactions be-
tween distant RSSs for V to J recombination. If the 3 end 
contracted conformation of the locus in DP thymocytes dictates 
the region that is influenced by E, this conformation may be 
viewed as promoting not only RSS synapsis but RSS accessibil-
ity to RAG proteins as well. The same general principal may 
hold at other antigen receptor loci; enhancers and promoters 

segments the opportunity to undergo V to D to J rear-
rangement and that this is important because there is only 
one chance for V to D to J rearrangement per allele.  
In these ways, the Tcra/Tcrd locus in DN thymocytes resembles 
the Igh locus in pro-B cells. In contrast, we believe that the 
5-decontracted, 3-contracted conformation of Tcra/Tcrd 
locus in DP thymocytes insures that primary V to J rear-
rangement initiates with proximal V gene segments, thereby 
maintaining a large pool of distal V gene segments for sub
sequent rounds of recombination. Because of the extended  
5 region, use of distal V gene segments would only be favored 
once they are brought into proximity of J gene segments by 
prior rounds of V to J recombination. A limitation of our 
study is that we have only determined the conformation of un
rearranged Tcra/Tcrd alleles in DP thymocytes, even though 
many Tcra/Tcrd alleles would normally have undergone prior 
V to D to J rearrangement in DN thymocytes. We presume 
that the remaining upstream V gene segments on previously 
rearranged alleles would adopt an extended configuration in 
DP thymocytes, thereby promoting ordered V usage on these 
alleles as well.

Previous studies have implicated decontraction of the Igh 
locus in pre-B cells and the Tcrb locus in DP thymocytes in 
feedback inhibition of V segment recombination that is asso-
ciated with allelic exclusion (Roldán et al., 2005; Skok et al., 
2007). Notably, analyses of decontracted Igh alleles in µ trans-
genic mice and in Pax5- or YY1-deficient mice have demon-
strated residual recombination that involves proximal VH 
segments only (Fuxa et al., 2004; Liu et al., 2007). However, 
in none of these cases does restricted recombination of proxi-
mal VH segments represent a significant physiological process. 
In contrast, our data suggest a potential novel physiological 
role for locus decontraction as a means to direct initial Tcra re-
combination events to relatively proximal V gene segments, 
thus allowing a robust progression of primary and secondary 
V to J recombination events.

We note that our results conflict with those of a previ-
ously published study, which claimed that the Tcra/Tcrd locus 
does not contract until the DP stage (Skok et al., 2007). We 
cannot easily explain the apparent absence of contraction in 
DN thymocytes in that study because both studies analyzed 
3 end contraction in Rag2/ DN thymocytes using probes 

Figure 3.  3D models of Tcra/Tcrd locus con-
formation. Median distances for the three cell 
types, determined from the entire dataset in Fig. 2, 
were used to generate 3D models that are aligned 
so that they share point A and the A–B axis. Two 
views are shown from different angles.

http://www.jem.org/cgi/content/full/jem.20100772/DC1
http://www.jem.org/cgi/content/full/jem.20100772/DC1
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Health) software was used to process images using a Kalman stack filter and 
to determine the coordinates (x, y, z) of focus centers. Distances between 
pairs of foci (d, in micrometers) were calculated using the formula d2 =  
[(x  x) × 0.151]2 + [(y  y) × 0.151]2 + [(z  z) × 0.126]2, where 0.151 µm  
is the size of each pixel and 0.126 µm is the z-plane separation. Only nuclei 
with distinguishable signals from two alleles were analyzed. Mann-Whitney 
statistical tests were performed using Prism 3.0 (GraphPad Software, Inc.). 
The 3D models were built using the KiNG program (Richardson and  
Richardson, 1992; Chen et al., 2009) with the coordinates calculated as follows: 
A(0, 0, 0), B(xb, 0, 0), C(xc, yc, 0), and D(xd, yd, zd) where

	 x ABb = , 	

	
x

AB AC BC

ABc = + −
2 2 2

2
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2 2 ,
	

	
x

AB AD BD

ABd = + −
2 2 2

2
,
	

	
y
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d c

c

= + − − ×
2 2 2

2
2

,
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z AD x yd d d= − −2 2 .

	

Online supplemental material. Fig. S1 shows an analysis of 3 end con-
traction in DN thymocytes of C57BL/6 mice. Fig. S2 shows analyses of  
locus contraction on E- and E-deficient alleles. Online supplemental material 
is available at http://www.jem.org/cgi/content/full/jem.20100772/DC1.
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MACS CS column using biotin-conjugated anti-CD11b, anti–Gr-1, anti-
Thy1.1, anti-Thy1.2, anti-CD5 (eBioscience), and anti-CD43 (BD) anti-
bodies together with streptavidin-conjugated magnetic beads. B cell purity 
was 90% with no apparent contaminating T cells. E

/ Rag2/ and 
E

/ Rag2/ mice were of mixed background but carried the strain 129 
Tcra/Tcrd locus. All mice were used in accordance with protocols approved 
by the Duke University Animal Care and Use Committee.

FISH probes and antibodies. BAC clones RP23-304L21 (probe A, distal V), 
RP24-334B8 (probe B, central V), bMQ-440L6 (probe C, proximal V),  
and RP23-10K20 (probe D, 3 end) were used to generate DNA probes. 
BACs were directly labeled with Alexa Fluor 488–5-dUTP (Invitrogen) or 
Alexa Fluor 586–5-dUTP (Invitrogen) using a nick translation kit (Roche) 
or were labeled with digoxigenin–11-dUTP using a DIG-nick translation 
kit (Roche). Digoxigenin-conjugated DNA probes were detected by indodi
carbocyanine (Cy5)-conjugated antidigoxigenin antibody (Jackson Immuno
Research Laboratories, Inc.).

3D DNA immuno-FISH. Cells were fixed and hybridized as described 
previously (Schlimgen et al., 2008). In brief, cells attached to poly-l-lysine–
coated slides were fixed in 4% (vol/vol) paraformaldehyde for 10 min, fol-
lowed by permeabilization with 0.5% (wt/vol) saponin and 0.5% (vol/vol) 
Triton X-100 for 20 min and incubation with 0.1 N HCl for 10 min. After 
four cycles of freeze/thaw in 20% (wt/vol) glycerol, the slides were stored at 
80°C. For hybridization, the cells were denatured by incubation at 78°C 
for 3 min in 70% (vol/vol) formamide and 2× SSC, followed by 1 min in 
50% (vol/vol) formamide and 2× SSC. The DNA probe cocktail consisted of 
1 µg of each DNA probe per slide and blocking DNAs (mixture of mouse C0t 
DNA, human placental DNA, and salmon sperm DNA) in HYBRISOL VII 
(MP Biomedicals). Denatured slides were then hybridized for 24–48 h at 
37°C with boiled and preannealed probe cocktails. Excess probes were re-
moved by three incubations for 5–7 min at 42°C in 50% (vol/vol) formamide 
and 2× SSC, followed by three incubations at 63°C in 0.2× SSC. The slides 
were then blocked by incubation for 30 min in 4% BSA and 2× SSC and 
were then incubated for 1 h with Cy5-conjugated antidigoxigenin antibody 
in 4% BSA and 2× SSC. Excess antibodies were removed by three 5-min  
incubations in 0.1% (vol/vol) Triton X-100 and 2× SSC. The slides were 
mounted in Vectashield (Vector Laboratories).

Confocal imaging, distance calculations, and statistical analysis. 
Slides were imaged on a confocal microscope (SP5; Leica) using a 100× NA 
1.4 objective lens and a 2× optical zoom. ImageJ (National Institutes of 
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