cialization and their orientation specificity.

An accumulation of anatomical, physio-
logical, and psychophysical data suggests
that the visual processing of form, color,
depth, and motion is segregated into sepa-
rate pathways and structures in the visual
cortex (27). We have shown that high spatial
resolution optical imaging can be used to
visualize many of these components of visual
processing in vivo, using activity-dependent
intrinsic signals. We have also shown that
these subdivisions of visual processing (for
example, the blobs of V1 and the thick and
thin stripes of V2) can be distinguished by
their specialized functional properties and
can now more easily be studied by the use of
optical maps for guiding single-unit record-
ing and tracer injections (26).

Note added in proof. We have found that by
imaging with a shallow depth of field below
the cortical surface, blood vessel artifacts can
be nearly eliminated (28).
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Long-Term Synaptic Changes Produced by a Cellular
Analog of Classical Conditioning in Aplysia

DEeaN V. BuoNOoMANO AND JOHN H. BYRNE

A change in synaptic strength arising from the activation of two neuronal pathways at
approximately the same time is a form of associative plasticity and may underlie
classical or Pavlovian conditioning. A cellular analog of a classical conditioning
protocol produces short-term associative plasticity at the connections between sensory
and motor neurons in Aplysia. A similar training protocol produced long-term (24-
hour) enhancement of excitatory postsynaptic potentials (EPSPs). EPSPs produced by
sensory neurons in which activity was paired with a reinforcing stimulus were
significantly larger than unpaired controls 24 hours after training. Thus, associative
plasticity at the sensory to motor neuron connection can occur in a long-term form in
addition to the short-term form. In this system, it should be possible to analyze the
molecular mechanisms underlying long-term associative plasticity and classical condi-

tioning,

HANGES IN SYNAPTIC STRENGTH

are believed to be the basis for short-

and long-term memory. A particu-
larly important form of synaptic modifica-
tion is associative plasticity. Associative syn-
aptic plasticity occurs when activation of a
neuron or of a neural pathway at approxi-
mately the same time as the activation of a
second neural pathway induces changes in
synaptic efficacy not observed when the

Department of Neurobiology and Anatomy, University
of Texas Medical School, Houston, TX 77225.

same pathways are activated noncontiguous-
ly. Neuronal changes resulting from associa-
tive plasticity are of particular interest, be-
cause they are likely to underli¢ classical or
Pavlovian conditioning (1) and because the-
oretical work indicates that associative plas-
ticity may function as a fundamental “learn-
ing rule” for more complex phenomena such
as higher order forms of classical condition-
ing, associative memories, and self-organiza-
tion of neural networks (2). Although vari-
ous instances of short-term (minutes to
hours) associative synaptic plasticity have
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been described in the past decade, little is
known about long-term (days) forms of
associative synaptic plasticity (1).

In Aplysia a cellular analog of a classical
conditioning paradigm produces a short-
term form of associative plasticity (3, 4),
termed activity-dependent neuromodula-
tion, at the synapse between the sensory and
motor neurons of the siphon and tail with-
drawal circuits. In this neural analog of
classical conditioning, activation of a senso-
ry neuron represents the conditioned stimu-
lus, electrical stimulation of the tail or of a
peripheral nerve represents the reinforcing
or unconditioned stimulus, and the excitato-
ry postsynaptic potential (EPSP) in the mo-
tor neuron produced by stimulation of a
sensory neuron represents the conditioned
response. EPSPs produced by sensory neu-
rons in which activity was paired with a
reinforcing stimulus exhibited significantly
more short-term enhancement than those
EPSPs elicited by sensory neurons that were
activated in an unpaired fashion with a
reinforcing stimulus (3, 4). Although activi-
ty-dependent neuromodulation exists in a
short-term form at the sensory neuron to
follower neuron connection, it is not known
whether it also exists at the same site in a
long-term form. A long-term form of activi-
ty-dependent neuromodulation would pro-
vide a neural substrate for the long-term
memory of classical conditioning as well as a
basis for molecular analyses of the mecha-
nisms underlying long-term associative plas-
ticity and classical conditioning.

To examine whether activity-dependent
neuromodulation exists in a long-term form,
we applied a cellular analog of a classical
conditioning paradigm (4) to the isolated
pleural-pedal ganglia of Aplysia californica
(5). Changes in the amplitude of monosyn-
aptic EPSPs elicited by two sensory neurons
in a common motor neuron (6) were used as
the measures of associative and nonassocia-
tive plasticity. Training consisted of five
trials with an intertrial interval of 5 min.
Within a training trial (Fig. 1A), each senso-
ry neuron was activated with a train of ten
suprathreshold pulses. Onset of the activa-
tion of one sensory neuron (paired; SN+)
was followed 400 ms later by a reinforcing
stimulus composed of a train of electric
shocks to a peripheral nerve (nerve shock)
(7). The other sensory neuron (unpaired;
SN-—) was activated 2.5 min before or after
activation of SN+ (Fig. 1A).

Stimulation of SN— and SN+ produced
EPSPs of similar amplitude in the motor
neuron before training (Fig. 1B) (8). Train-
ing (Fig. 1A) was initiated immediately after
the baseline test. Although the EPSPs elicit-
ed by both SN— and SN+ were enhanced 5
min after training (Fig. 1C), those produced
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by SN+ were enhanced to a greater extent.
The increase in the EPSP produced by SN—
was caused by short-term heterosynaptic
facilitation. The greater enhancement ob-
served in the EPSP produced by SN+ repre-
sents short-term activity-dependent neuro-
modulation (3, 4). After the 5-min test,
neurons that neighbored SN—, SN+, and
the motor neuron were injected with Fast
Green (9) and the chamber was placed in an
incubator at 15°C for 24 hr. The following
day the same three cells were reimpaled, and
the 24-hr test was performed (Fig. 1D).
Both SN— and SN+ cells elicited enhanced
EPSPs relative to their amplitude before
training. The EPSP produced by SN+,
however, exhibited a larger increase in am-
plitude than that of the SN— cell. Thus the
training procedure leads to a long-term pair-
ing-specific enhancement of the connection
between the sensory neuron and its follower
motor neuron.

Data from 14 experiments are illustrated
in Fig. 2 (10). Short-term associative plastic-
ity is illustrated by the difference in the
amplitude of the EPSPs produced by the
SN— and SN+ cells (SN—, 140 + 14%;
SN+, 203 + 21%) during the 5-min test.
Moreover, long-term associative enhance-
ment is evident by the-difference in the
amplitude of the EPSPs (SN—, 245 + 39%;

A Training
|

SN+, 350 = 58%) during the 24-hr test. A
two-way analysis of variance with repeated
measures on both factors (training and time)
revealed a significant effect of training
[F(1,13) = 13.58; P < 0.01]. In contrast,
the analysis of variance revealed that neither
the effect of time nor of the time-treatment
interaction was significant (11). Thus a clas-
sical conditioning procedure that produces
short-term associative plasticity leads to the
induction of long-term associative plasticity
in the same cells.

The degree of associative plasticity (that
is, the ratio of the amplitudes of the EPSPs
produced by SN+ and SN—) was 1.4 both
at the 5-min and 24-hr tests, indicating that
the associative plasticity is expressed to the
same degree in both its short- and long-term
forms. The degree of short-term associative
plasticity was similar to that observed previ-
ously (4, 12). No significant changes were
observed in the input resistance of the motor
neuron during either the 5-min or 24-hr test
(13). This observation is consistent with
previous data on short-term plasticity of
these synapses (14) and indicates that gener-
alized postsynaptic changes are unlikely to
contribute to long-term plasticity.

The mechanism underlying short-term as-
sociative plasticity in Aplysia, termed activi-
ty-dependent presynaptic facilitation (3) or

MN
Nervi
“shook”™
2.5 min
200 ms
SN+ SN-
B  Before training C 5-min test D 24-hr test

MN _P~—ou _,J\E__M _J\/____j\__|2mv

_L_‘ —L L Jl,_. J/— ‘L' l1omv
SN+ SN- SN+ SN- SN+ SN-

Fig. 1. Training and testing during conditioning of the inputs of two sensory neurons to a motor
neuron (MN). (A) Training procedure (illustrated by trial 2). Both sensory neurons were activated with
a train of ten depolarizing pulses, eliciting on average 17 spikes. One sensory neuron (SN+) was
activated 400 ms before a train of electric shocks to the nerve (nerve shock). The other sensory neuron
(SN—) was activated 2.5 min after stimulation of the nerve. (B) Amplitudes of the EPSPs produced by
both sensory neurons before training. (C) Amplitude of the EPSPs 5 min after training. (D) Amplitude
of the EPSPs produced by the same sensory neurons 24 hr after training. During each test phase three
action potentials were elicited in each sensory neuron (the third EPSP of each test is shown).
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Fig. 2. Long-term associative plasticity of the
synaptic connections between sensory and motor

neurons. There was a significant difference in the

amplitudes of the EPSPs produced by the SN—
and SN+ group both at the 5-min and 24-hr test.
Error bars represent the SEM.

activity-dependent neuromodulation (4),
appears to be an elaboration of the mecha-
nisms of short-term nonassociative plastici-
ty, that is, heterosynaptic facilitation. The
mechanism for long-term associative plastic-
ity may rely on the same mechanisms as
long-term nonassociative plasticity. The
mechanisms contributing to both short- and
long-term forms of nonassociative plasticity
have been analyzed extensively. Reinforcing
stimuli lead to the release of modulatory
transmitters that induce an increase in aden-
osine 3',5'-monophosphate (cAMP) within
the sensory neurons (15). Cyclic AMP in
turn contributes to short-term facilitation
through a cAMP-dependent phosphoryl-
ation (16), as well as the induction of long-
term facilitation through cAMP-dependent
regulation of gene expression (17). Al-
though both short- and long-term nonasso-
ciative plasticity appear to use common cel-
lular mechanisms for induction and expres-
sion (18), only the latter depends on new
protein synthesis (19).

In short-term associative plasticity, the
amount of cAMP in the cells is increased
above that observed during nonassociative
plasticity (20). Calcium influx associated
with action potentials in the sensory neu-
rons is thought to interact synergistically
with the activation of adenylate cyclase by
modulatory transmitters to amplify the syn-
thesis of CAMP (3, 4, 20, 21) and therefore
enhance cAMP-dependent effects beyond
those produced by modulatory transmitters
alone. Thus, for long-term associative plas-
ticity, increased concentrations of cAMP
might lead to an enhancement of cAMP-
dependent regulation of the same genes
involved in long-term nonassociative plastic-
ity. In this case, long-term associative plas-
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ticity would be a direct extension of long-
term nonassociative plasticity. It is possible,
however, that there are qualitative differ-
ences between long-term nonassociative
plasticity and long-term associative plasticity
(22). The modulatory transmitter and Ca?*
signaling pathways could interact synergisti-
cally downstream from adenylate cyclase.
For example, cAMP and Ca?* could interact
to regulate the expression of genes specific
for long-term associative plasticity (23). Our
results provide an experimental basis for
analyzing the molecular mechanisms under-
lying long-term associative plasticity and
long-term forms of classical conditioning.

REFERENCES AND NOTES

1. J. H. Byme, Physiol. Rev. 67, 329 (1987).

2. R. D. Hawkins and E. R. Kandel, Psychol. Rev. 91,
375 (1984); T. Kohonen, Self-Organization and Asso-
ciative Memory (Springer-Verlag, Berlin, 1984); C.
von den Malsburg, Kybemetik 14, 85 (1973); E. L.
Beinenstock, L. N. , P. W. Munro, J. Neur-
osdi. 2,32 (1982);].C. Pumon,L H. Finkel, G. M.
Edelman, ibid. 7, 4209 (1987).

3. R. D. Hawkins, T. W. Abrams, T. J. Carew, E. R.
Kandel, Science 219, 400 (1983).

4. E. T. Walters and J. H. Byrne, ibid., p. 405.

S. Before dissection, animals (150 to 300 g) were
anesthetized by intracoelomic injection of a volume
of isotonic MgCl, equivalent to approximately one-
half their body weight. The right pleural-pedal
ganglia were removed and placed in a chamber
containing equal parts of isotonic L15 medium

(Flow) and isotonic MgCl,. The L15 medium was
made up with additional salts added to bring the
medium to seawater conditions [final concentra-
tions: 460 mM NaCl, 11 mM CaCl,, 10 mM KCl,
27 mM MgSO,, 27 mM MgCl;, 2 mM NaHCO;,
and 15 mM Hepes; modified from S. Schacher and
E. Proshansky, J. Neurosi. 3, 2403 (1983)]. Both
ganglia were then desheathed to expose the cluster
of sensory neurons in the pleural ganglion and the
tail motor neurons in the pedal ganglion. Nerves P8
and P9, which carry input from the tail, were drawn
into separate suction electrodes so that they could be
stimulated electrically. After the dissection and nerve
placement were completed, the solution used during
the dissection was replaced with 100% L15 medi-
um. The chamber was then placed on a cooling plate
and maintained at 15° + 1°C during the electro-
physiological procedures.

6. Two sensory neurons and one motor neuron were
impaled with intracellular electrodes, cach of which
was filled with 3 M potassium acetate. The sensory
and motor neurons were identified as described [E.
T. Walters, J. H. Bryne, T. J. Carew, E. R. Kandel,
J. Neurophysiol. 50, 1543 (1983)]. The two sensory
neurons were always adjacent or scparated by a
single cell. A necessary condition for an experiment
to proceed was that both sensory neurons made
MONOSYNaptic conNections onto a coOMmMoN Motor
neuron and had axons in the same nerve, usually P9.
The remaining nerve, usually P8, could then be used
as the reinforcement pathway for nerve stimulation
without antidromically activating cither sensory
neuron. In seven experiments, the sensory neurons
were randomly assigned to the paired (SN+) or
unpaired (SN— )groups For the remaining seven
experiments, SN+ and SN— assi were
made in a manner to minimize the difference in the
bascline amplitudes of the EPSPs. There was no
significant statistical difference in the average base-
line amplitude of the EPSPs for the SN— and SN+
groups (2.98 + 0.6 mV and 2.67 + 0.67 mV, rc-
spectively, ;3 = 0.61). Unless otherwise noted,
paired ¢ tests were used for statistical analyses.

7. During each trial, the SN+ cell was activated with a
train of ten 40-ms depolarizing pulses at 10 Hz. A
500-ms train of electrical shocks of 3-ms pulses (50

10.

11.

12.

13.

Hz) was delivered to cither P8 or P9 400 ms after
the onset of SN+ stimulation. The intensity of the
nerve shock was determined before the beginning of
training and set at a current that clicited subthresh-
old EPSPs in the motor neuron with a single 3-ms
pulse. SN— was stimulated 2.5 min after or before
activation of SN+. SN— was stimulated with the

same parameters used for stimulation of SN+. In
half of the experiments, SN+ was stimulated first; in
the remaining half SN— was stimulated first. The
average number of spikes clicited during stimulation
of the sensory ncurons was 17.6 * 0.87 and
17.0 + 0.87 for the SN— and SN+ groups, respec-
tively. The difference in the number of spikes was
nots'smﬁmt (13=10.7).

mulus interval of 5 s. As is characteristic of these
we obscrved some synaptic dcpression

these three stimuli. Similarly, three action
poﬁcntialswctcclicimdduringmhofdlctwomt
phases. The 5-min test was begun 5 min after the last
train of stimuli was delivered to each sensory neu-

ron.
. After the 5-min test, a group of at least five sensory

neurons surrounding SN— and SN+ were ionto-
phoretically injected with a 30-mM solution of Fast

Green. Iontophoresis was performed by applying
trains of 50-ms h; current pulses at 10

Hz. Similarly, at least two cells neighboring the
motor neuron were injected with Fast Green. A
drawing of the position of SN—, SN+, and the
motor neuron in relation to the injected cells was
then made to permit subsequent identification. The
chamber was then placed in an incubator at 15°C for
24 hr. The next day SN—, SN+, and the motor
neuron were reimpaled. The analysis proceeded if
the sensory neurons had a resting membrane poten-
tal of between —35 and —55 mV, and the motor
ncuron had a resting membrane potential of be-
tween —45 and —65 mV. For the 24-hr test, three
action potentials were clicited in cach sensory neu-
ronandﬂieamplmldaofﬂlcEPSPsmsumd.

For data analysis, the three EPSPs produced by a
sensory ncuron during cach test phase were aver-
aged. Each average was then normalized to the
average EPSP values before training. This procedure
was done for both the SN+ and SN— cells. Group
means for each test phase were determined. A two-
way analysis of variance with repecated measures on
both factors (training and time) was used for the
statistical analysis [J. L. Bruning and B. L. Klintz,
Computational Handbook of Statistics (Scott, Foresman,
Glenview, IL, 1977)]. A repeated measures analysis
was used for the training factor because (i) the
control for each paired cell was the unpaired cell in
the same ganglia and the EPSPs were measured
from the same motor neuron, and (ii) the degree of
ﬁculmuonmboﬁodls:scorrclamdwuﬁuncxpm—

'Ihesiglﬁﬁmnteﬂ'ectofu'ainingalongwididxc
absence of an interaction cffect [F(1,13) = 1.67]
indicates that there was a significant effect of train-
ing at both the 5-min and 24-hr tests. The effect of
time revealed a strong but nonsignificant trend
[F(ll3) 6.37]. Increases in the responsc to both
the paired and unpaired conditioned stimuli have
been associated with the transition from short- to
long-term memory in behavioral experiments in
Aplysia[T]CarcwETWalm,E.kadcl,].
Neurosci. 1, 1426 (1981)).
Whereas the of short-term associative plastic-
ity was similar, the absolute magnitude of the short-
term nonassociative effect was somewhat smaller
than that observed previously (4). This difference
could be due to variations in the intensity of the
reinforcing stimulus, or to the fact that stimulation
of the tail is more effective than stimulation of the
nerve. There were also slight differences in the
parameters used for stimulation of the sensory neu-
rons and differences in the temperature at which the
experiments were performed.
The average input resistance of the motor neuron
ing bascline, 5-min test, an the 24-hr test was
13.34 + 1.4, 13.65 + 1.7, and 15.26 + 1.3 meg-
ohms, respectively. Although there was a trend for
the motor neuron input resistance to increase over
the 24-hr period, these effects were not statistically

SCIENCE, VOL. 249



significant (baseline versus 5-min test, t;; = 0.24;
baseline versus 24-hr test, t;;, = 1.9). Input resist-
ance was measured by injecting a 1-s 1-nA constant
current hyperpolarizing pulse into the motor neu-
ron. -

14. V. F. Castellucci and E. R. Kandel, Science 194,
1176 (1976); E. R. Kandel and J. H. Schwartz, ibid.
218, 433 (1982).

15. L. Bernier, V. F. Castellucci, E. R. Kandel, J. H.
Schwartz, J. Neurosci. 2, 1682 (1982); K. A. Ocorr,
M. Tabata, J. H. Byrne, Brain Res. 371, 190 (1986).

16. V. F. Castellucci, A. Nairn, P. Greengard, J.
Schwartz, E. R. Kandel, J. Neurosci. 2, 1673
(1982); M. J. Shuster, J. S. Camardo, S. A. Seigel-
baum, E. R. Kandel, Nature 313, 392 (1985); A.
Eskin, J. H. Byrne, K. S. Garcia, Soc. Neurosci. Abstr.
14, 838 (1988).

17. S. Schacher, V. F. Castellucci, E. R. Kandel, Science
240, 1667 (1988).

18. N. Dale, E. R. Kandel, S. Schacher, J. Neurosci. 7,
2232 (1987); K. P. Scholz and J. H. Byrne, Science
235, 685 (1987); N. Dale, S. Schacher, E. R.
Kandel, ibid. 239, 282 (1988); K. P. Scholz and J.

Byrne, ibid. 240, 1664 (1988); J. D. Sweatt and

R. Kandel, Nature 339, 51 (1989).

19. P. G. Montarolo et al., Science 234, 1249 (1986).

20. K. A. Ocorr, E. T. Walters, J. H. Byrne, Proc. Natl.
Acad. Sci. U.S.A. 82, 2548 (1985).

21. E. R. Kandel et al., Cold Spring Harbor Symp. Quant.
Biol. 48, 821 (1983); T. W. Abrams and E. R.
Kandel, Trends Neurosci. 11, 128 (1988); L. S.
Elliot, Y. Dudai, E. R. Kandel, T. W. Abrams, Proc.
Natl. Acad. Sci. U.S.A. 86, 9564 (1989); T. W.
Abrams, Cell. Mol. Neurobiol. 5, 123 (1985).

22. A. Eskin et al., Soc. Neurosci. Abstr., in press.

23. S. E. Hyman, M. J. Comb, T. V. Nguyen, ibid. 15,
645 (1989); M. Sheng, G. McFadden, M. E. Green-
berg, Neuron 4, 571 (1990).

24. We thank J. Goldsmith for helpful discussions, and
L. Cleary, W. Frost, and M. Mauk for comments on
an earlier draft of this paper. Supported by National
Institute of Mental Health (NIMH) fellowship F31
MH09895, NIMH award K02 MH00649, and
NIH grant RO1 NS19895.

H.
E.
P.

30 January 1990; accepted 18 May 1990

Use of Prior Vaccinations for the Development of

New Vaccines

H. M. ETLINGER, D. GIiLLESSEN, H.-W. LaAaM, H. MATILE,

H.-J. SCHONFELD, A. TRZECIAK

There is currently a need for vaccine development to improve the immunogenicity of
protective epitopes, which themselves are often poorly immunogenic. Although the
immunogenicity of these epitopes can be enhanced by linking them to highly
immunogenic carriers, such carriers derived from current vaccines have not proven to
be generally effective. One reason may be related to epitope-specific suppression, in
which prior vaccination with a protein can inhibit the antibody response to new
epitopes linked to the protein. To circumvent such inhibition, a peptide from tetanus
toxoid was identified that, when linked to a B cell epitope and injected into tetanus
toxoid—primed recipients, retained sequences for carrier but not suppressor function.
The antibody response to the B cell epitope was enhanced. This may be a general
method for taking advantage of previous vaccinations in the development of new

vaccines.

highly immunogenic proteins widely

used in vaccines [such as tetanus toxoid
(TT)] could be used as carriers to develop
new vaccines for poorly immunogenic pro-
tective epitopes (such as small peptides).
Unfortunately, overall effectiveness with this
approach has not been generally achieved (1,
2). Since the antibody response to a hapten
coupled with a carrier protein can be inhibit-
ed when the recipient has been previously
immunized with the unmodified protein
(3), it is possible that poor immunogenicity
of the hapten + carrier is due to prior
vaccinations.

The phenomenon, termed epitope-specif-
ic suppression, is related in part to the
presence of carrier-specific B cells (4) and
suppressor T cells (4, 5). The observation
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that peptides recognized by suppressor and
helper T cells can be distinct (6) suggested
that some peptides might only be function-
ally recognized by the latter cell type in
carrier-primed animals. We therefore at-
tempted to identify a peptide with helper
but not suppressor function. The involve-
ment of carrier-specific B cells in epitope-
specific suppression provided a criterion for
peptide selection; a basis for excluding a
peptide from consideration as a carrier se-
quence would be cross reactivity between
the peptide and antibody to the carrier.
The worldwide use of T'T prompted us to
choose this protein as the model. Further-
more, a conjugate of TT and repeats of the
sequence Asn-Ala-Asn-Pro (NANDP), the
immunodominant sequence of the major
surface protein of Plasmodium falciparum spo-
rozoites (7, 8), has already undergone clini-
cal testing as a vaccine (2). The goal was to
prepare a peptide bearing helper T and

nonimmunogenic B cell epitopes; such a
composite peptide has been described (9).
To obtain a peptide capable of eliciting the
desired T cell activity, we hydrolyzed TT
with trypsin after reduction and alkylation.
Peptides in the digest were separated by
column chromatography and activity was
monitored by in vitro T cell proliferation
tests with human peripheral blood leuko-
cytes (PBLs) and lymph node cells from
mice injected with TT. Since helper T cells
proliferate under these conditions, the assays
provided an initial screen for appropriate
peptides. A peptide from an active fraction
was partially sequenced and, on the basis of
the published sequence of TT, a peptide
containing amino acid residues 73 to 99
(TT73-99) was synthesized.

The peptide was tested for cross reactivity
with antisera against TT. Neither mouse nor
human antisera against TT reacted with
TT73-99 (Table 1, experiment 1, and Table
2). These data suggested that TT-specific B
cells reactive with TT73-99 may not have
been sensitized after TT immunization in
either species and, therefore, that this poten-
tial basis for suppression would be absent.
The positive T cell proliferation results in
initial screening studies indicated that
TT73-99 was recognized by helper T cells.
To investigate this, we primed mice with
TT73-99 and challenged them with
(NANP);TT. Such animals produced in-
creased titers of antibody to NANP [anti-
NANP] and antibody to TT (anti-TT) (Ta-
ble 1, experiment 1). The use of BALB/c
mice, which are genetically unresponsive to
NANP at the T cell level (10), and the
absence of antibody cross reactivity between
NANP or TT and TT73-99 indicated that
priming of the helper T cell had occurred.

TT73-99 contained information for car-
rier function and did not cross-react with
antibody against the parent protein. This
peptide should not be susceptible to carrier-
specific, B cell-mediated suppression. We
predicted that this peptide, when linked to a
B cell epitope, would not be susceptible to T
cell-mediated suppression in TT-primed
mice. We tested this prediction by compar-
ing the effect of prior immunization with
TT on the subsequent response to a conju-
gate containing either the entire protein,
(NANP);TT, or a peptide with only a por-
tion of the protein, (NANP),TT73-99.

As expected, TT priming inhibited the
anti-NANP response to (NANP);TT even
though the anti-TT response was elevated in
pretreated mice (epitope-specific suppres-
sion). Not only did TT priming fail to
inhibit the anti-NANP response to
(NANP),TT73-99, it actually resulted in
the enhancement of the anti-NANP re-
sponse after primary and secondary chal-
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