
variance matrices indicated strong sex linkage for 
genetic variation in age and size at maturity. 

25. The P and G matrices were sampled from a multi- 
variate normal distribution using the estimates of P 
and G as means and their sampling variance-covari- 
ance matrix as variance. The values for R, the vector 
of responses to selection, were sampled from a mul- 
tivariate normal distribution with means equal to R 
(Table 1) and a sampling variance-covariance matrix 
obtained from the multivariate analysis of variance 
that compared the control and experimental popu- 
lations. Vectors of 1000 values of p and S were 
calculated, and the distributions of p and S were 
inferred from these. Some of the sampled G matrices 
were not positive definite and hence could not be 
inverted. In these cases, the implied estimates of p 
and S were either positive or negative infinity, de- 
pending on the associated value of R, and were 
retained as such in our set of 1000 p and S vectors. 
If more than 25 of the 1000 estimates were positive 

infinity, the confidence interval was deemed to have 
no upper bound. Consequently, there are four differ- 
ent ways of reporting the results, depending on the 
nature of the G matrix and the results of the 1000 
simulations: (i) One-sided confidence intervals are 
reported when singularity of more than 2.5% of the 
sampled G set the upper confidence limit at infinity. 
The one-sided value equals the 25th value of 1000 
simulations (rank ordered from smallest to largest) 
and hence is equivalent to the lower bound of a 95% 
confidence interval. (iij Confidence intervals with low- 
er and upper bounds are reported when the simula- 
tions allowed us to set both an upper and lower limit 
to the distributions. The reported values are the 25th 
and 975th values of the I000 simulations. (iii) Bivari- 
ate estimates of p and S were only possible for the 
males from both experiments. The only data set for 
which we could estimate the confidence limitsfor the 
bivariate analysis was the El Cedro males, for both 
the 4- and 7.5-year results. Here the limits mark the 

two-dimensional range of the 950 simulated values 
closest (in Euclidean distance) to the estimates. (iv) 
Standard errors were not estimable for the bivariate 
estimates of p and S for males from the Aripo River 
because of the near singularity of the G matrix. In this 
case, the difference between p values for age and 
size at maturity are more pronounced in the bivariate 
analysis, which takes the high genetic correlation 
between them into account, than in the univariate 
analysis. 
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Local Hormone Networks and Intestinal ~ l t h ~ ~ ~ h  TSHP was produced by both IELS 

T Cell Homeostasis 
and epithelial cells, epithelial cells pro- 
duced considerablv more TSHB than did an 

Jin Wang, Michael Whetsell, John R. Klein* 

Neuroendocrine hormones of the hypothalamus-pituitary-thyroid axis can exert positive 
or negative immunoregulatory effects on intestinal lymphocytes. Small intestine epithelial 
cells were found to express receptors for thyrotropin-releasing hormone (TRH) and to 
be a primary source of intestine-derived thyroid-stimulating hormone (TSH). The gene 
for theTSH receptor (TSH-R) was expressed in intestinal Tcells but not in epithelial cells, 
which suggested a hormone-mediated link between lymphoid and nonhematopoietic 
components of the intestine. Because mice with congenitally mutant TSH-R (hyflhyf 
mice) have a selectively impaired intestinal T cell repertoire, TSH may be a key immu- 
noregulatory mediator in the intestine. 

T h e  intestine constitutes an im~ortant 
host barrier to foreign antigen entry. This is 
reflected in the extensive com~lexitv of the 
intestinal immune system, which is charac- 
terized by novel lymphocyte subsets ( I )  and 
by bidirectional intercellular communica- 
tion between lymphocytes and epithelial 
cells (2). We recently demonstrated a role 
for neuroendocrine hormones in the devel- 
opment and regulation of intestinal T cells, 
in particular the TCRaP, CD8aP intraepi- 
thelial lymphocytes (IELs) (3, 4). Here, we 
describe a pathway of hormone synthesis 
and use mediated by thyrotropin (TSH), 
which links components within the small 
intestine and is used in local IEL immune 
regulation. 

Freshlv extracted small intestine cells 
(5) were characterized by flow cytometric 
analysis (6, 7). Populations of epithelial 
cells and lymphocytes were enriched to 
>97% purity, as verified by reactivity with 
monoclonal antibody (mAb) G8.8, a 
marker of murine epithelial cells, and a 
mAb to the CD45 leukocyte-common an- 
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tigen (LCA), a marker of nucleated hema- 
topoietic cells (8-10) (Fig. 1). Purified 
IELs and epithelial cells were assayed for 
expression of the TSHP gene by reverse 
transcriptase-polymerase chain reaction 
(RT-PCR) (I 1 ). This yielded PCR products 
of the predicted size from both the IEL- 
enriched fraction and the epithelial cell- 
enriched fraction (Fig. 2), which were con- 
firmed (12) by DNA sequence analyses 
(I 1 ). Because TSH production is controlled 
in part by TRH, purified IELs and epithelial 
cells were assayed for TRH receptor (TRH- 
R) gene expression by RT-PCR (I I). A 
PCR product of the anticipated size was 
obtained from intestinal epithelial cells, 
whereas no PCR product was obtained from 
intestinal IELs (Fig. 2). The PCR product 
identified in epithelial cells was verified by 
reamplification using a nested upstream 
TRH-R primer located within the amplifi- 
cation region (1 1 ); this resulted in a single 
band of the anticipated 146-base pair size 
with sequence homology to murine TRH-R 
(11, 13). 

Secretion of TSH by IELs and epithelial 
cells was measured by enzyme-linked immu- 
nosorbent assay (ELISA) (14) using super- 
natants of cells cultured with and without 
TRH according to published protocols (1 5). 

equivalent number of IELs (F;~. 3A), with 
maximal secretion occurring at to 
M TRH. This secretion pattern, including 
the high-dose prozone effect of TRH, is 
similar to previous reports of TRH-induced 
TSH secretion (15). TSH was detected in 
epithelial cell supernatants as early as 1 
hour after stimulation (Fig. 3B), implying 

IEL Epithelial 

Fig. 1.One-color flow cytometric analyses, show- 
ing reactivities of LCA and epithelial cell antigen 
(G8.8) mAbs for IELand epithelial cell populations. 
C, isotype-species-matched control mAb. 

Intestinal 
IEL (euthyrnic) epithelial cells IEL (nude) 

Fig. 2. RT-PCR analyses of gene expression in 
intestinal lELs and intestinal epithelial cells from 
euthymic mice and intestinal lELs from congeni- 
tally athymic nude mice. Lane 1 (in each panel), 
base pair standards; lanes 2 to 4, RT-PCR-ampli- 
fied gene products for TRH-R, TSHP, and TSH-R, 
respectively; lane 5, primer controls in the ab- 
sence of cDNA templates; and lane 6, controls for 
DNA contamination of RNA (that is, PCR analyses 
of RNA preparations after treatment with deoxyri- 
bonuclease but before cDNA construction). 
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that TSH procluceii b\- those cells is proba- 
l~ ly  rqu la ted  a t  the  posttral~icriptional 
staye t r i m  preesistii~y transcripti. Unlilie 
epithelial cells, there n.aq a sliyht b ~ i t  not 
st~tistlcally igniflcant (P > i?.L?j) increcise 
111 TSIi proiiuctlon I'\- IELs 111 re.ponse to 
T R H  (Fig. 3A), n~h lch  co~ilil reflect crilss- 
reactivity ot  T R H  o n  receptors other than 
TRH-R (16) .  . i l thouYh some epithelial 
c e l l  <111ci IEL> appear to produce TSH con- 
stit~itlvel\- (Fig. 3. A and A), those cells also 
mav 11al.i. been act~vated in sltu hy T R H  or 
perhapq by enc!otosil-i ( 16,  1 7 ) .  

T u  Lletermine 15-hlch cells in the s~llall 
intestine were responsive to TSH, we stucl- 
led the expres.ion of the T S H  receptor 
(TSH-R) gene (1 1 .  14) in puritied prepa- 
rations of IELs and epithellal cells. A PCR 
prociuct 1~1 th  sequence homoloeY to the  
murine TSH-R gene (14)  n-as I>hta~neci 
fro111 illtestii~al IELj (Fig. 2) ( 1  1 ) ;  110 PCR 
prciiluct \\,as obtaiiled 11.0111 intestinal e p -  
thelinl cells. Because previous studies have 
den~onstra te~l  that IELs trom ionqenital11- 
athymlc n~iile Illice do not rejponii to ex- 
ogenous T S H  therapy (3) ,  TRH-R,  T S H P ,  
ailid TSH-R gene espresbion was itudied in 
IELs froill n~icle mice. Similar to euth~-inlc  
mice, IELs from nucle nlice expressed the  
T S H P  Sene and did not express the TRH-R 
sene (Flg. 2 ) ;  ho~vever,  thej- fi~ileii tc  ex- 
press the TSH-R gene, 'ivhich esrlains n.hy 

Fig. 3. 18) TSH secretion by IELs and epit"eIa1 
cells afer 48 ho,rs of c,Itc~re In tile absence of 
TRH. B :  TSH secret~on by IELs (11 and eptt ieal  
cells rC) n t-e presence of vap;ng conceniratons 
of TRH vzlues are means -t SEV of three exper- 
ments assayed at 1 .  6, and A8 hours ~ f e r  s t m -  
lat~on [C and BI  Reat\ve bnding of 12?-labeled 
TRH C I  and 12'llabeled ;SH 101 to spencT  cells 
pe5.p"eia yn-pn node T cells :LhC), e;t")/rrc je;: 
and nc~de (I- I~)  tno,se ELs, ntesi~l-a ep~t-el~al 
cells and t"e MGDE-K nitlfne s m a  intestine cell 
11e. Values are Ireans p US tile ra:ige of radioac- 
i,%!e hormone oindng of trpicate cultures fro17 
four orf~ve 1rce Statstca analyses were done by 
Student's : test for u:ioaired oosen,ato:is 

IELs 111 these animals hi1  to  respond to 
TRH-TSH therapy (3 ) .  T h e  esperlments 
described above n-ere reproducible in three 
eutl~ymlc anLl tn.o athymic BALBic or 
CS;BL/6 mice, anLl the RT-PCR pattern 
ol~taineil tor epithellal cells was observed 
using the  hlODE-K murlne s~ilall intestine 
cell line (1 5). 

T o  stuei\- the  iurLce expreision of T R H  
anci TSH receptors o n  IELs ~ n c l  epithelial 
cells as re11 as o n  l\-mphoici cells outside the 
intestine, n-e L ~ L !  '"I-labeleLi T R H  a11,I 
TSH hinding assays (1 9-21 ) .  T R H  did not 
I~inii  appreciably to T cells from the  spleen, 
peripheral 1) my11 nocles, or IELs; h o ~ v e ~ ~ e r ,  
coinpareil to those cells, there was a > l j -  
fold increase in T R H  biniling to freshly 
extracted sinall intestine epithelial cells and 
XIODE-K celli (Fig. 3C)  (16) .  K o  differ- 
ences were noteii in the pattern of T R H  

to nude mouse IELb or epithelial 
cells relative to that ieen in e ~ ~ t h y m ~ c  mice. 

In contrast, bindinq of '"I-labeled T S H  to 
T cells from IELs was -52 tinles the 
anloLint of b ~ n c i i i l ~  to inteitlne epithelial 
cells 13s h1ODE-K cells and was iignificantlv 
greater (P  < Q.21) than T S H  bin~ling to T 
cells from the spleen or peripheral lymph 

A 8 weeks 012 weeks 3 I S  ~ e e k s  

0 5 

Fig. 4. A I  N,,iibers of CD8aa CC8cup-, CD4-, 
CD4-8-, TCRmp-, and TCRyG+ IELs per s,nall 
intest,ne, and (Bi numbers of CC4-8-. CD4-8-. 
CD8aP' and TCRaP cells per spleen, of L'+ 
and /i!v~r.'/;!v~r m c e  a; 8 ,  12, and 16 weeks of age 
cacu ated fro17 flov~! c)/ton-etf~c analyses and total 
nurnbers of cells soated. P values indicate stats- 
tcaly signficant dffefences in the n t ~ l ~ b e r s  of 
cells in i i ! v ! t ' i i j r  17ice reati\ve to nofr7al 17ice at each 
tme  po1:it as deter~ritied by Student's : test for 
unpared obsewatio:~. Va l~~es are niea:is plus the 
range o i  :il~nibers o i  cells obta :ed fro17 trlree to 
seven + '- or ! i ) / r 1 ~ ? j ; r  I r c e  analyzed separately. 

nocles (Fig. 3D). Unlike euthyinic mlce, 
IELs from nude mice did not  b ~ n i l  TSH. 
These findings demonqtrate a cilfferential 
pattern of hormone use by ilistinct cell pop- 
ulations in  the  small intestine and identify a 
hormone defect associated 1~- i th  IELs in 
congeni~ally athymic mice. 

T o  explore the  extent to which TSH is 
h c t i o n a l l v  involved 111 IEL irnmunoreou- 
latic~n, \ve studied T cell populations in 
h? tih? t mice, which have a congenital point 
mutation in the TSH-R gene res~ilting in a 
Pro+Leu substitution 111 the TSH-R poly- 
peptide (22,  23) .  Because hytlhvt lnlce have 
elevated levels of biologically active serum 
TSH but are unable to use T S H  (22,  23) ,  
these mice permit a conl~larisoll bet~veen 
the IELs 111 anilnali with mlninlal capacity 
to use TSH and those of Illice that use T S H  
normally. Relatlve to nor~na l  mice, Iiyt/h?;t 
Inice had one-thiril to one-fourth as Inany 
tiital IELs, a sllght iiecreaie in CD8ota- anL1 
T C R y G  IELs, and only 3.3 to  4?6 a> many 
T C R a p +  and C D 8 a P +  IELs (P  < 0.221), 
as calculated hoin the proportion of cell 
stainillg by ilow cytoinetry and the total 
number of cells recovered per mouse (Fig. 
4 A ) .  These changes in hvt/hyt nllce n.ere 
similar to the hormone-associate IEL per- 
turbations in neonatally t11ymectomi:eil 
mice (3); in both, CD4--8~- IELs n.ere large- 
lv unaffected T h e  n ~ i ~ n b e r s  of C D 4 - 8  IELs 
111 hvt/hyt nllce n.ere the salne as in normal 
mice (Fig. 4A), suggesting that the T S H -  
related L1evelopinental Jefect of hvt/hvt mice 
restrlcti the  ab~l i ty  of some immature 
C D 4 - 8  IELs (24) to proceed to maturity. 
O~itiicie the intestine, T cell nurnbers in 
h ~ t i h ~ t  Inice were about half those of nornlal 
mice, as shon.n 111 Fig. 4B for ipleen cells. 
CDSi- T cells in the spleen were exclus~vely 
C1)8aPi-, inciicating that the reductloll in 
C D S a P  IELs 111 hyt/h?;t mice was not  the 
reililt of a Jefect ill CDS p-chain expres- 
s ~ o n .  These patterns held true for T celli in 
the peripheral 17-mph ilodes, Peyer's patch- 
es, and thymui of hyt/hyt Illice teited be- 
t ~ v e e i ~  8 and 20 weeks of ace, and n.ere 
independent cif environmental factors asso- 
ciated with aninla1 ho~i i ing (5) .  

T h e  ~aracrine-autocrine netnrork ile- 
scribed here esplami how ~ n t e i t ~ i l a l  T cells 
can be regulated locally bv hormones, be- , , 
cause it places the source, induction, anL1 
uie o t  TSH n . ~ t h ~ n  the intestine ~tself.  Al- 
though lympho~d cells outslile the  ~ n t e s t ~ n e  
are capable of l~lnding TSH (Fig. 3) (25) ,  
the flnL1inc of oreater T S H  bindine to IELs ~, . 
than to extra-intestinal T cells suggeits that 
differences exlst 111 the use of TSH between 
thoie populatio~ls, \vhich also may involve 
var~ations in hormone-mediated iignaling. 
T h e  restr~cted ability of lmth hvtlhvt and , ,  , 

nuiie Inice to use TSH, in  co l~~b ina t ion  with 
the ditfkrences 111 IELs hetween these Inice 



and normal mice, suggests that TSH is a n  
essential component of IEL homeostasis. 
Although our studies do not exclude the  
possibility that TSH act1lrates secondary 
hormone responses such as thyroid hor- 
inones or corticosteroids, this is unlikely 
because h?t/hyt tnice have norinal levels of 
corticosteroids (26) and because we fo~llld 
no increases in  the nulnhers of T C R a P  or 
CDRaP IELs In hyt /hy t  mice suppleinented 
with thyroxine for 3 xeeks starting at 3 or 6 
weeks of age (4. 26).  Given that TSH can 
he stored in  secretory granules (27,  23),  is 
released from epithelial cells shortl\- after 
T R H  st i~n~rla t ion (Fig. 3B), and has a short 
half-life in vivo (23). a TSH-mediated sig- 
nal used for IEL itntnunoregulation would 
occur rapidly. A dynamic interactive hor- 

L ,  

inolle system such as this could efficiently 
adjust the  distrihutio~l of IELs in  selected 
regions of the intestine under l~or inal  con- 
ditions and may explain the  localized na- 
ture of intestinal in~rnunopatholo~ies  in 
various disease states. 
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