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Antigen-Specific Development of Primary and
Memory T Cells in Vivo

Michael G. McHeyzer-Williams and Mark M. Davis

The expansion and contraction of specific helper T cells in the draining lymph nodes of
normal mice after injection with antigen was followed. T cell receptors from purified
primary and memory responder cells had highly restricted junctional regions, indicating
antigen-driven selection. Selection for homogeneity in the length of the third comple-
mentarity-determining region (CDR3) occurs before selection for some of the character-
istic amino acids, indicating the importance of this parameter in T cell receptor recognition.
Ultimately, particular T cell receptor sequences come to predominate in the secondary
response and others disappear, showing the selective preservation or expansion of

specific T cell clones.

Antigen-specific primary and memory
helper T cell responses are central to the
establishment of protective immunity (I).
Tracking the fate of these antigen-specific
helper T cells in vivo has been a significant
technical problem, mainly because of their
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very low frequencies in normal animals.
Whereas ligand binding can be monitored
directly in the B cell compartment (2), this
has not been possible for T cells because of
their relatively low affinities (3). To over-
come this problem, we used the mouse T
cell antigen pigeon cytochrome ¢ (PCC),
which is restricted by I-EX (4). T cells that
respond to this antigen express a uniform
type of af T cell receptor (TCR) het-
erodimer (VQIIVB3) (5). By staining cells
with antibodies specific for these V regions




(6) as well as for markers of T cell activa-
tion (7), we can directly identify, purify,
and characterize the very small fraction
(less than 0.1%) of responsive T cells.
After the first injection with antigen, a
population of helper T cells accumulated
expressing V,11V,3, low levels of L selec-
tin, and high levels of CD44 (Fig. 1). At the
height of the primary response (day 6),
there were 5.0 X 10* activated V_11V,3
helper T cells in the draining lymph nodes
(either L selectin'® or CD44M; 0.4 = 0.1%
of total helper T cells) (Fig. 1). This repre-
sents an increase of 27 times the back-
ground levels of activated V_11V,3 helper
T cells before injection (Fig. 1). T[ihese val-
ues are dependent on the presence of anti-.
gen, because adjuvant alone elicited only a
modest increase (1.5 times the background)
(Fig. 1). We also monitored the activated
V 117Vg3™ or V,117V3™ helper cells

over the same time course and found no

consistently higher than that seen after the
first injection but was still only 20% of the
response seen with antigen (Fig. 1). The
total number of resting and activated helper
T cells also increased by a factor of 3 to 4
over this time span, as it did with the pri-
mary response. By day 14, only 30% of the
antigen-activated cells remained (Fig. 1).
To assess the degree of antigen selection
and cell purity, we sorted 500 to 1000 cells
from selected categories into reaction tubes
and synthesized complementary DNA
(cDNA) from Vg3 mRNA, amplified them

~ REPORTS

by the polymerase chain reaction (PCR),
and then subcloned and sequenced them
(Fig. 2). In the primary response, the junc-
tional diversity in the TCRB chain of acti-
vated T cells was highly restricted and ex-
hibited many of the molecular hallmarks
associated with PCC specificity in T cell
lines and hybridomas (5, 8). In particular,
70% (21 out of 30) of the sequences from the
primary activated population expressed the
highly conserved asparagine at 3100 togeth-
er with Jg1.2, versus 3 out of 53 clones from
naive animals and 3 out of 44 clones from

Table 1. Expansion of V,11+V,;3* helper T cells expressing an N(N/S)A* TCR junctional sequence after
primary and secondary injection with PCC (29, 32). Cell populations were sorted according to the
phenotype of activation markers described and amplified V3 DNA screened specifically for the N(N/S)A
motif either by sequence analysis or by blots of Vr53+ DNA or V3" colonies. The total number of
N(N/S)A* cells in the original populations was calculated by use of the frequency obtained by the colony

screen.

Proportion of the N(N/S)A CDR3 loop motif

AR . Cells in
significant increase versus the overall ce.ll Sorted population lymph Total V.3 (%)
number. By day 14, only 25% of the anti- (V, 11+V,3%) node B Total
gen-activated subset remained, and after 8 (10% ) cells
. Sequence Dot blot Colonies n)

weeks the number of activated cells was less
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the nonactivated fraction. Another 20% of
the clones expressed a threonine or serine
residue at this position, indicating an alter-
native motif that has not been described
previously. There was also a strong selection
for alanine or glycine, two amino acids
COOH-terminal to the asparagine (Fig. 2).
We also observed a selection for a comple-
mentarity-determining region 3 (CDR3)
loop of nine amino acids in length (100% of
the sequences) (Fig. 2), confirming and ex-
tending the work of researchers who found a
preponderance of V3 transcripts of this size
in unfractionated T cells after repeated im-
munization (9).

In the memory response, all but 2 of 41
sequences had asparagine at B$100. All
clones expressed an alanine or glycine at
B102 and almost all had a CDR3 loop of

nine amino acids and used J,1.2 (Fig. 2).

The sequences in the primary response hav-
ing a threonine or serine at position 3100
were completely absent from this popula-
tion. A series of 15 sequences from individ-
ual memory-activated cells displayed the
same degree of restriction and a similar
pattern of junctional sequence as found in
the population analysis (Fig. 2). Control
sequences from helper T cells that ex-
pressed V,11V,3, isolated before either the
first or second injection of PCC or from
cells lacking the activated phenotype after
injection, showed no evidence of selection
and had a relatively random J; usage and
distribution of CDR3 lengths.

As population studies may have biases in
terms of sequence representation, it would
be useful to characterize a and B chains
from single T cells. This would extend the
analysis discussed above to give information

on the complete heterodimer being select-
ed. We therefore sorted individual T cells
into tubes and amplified them by a “nested”
PCR strategy (Fig. 3). We were able to
sequence both TCR chains from 85% of
single cells. Amplification of cDNA from
single cells also avoids possible artifacts that
are a result of PCR recombination (10).
Our results (Fig. 3) show that the junctional
diversity of TCRa chains from activated
V,11Vg3 helper T cells are also highly
restrlcted and have residues associated with
PCC specificity in T cell lines and hybri-
domas (5). In particular, the glutamate res-
idue at position @93 at the beginning of the
CDR3 loop is thought to contact an ex-
posed lysine of the cytochrome peptide (8).
In the primary response, 70% of the T cells
retain this residue, whereas in the memory
response all responder cells with an eight—

Primary-unactivated Primary-activated 8 weeks post-primary Memory -activated
(n=44) (n=30) (n=24) (n=41)

A sTQGAEV *SLNNANSDY *SLNNANSDY *SLNNANSDY
AGCACTCAGGGEGCAGAAGTC (1.1) AGTCTGAACAATGCARACTCCGACTAC (1.2 AGTCTAMAGAATGCAAACTCCGACTAC  (1.2) AGTCTGAMGMATGCAAACTCCGACTAC  (1.2)
SLQGAGNSDY *SLNNANSD Y SRRGNSDY *SLNNANSDY
AGTCT!ﬂQMMAACTCCGACTAC( 1.2) AGTCTGAAGMATGCAAACTCCGACTAC (1.2) AGTCGLAGGGGARACTCCGACTAC (1.2) AGTCTGARCMATGCAAACTCCGACTAC  (1.2)

SLRGVENTL *SLNNANSDY SLRGAGNTL *SLNNANSDY
AGTCTGAGGGGGeTeGAAAATACGCTC (1. 3) AGTCTGAAGAATGCARACTCCGACTAC (1.2) AGTCTGAGGGGGGCTGGAAATACGCTC (1. 3) AGTCTGAMGMATGCAAACTCCGACTAC  (1.2)
SLTVSNERL SLNSANSDY SLPGQNERTL *SLNNANSDY
AGTCTGAGAGTTTCCAACGAAAGATTA  (1.4) AGTCTGAAGAGTGCAAACTCCGACTAC (1.2) AGTCTGCCCGGACAGAACGAAAGATTA  (1.4)  AGTCTTABGAATGCAAACTCCGACTAC  (1.2)
g QNYVEQ SLNRGHSDY SRQYNYAEOQQ *SLNNANSDY
@  CAGAACIATGTTGAGCAG (2.1) AGTCTTAAGAGGGGACACTCCGACTAC (1.2) AGCCGACAGTATAACTATGCTGAGCAG  (2.1) AGTCTAARGAATGCAAACTCCGACTAC (1.2)
g SPGQSNTGQL SLNRGGSDY SLLGGN GQL SLNNAHSDY
(3] AGTCWCAAACACCGGGCAGCTC(Z 2) AGTCTGAACAGAGGRGGGTCCGACTAC (1.2) GTCTACTGGGGGGAAACACCGGGCAGCTC (2.2)  AGTCTAAAGAATGCACACTCCGACTAC  (1.2)
SLTYQNTTL SLYNANSDY SLGGAETL SLNQGGSDY
AGTCTGACATATCAAAACACCTTG (2.4) AGTCTGTAGAATGCAAACTCCGACTAC (1.2) AGTCTIGGGGGGGCGCARACGCTG (2.3)  AGTCTGAACCAGGGGGGGTCCGACTAC  (1.2)
SLNRGQDTAQ SLTWGAETTL SQQGNTL SPGQGNTGQTL
AGTCTGAACAGGGGGCAAGACACCCAG  (2.5) AGTCTGACERGGGGTGCAGARACGCTG (2. 3) AGTCAAGAGGGGAACACCTTG (2.4) AGTCCGGGACAGGGCARCACCGGGCAGCTC (2. 2)
SLSWGREQ SLSWGTETL SGTGGAQDTQ SQNWGQDTQ
AGTCTGTCCTGGGGECGAGAACAG 2.7) AGTCTGTCRTGGGEGACAGARACGCTG (2. 3) AGCEGGACTGGAGGGGCGCAAGACACCCAG (2. 5) AGTCAGAACTGGGGGCAAGACACCCAG  (2.5)
SLPGEGEQ SLSYGQDTOQ SLGNEQ SLNRGYDTQ
AGTCTGCCAGGGGAGGGTGAACAG (2.7) AGTCTGEGCTACGGTCAAGACACCCAG (2. 5) AGTCTAGGGAATGAACAG (2.7) AGTCTGAAGAGGGGCTACGACACCCAG (2. 5)
B 100 100 100 100
80 80 80 804
§ 601 601 60 601
};{ 40; 401 404 404
c
8 201 20 20 20+
0+ 0 - 0 0d
56 7 8 9 10 11 12 56 7 8 9 10 1112 56 7 8 9 10 11 12 5 6 7 8 9 10 1112
CDR3 length (no. of aa)
c 100 100 100 100
80 80 80 80
601 60 60 60
:
%}40- 40 40 40
@
§ 201 20 20 201
(3]

111213141516212223242527

,r:

Jﬂ usage

Fig. 2. Vg3 junctional diversity profile of helper T cells indicates antigen-driven
selection (29, 30). (A) A representative set of nucleotide and predicted amino
acid sequences for the CDR3 loop of the Vg3 gene from each sorted cell
population. [n each nucleotide sequence the most 5’ base pairs in plain text
belong to the germline V region; then the next bold text represents N se-
quence additions flanking the germline D, segments that are also bold but
underlined; finally, the plain text that follows indicates base pairs from the
germline Jg segment (in parentheses at the end of each sequence). The amino
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acid residues in bold indicate B chain position 100 and 102. The asterisk
indicates an amino acid sequence identical to that of the PCC-specific clone
5C.C7. V1 1V33 cells selected before injection with a resting phenotype (0 =
53) expressed the same junctional profiles as the unactivated population. (B)
Distribution of sequences from each population that express different lengths
of the CDR3 loop as defined above; aa, amino acids. (C) Distribution of
sequences from each population that express different J, gene segments in

association with VBS.
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amino acid junction (12 out of 13) retain it.
There is also a strong selection for serine (or
the similar alanine, glycine, or threonine
residue) at position a95. Furthermore,
CDR3 length homogeneity is also evident,
with a length of eight amino acids predom-
inating in both the primary and memory
responses (21 out of 24 clones) (Fig. 3).
Both primary and memory responders use
four of the same ], segments (TCRAJ 12,
21, 22, and 34), a significant degree of
restriction because 50 ], gene segments ex-
ist (11). Almost half of the cells in the
memory response favored TCRAJ 17 seg-
ments (6 out of 13 clones), whereas this ],
segment was not seen in any of the primary
sequences.

In the B chains, we again saw the prev-
alence of asparagine at 3100, the alanine or
glycine at B102, the nine-amino acid
length CDR3, and restricted ], usage in
both responses. Jg1.2 usage was not as dom-
inant as in the primary response, and J;1.4
usage appeared in conjunction with the
100 asparagine. This latter motif was not
seen in the memory response. Overall, this
single cell analysis corresponds well with
the population analysis and further indi-

cates the narrowing of TCR junctional di-
versity over the course of the response.
The predominant usage of a particular
junctional amino acid sequence, N(N/S)A
(where N is Asn, S is Ser, and A is Ala)
(Fig. 2) (9, 12), allows us to quantitate the
expansion and contraction of this PCC-
responsive compartment of cells in a unique
way. Using an oligonucleotide probe for the
N(N/S)A junctional motif, we estimated
the abundance of this sequence as a per-
centage of total Vg3 DNA (dot blot) and as
a frequency of total Vg3 " molecules (with
the use of colony screens) (Table 1). Al-
though TCR mRNA levels may change
upon activation, the resting and activated
cells are isolated independently and thus
the ratios obtained by colony hybridization
can be used as an indicator of the mRNA
distribution in the original populations.
Where comparable, there is a good correla-
tion between the “dot blot” and colony
screen analyses, and both of these corre-
spond to the N(N/S)A™* frequencies ob-
tained by sequencing (Table 1). Our esti-
mate for PCC-specific T cell precursors in
naive and “8 weeks post-primary” animals
(Table 1) assumes the presence of an ap-
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propriate V11 chain and thus may be an
overestimate. In any case, these data indi-
cate that the total number of V,11Vg3
helper T cells expressing an N(N/S)A
junctional motif increases by a factor of at
least 1200 over the first 6 days of the
primary response (Table 1). The frequency
of this clonotype rose from 4.0 X 107> to
1.5 X 1073 of total helper T cells in the
draining lymph nodes (the total number of
helper T cells increased by a factor of 2.4
over the same period). Eight weeks later,
only 3% of these cells remained, repre-
senting a 40-fold expansion compared to
that seen in the naive cells. With the
second injection of PCC, there was anoth-
er 60-fold increase and 70% of the mem-
ory response clones expressed this motif
compared to 35% of the primary clones
(Table 1).

Thus, antibodies to the cell surface
markers of activation together with those
specific for the dominant TCR V,, and V,
gene segments allow the direct quantifica-
tion of very rare populations of antigen-
activated cells. The subsequent molecular
analysis indicates that virtually all of these
T cells have been selected for antigen

A CDR3
Clone \ CDR3 loop J (aa) J
5 CAA EASNTNKV VFG
(o] TGTGCTGCT GAGGCTTCCAATACCAACAAAGTC GTCTTTGGA 8 34 B CD
c s C A S SLNNANSDY TF G o |12 R3
7 TGTGCCAGC AGTCTGAACAATGCAAACTCCGACTAC ACCTTCGGC . C'One v CDRa ‘oop J (aa) J
P.1 CAS SLNSANSDY TF G CARA EASAGNE KT TF G
° B roreceace AGTCTGMACAGTGCARRCTCCGACTAC ACCTTCGGC 9 |1.2 O TGTGCTGCT GAGGCAAGTGCAGGGAACAAGCTA ACTTTTGGA 8 17
M.1 CAS SLNNANSDY TF G
CAA EAANTNIKV VFG B* TGTGCCAGC AGTCTGAACAATGCAAACTCCGACTAC ACCTTCGGC 9 1.2
O TGIGCTGCT GAGGCCGCCAATACCAACARAGTC GTCTTTGGA 8 34
CAS SLNNANSDY TFG CAA EHSAGNKTL TF G
P.2 B* rercccace AGTCTAAACAATGCAAACTCCGACTAC TTTTTCGGT 911.2 M.2 | TeTececr GA TGCAGGGAACAAGCTA ACTTTTGGA 8 17
. CAS SLNNANSDY TF G
CAA EALSNYNVL YF G M.3 * 1.2
o TGTGCTGCT TGTCTAATTACAACGTGCTT TACTTCGGA 9 21 B TGTGCCAGC AGTCTGAACAATGCAAACTCCGACTAC ACCTTCGGC 9
CAS SLSRANERL FFG
P.3 |B rercccace AGTCTCTCCAGAGCGAACGAAAGATTA TTTTTCGGT 9 ]1.4 :; o ‘E“fnﬁ‘l GEA: N SIAGEGAIL&GJT‘A AETTETG((;;A 8 17
. CA S SLNNANSDY TF G
CAA GSSGSWOL IFG M.6 | B* rcrcceace AGTCTCABGAATGCAAACTCCGACTAC ACCTTCGGC 9 | 1.2
O TGTGCTGCT GGGTCTTCTGGCAGCTGGCAACTC ATCTTTGGA 8 22
P.4 CAS SLNFSNERTL FFG ) CAA EPSNYNVTL YF G
P.5 ﬁ TGTGCCAGC AGTCTGAACTITTTCCAACGAAAGATTA TTTTTCGGT 9 1.4 O TGTGCTGCT GAGCCGTCTAATTACAACGTGCTT TACTTCGGA 8 21
M.7 CAS SLNSANSDY TF G
CAA AGGYNQGKL IFG B rereccace AGTCTGAACAGTGCAAACTCCGACTAC ACCTTCGGC 9 ]1.2
O TGTGCTGCT . TTATAACC AGCTT ATCTTTGGA 9 23
p,sB CAS SGGRGTETTL YF G 9 2.3 CAA ESSGSWQL IFG a
TGTGCCAGE AGTGGGGGGCGCGGGACAGARACGCTG TATTTTGGC - o O TGTGCTGCT GAGTCTTCTGGCAGCTGGCAACTC Arcnrcén 22
M. CAS SLNSANSDY T F
CAA EAAGGYKYV VFG B TGTGCCAGC AGTC AAACTCCGACTAC ACCTTCGGC 9 |1.2
0L TGTGCTGCT GAGGCGGCTGGAGGCTATAAAGTG GTCTTTGGA 8 12
P.7 CAS SLNRGQDT YF G, CAA EVSGYNKL TF G 8 1
B rereccace AGTCTGAACAGGGGCCAAGACACCCAG TACTTTGGG 9 | 2.5 0 o Tgrecmgm' chmc‘r;cccagc;\é\cmacwc 0 A;CT;‘TG(G;A
‘¢ M. A LNW DT
CAA EPSSGQKL VFG B TGTGCCAGC AGTCTGAACTGGGGGCAAGACACCCAG TACTTTGGG 9 2.5
o TGTGCTGCT GAGCCTTCAAGTGGCCAGAAGCTG GTTTTTGGC 8 16
P.8 CAS SLNRGKDTQ YEFG CaA EAAGG YKV VFG
B TGTGCCAGE AGTCTGABCAGGGGGAAAGACACCCAG TACTTTGGG 2.5 O TereeTacT GAGOCGECTGEAGOCTATARAGTG GTCTTTGOA 8 12
M.10 CAS SQNRGQDTQ YF G
CAA ETSSGQKL VFG
O TGTGCTGCT GAGACTTCAAGTGGCCAGAAGCTG GTTTTTGGC 8 16 B reroceace A BCEGEEGRCRAGRCASCCRS TACTITGGE 9 |2.5
P.9 |g CAS Sy RS QDT Y CAA EATSNNRI FFG
ﬂ TGTGCCAGE AGTCTCARCAGEGGCCAGACACCCAG TACTTIGEG d 2.5 M.11 TGTGCTGCT GAGGCGACTAGCAATAACAGAATC TTCTTTGGT 8 31
. CAS SPNRGQDTQ YF G
CAA EMSNYNVL Y F G B Tereceace AGTCCAAACAGGGGGCAAGACACCCAG TACTTTGGG 9 | 2.5
P.10 TGTGCTGCT GAGATGTCTAATTACAACGTGCTT TACTTCGGA 8 21
P .11 CAS SLNWGQDTQ YF G CARA KV VFG
. B rereccace AGTCTGAACTGGGGCCAAGACACCCAG TACTTTGGG 9 | 2.5 M.12| O  TGIGCTGCT TCCAATACCAACAAAGTC GICTTTGGA 6 34
CAA EPSGSWQL IFG
O TGTGCTGCT GAGCCTTCTGGCAGCTGGCAACTC ATCTTTGGA 8 22
p.12 CAS SLNRGQDT YFG
B rereccace AGTCTCAACAGGGGCCAAGACACCCAG TACTTTGGG 9 | 2.5

Fig. 3. Single-cell PCR analysis of primary and memory T cells (30, 37). V11
and V,3 junctional diversity profiles of individually sorted V11 +V,33+ L select-
in" and CD44'" cells from day 6 of the primary (A) or day 6 of the memory
response (B). J,, gene segment assignment follows the nomenclature of Koop
VgDg, and DgJ, borders are in

et al. (17). N sequence additions at the V_J

a~o!
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bold. All sequences are V3 (the asterisk indicates a V3 sequence with the
5C.C7 amino acid sequence) and V, 11.1 (except cell M. 11, whichis V,11.2).
Some « sequences contain no N sequence and imprecise V_J,, joints (the
germline 3’ V,, sequence is TGTGCTGCTGAG). CDRS length in amino acids
and J, and J,, assignment are also listed.
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specificity. This degree of purity has not
been achieved with any previously used
immunohistochemical (13) or flow cyto-
metric approaches (14). The extent of
clonal expansion seen in this primary re-
sponse is far greater than suggested by
either bulk culture or limiting dilution
analyses of other helper T cell responses to
protein (15). It also exceeds that seen in
the adoptive transfer model of Jenkins and
colleagues (16), where the initial frequen-
cy of TCR transgenic T cells is at least 100
times greater than our estimate for PCC-
specific T cell precursors in the normal
animal. The expansion and contraction in
activated cells is consistent with the rapid
increase and decline of an effector T cell
population seen in in vitro assays (15) and
in the adoptive transfer model (16) and
reiterates the kinetics of many CD8* T
cell responses (17). The rapid decline in
responsive cells is probably a result of both
programmed cell death and outward mi-
gration (18). Furthermore, the retention
of an increased number of antigen-specific
T cells is compatible with the establish-
ment of a long-lived memory compart-
ment (19) that responds more quickly to a
secondary challenge with antigen (20).

The fact that homogeneity in CDR3
length precedes sequence homogeneity in
both TCR chains may relate to the strong
influence that loop length has on the
overall shape and packing of these struc-
tures on the basis of analyses of antibodies
(21). Restriction of CDR3 length has also
been noted in the selection of antigen-
specific B cell memory (10). This CDR3
length homogeneity preceded diversifica-
tion by somatic hypermutation (10). This
CDR3 length homogeneity in TCRs may
also provide a useful clue to the identifi-
cation of specific responder cells to other
antigens. Similarly, others (22) have re-
cently identified CDR3 length and se-
quence restrictions in TCR chains from
CD8 T cells responsive to human immu-
nodeficiency virus.

We also see evidence for progressive
clonal selection (23) during the evolution
of antigen-specific T cell help in vivo. In
particular, many T cells in the primary
response have a small side-chain amino
acid (glycine or alanine) at a93 (Fig. 3). A
T cell hybridoma having a glycine at a93
was found to be broadly cross-reactive to
most substitutions at position 99 of cyto-
chrome c (8, 24). This suggests that the
change in the repertoire seen here may
represent a selection for T cells expressing
a receptor with greater specificity for the
antigen—major histocompatibility com-
plex (25). In contrast to Zheng et al. (26),
we see no evidence for somatic hypermu-
tation in the TCRa chain. Our data on
V11 sequences derive from single activat-
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ed T cells, all with productively rear-
ranged and expressed TCRa chains paired
with a TCRB chain and expressing motifs
associated with antigen specificity. There-
fore, if somatic hypermutation occurs, it
does not seem to affect either the cells
studied here or the many hybridoma and
cell lines reported previously (12, 27).
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B10.BR mice (6 to 10 weeks old) were immunized
subcutaneously with 200 pg of PCC (Sigma) in 100
wg of RIBI adjuvant (ImmunoChem Research,
Hamilton, MT) or adjuvant alone, 100 pl on each
side of the base of the tail; secondary injections
were given after 8 weeks. T cells isolated from
inguinal and periaortic lymph nodes were stained
with the biotinylated antibody, then stained with
Texas Red-avidin together with fluoresceinated,
phycoerythrin- and allophycocyanin-labeled anti-
bodies and then placed in 1 pwg/ml propidium io-
dide. This was done with the appropriate combina-
tions of biotinylated Pgp-1 [antibody to CD44 (anti-
CD44); Pharmingen, San Diego] and MEL-14 (an-
ti-L selectin; Pharmingen); fluorescein-labeled R.R
8-1 (anti-V,11; Pharmingen); phycoerythrin-la-
beled 6B2 (anti-B220; Pharmingen), 53-6.7 (anti-
CD8), and MAC-1 (anti-CD11b); and allophycocya-
nin-labeled KJ25 (anti-V,8). Cells were analyzed
with a FACS 440 (Becton Dickinson, San Jose, CA)
with dual laser capability; 300,000 events were col-
lected in list mode with each file gated on pro-
pidium iodide (excluded in the phycoerythrin chan-
nel), forward scatter, and obtuse light scatter to
exclude erythrocytes and most dead cells. All pro-
files are represented as 5% probability contour
plots (distribution profiles of 300 to 900 cells in
total).

Cells were selected from two animals in each group
as described (28). The 8 weeks post-primary
V, 11V, population (and the resting cell population)
was selected as CD4+ and B220~, CD11b~, and
CD8~. The cells from animals 6 days after injection
were costained for L selectin (biotin-conjugated and
stained with avidin-Texas Red; Pharmingen) and
CD44 (phycoerythrin conjugate; Pharmingen) to-
gether with antibodies to V11 and V;3 and selected
as activated if they expressed both low levels of L
selectin and high levels of CD44; unactivated popu-
lations expressed high levels of L selectin and low
levels of CD44; CDRS3 loop length was counted two
amino acids downstream from the conserved cys-
teine in the V region to two amino acids upstream
from the conserved GXG motif (where G is Gly and X
is any amino acid) in the J region as described [E. P.
Rock, P. R. Sibbald, M. M. Davis, Y.-H. Chien, J.
Exp. Med. 179, 323 (1994)]. Gated cells (500 to
1000) (in one experiment four memory-activated
cells per tube; n = 15) were sorted directly into tubes
containing 25 pl of cDNA synthesis reaction mixture
as described [H. Chang et al., J. Immunol. 143, 315
(1989)], using oligonucleotide primers specific for CB
(TTACCGTTCCTCCAGGTGTC) (Cg.1) and C,
(GTTTTGTCAGTGATGAACGT) (C,.1). Five micro-
liters of the cDNA reaction was used for 35 cycles of
a 20-pl PCR reaction with standard buffer conditions
and 2 mM final Mg2*+ concentration, with 30 s of
melting at 92°C, 45 s of annealing at 55°C, and 90 s
of extension at 70°C; for this, we used primers spe-
cific for the V3 leader. 1 sequence (CTGGGTGCAA-
GAATTTTG) (VBS.L1) and the same Cg.1 primer as
above. Two microliters of the first-round PCR reac-
tion was re-amplified for 35 more cycles under the
same conditions with the use of a “nested” pair of
primers for the C, (AAGAAGGGACTGGTGCAC)
(Cg.2) and Vg3 leader (ATGGCTACAAGGCTCTG-
GTA) (V,8.L2). One microliter of second-round PCR
product was ligated into pGEM-T as recommended
(Promega, Madison, WI). Two microliters of the liga-



30.

31.

32.

tion reaction was used to transform Escherichia coli
[C. L. Hseih et al., Mol. Cell. Biol. 11, 3972 (1991)] by
electroporation; the bacteria were grown overnight
on agar plates containing ampicillin (100 ng/ml; Sig-
ma). Colonies were expanded for plasmid DNA iso-
lation and double-stranded DNA sequencing with
the use of PRISM Ready Reaction Dyedeoxy Termi-
nator Cycle sequencing reactions as recommended
by the supplier (Applied Biosystems, Foster City, CA)
with a V3 primer (CTCTGCTGAGTGTCCTTCAA)
(Vg3.2); we then performed gel electrophoresis
with detection and analysis of the fluorescent prod-
uct using the Applied Biosystems model 373A DNA
sequencing system. No repeat sequences were
found in either the naive resting group or the unac-
tivated populations; one of 24 sequences was re-
peated in the 8 weeks post-primary group [and this
bore the typical NNA motif (where N is Asn and Ais
Ala) of PCC reactivity]. Many repeats were found in
both activated groups. In the primary-activated
group, 11 unique sequences were found among
the 30 clones; of these sequences, four were re-
peated 12, 6, 3, and 2 times. In the memory-acti-
vated group, there were eight unique sequences of
the 26 clones from the population analysis; of
these, four were repeated 12, 5, 3, and 2 times. Of
the 15 single cells, there were 10 unique sequenc-
es, two of which were repeated 5 and 2 times.
Abbreviations for the amino acid residues are A, Ala;
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K,
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S,
Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
Immunization, staining for flow cytometry, cell sorting,
cDNA synthesis, PCR, “‘nested” PCR, and DNA se-
guencing were undertaken as described (29) with
variations as follows. Individual cells were sorted into
tubes containing 5 ul of cDNA reaction mix with the
use of oligo(dT) for priming (Becton Dickinson Lab-
ware, Bedford, MA). All 5 ul of the cDNA reaction
was used for the first 35 cycles of PCR with 8 chain—
specific primers CB.2 and V,;3.L.2 (29) together with a
C,-specific primer (GTTTBTGTCAGTGATGAACGT)
(C,.1) and V11 leader-specific primer (ATGCAGAG-
GAACCTGGGAGQ) (V,11.L1). For the second 35
cycles of PCR, “nested’” primers for each chain were
used in separate reactions: C,-specific (AMATCTG-
CAGCACGAGGGTAGCCTTT?G) (C4.3) and V8-
specific (AATCTGCAGAATTCAAAAGTCATTCKG)
(V,3.1) for the TCRP chain and C,_-specific (AATCT-
G(%AGCGGCACATTGATTTGGGA)(C“.2) and V_11
leader-specific (AATCTGCAGTGGGTGCAGATTT-
GCTGG) (V,1.12) for the TCRa chain. The primer
V3.2 (29) and one specific for C, (GGCGTCGTC-
GACGAACAGGCAGAGGGTGCTGTCCTGAG)
(C,..3) were used for direct sequencing of the PCR
product after column separation of PCR product from
primers.

Animals were immunized and populations sorted by
phenotype as described (29). “‘Sequence’ in Table 1
shows a summary from data presented in Fig. 2.
“Dot blot” shows the results from screening PCR
products containing V,3-amplified DNA from the
sorted populations as described (29). These prod-
ucts were titrated onto Hybond N (Amersham, Ar-
lington Heights, IL) nylon filters and probed with 32P
kinase-labeled oligonucleotide specific for the N(N/
S)A sequence and three nucleotides in each of V3
and J,1.2 (CTGAACAATGCAAAC) and subsequent-
ly witﬁ an oligonucleotide specific for all V3 se-
quences (primer: VB&Z) (29) under conditions where
only 2 base pairs of mismatch was tolerated, with
hybridization at 54°C and washing at 58°C in 3 M
tetramethylammonium chloride solution as de-
scribed [R. P. Dong et al., Tissue Antigens 39, 106
(1992)]. Filters were exposed to a phosphor screen
and guantified on a Molecular Dynamics Phospho-
Imager with ImageQuant software (Molecular Dy-
namics, Sunnyvale, CA). “Colonies” in Table 1
shows the results after subcloning PCR products
from the sorted populations (29). The colonies were
then transferred onto Hybond N and probed with the
same labeled oligonucleotide in 30% formamide
containing 3X SSPE hybridization solution at 42°C
for 5 hours, and washed finally in 0.2% SSPE at
30°C. Overall, this mode of analysis greatly in-
creased the size of sample screened from each pop-

ulation (500 to 4000 V3™ colonies screened) and
gave similar results from two independent screens of
clones derived from separate ligation reactions. We
estimated the total cell counts by extrapolating the
frequency obtained by the colony lift assay to the
total cell counts estimated by flow cytometric analy-
sis (as described in Fig. 1) for cells with the appropri-
ate phenotype.
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Processing of Complex Sounds in the Macaque
Nonprimary Auditory Cortex

Josef P. Rauschecker,*t Biao Tian,T Marc Hauser

Neurons in the superior temporal gyrus of anesthetized rhesus monkeys were exposed
to complex acoustic stimuli. Bandpassed noise bursts with defined center frequencies
evoked responses that were greatly enhanced over those evoked by pure tones. This
finding led to the discovery of at least one new cochleotopic area in the lateral belt of the
nonprimary auditory cortex. The best center frequencies of neurons varied along a ros-
trocaudal axis, and the best bandwidths of the noise bursts varied along a mediolateral
axis. When digitized monkey calls were used as stimuli, many neurons showed a pref-
erence for some calls over others. Manipulation of the calls’ frequency structure and
playback of separate components revealed different types of spectral integration. The
lateral areas of the monkey auditory cortex appear to be part of a hierarchical sequence
in which neurons prefer increasingly complex stimuli and may form an important stage
in the preprocessing of communication sounds.

In 1973, Merzenich and Brugge described
several auditory areas on the supratemporal
plane (STP) of the macaque brain, sur-
rounding primary auditory cortex Al (I).
One of these areas, which they termed L,
extends laterally alongside Al and onto the
exposed lateral surface of the superior tem-
poral gyrus (STG). Anatomically, several
areas have been identified in this region on
the basis of cyto-, myelo-, and chemoarchi-
tecture (2—4). In particular, the term “belt”
has been introduced to characterize the cor-
tical region that adjoins the koniocortical
primary area laterally (2). Little is known
about the functional properties of neurons
in any nonprimary auditory cortical areas of
the monkey, because these neurons tend to
respond poorly and inconsistently to con-
ventional pure-tone (PT) stimuli (5).
Neurons in the nonprimary visual cortex
similarly do not respond well to small sta-
tionary spots of light. Extrastriate neurons
have larger receptive fields and prefer more
complex stimuli than do neurons in the
striate cortex (6) because they integrate
visual information spatially over a larger
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range. By the same token, auditory neurons
that are higher up in the processing path-
way might be expected to integrate infor-
mation over a larger range of frequencies.
We therefore used one set of auditory stimuli
that consisted of bandpassed noise (BPN)
bursts with variable bandwidth around a
given center frequency. This type of stimu-
lus is directly analogous to a bar or spot of
light with variable size at a given receptive
field position in the visual system. Thus, our
experiments were designed to test for the
existence of neurons that prefer a certain
bandwidth of BPN bursts, just as neurons in
the extrastriate cortex prefer a certain size of
visual stimulus (7).

We selected a second type of auditory
stimulus on the basis of the following con-
siderations. In humans, the lateral surface of
the STG includes areas 42 and 22 of Brod-
mann, which correspond to areas TB and
TA, respectively, of von Economo (8). Le-
sions in these areas, especially in their pos-
terior parts, cause deficits in speech percep-
tion but have relatively little effect on gen-
eral auditory discrimination (9). Hence,
from an evolutionary and comparative neu-
roanatomical perspective, it was of interest
to include species-specific communication
calls as another type of wide-band signal.
Previous nonhuman primate studies of this
type have been performed only with squirrel
monkeys (10).

Electrode penetrations were made along
both sides of the lateral fissure into the
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