
T Cell Receptor-MHC Class I Peptide bound to the clonotype m ~ b  1 ~2 ( 10) and 
to the V 8-specific mAb F23.1 (I 1 ) (Fig. 

Interactions: Affinity, Kinetics, and Specificity IB), conEming that th, m ~ b s  bind to 
distinct sites on the TCR. Similarly, the 

Maripat Corr,* Alfred E. Slanet~, Lisa F. Boyd, Marie T. Jelonek, immobilized DIO TCR specifically bound to 
Sergei Khilko, Basel K. Al-Ramadi, Young Sang Kim,? both the 3D3 clonotype m ~ b  and the Vp8- 

Stephen E. Maher, Alfred L. M. Bothwell, David H. MarguliesS ~:~;:f~kp~ did 
bind to the lB2 

~uAfiLd MHC molecules exposed to var- 
The critical discriminatory event in the activation of T lymphocytes bearing aB T cell ious peptides were passed over the TCR- 
receptors (TCRs) is their interaction with a molecular complex consisting of a peptide coupled biosensor surfaces (Fig. 1, D and E). 
bound to a major histocompatibility complex (MHC)-encoded class I or class II molecule A binding signal above the background was 
on the surface of an antigen-presenting cell. The kinetics of binding were measured of a observed only when the 2~ 
purified TCR to molecular complexes of a purified soluble analog of the murine MHC class TCR was exposed to a mixture of sH-2Ld 
I molecule H-2Ld (sH-2Ld) and a synthetic octamer peptide p2CL in a direct, real-time and the p 2 ~ ~  peptide (Fig. ID). N~ other 
assay based on surface plasmon resonance. The kinetic dissociation rate of the MHC- MHC tested, either or with- 
peptide complex from the TCR was rapid (2.6 X second-', corresponding to a out p 2 ~ ~  or with other peptides, revealed 
half-time for dissociation of appr~ximately 27 seconds), and the kinetic association rate any binding to the solid-phase 2C TCR. 
was 2.1 X lo5  M-' second-'. The equilibrium constant for dissociation was approxi- The conml surface prepared with the ~ 1 0  
mately lo-' M. These values indicate that TCRs must interact with a m~ltivalent array of TCR failed to bind any of these MHC- 
MHC-peptide complexes to trigger T cell signaling. peptide combinations (Fig. 1E). Eight other 

viral and self peptides that bind well to 
sH-2Ld (1 2) failed to generate sH-2Ld-pep- 
tide complexes that could detectably bind 
the 2C TCR (Fig. 1, F and G). Exposure of 

Considerable interest and experimentation TCRs were covalently linked to the dex- sH-2Ld to several other peptides, including 
have been devoted to the quantitative study tran-modified gold surface of an SPR bio- APAAAAAAL (8, 12), failed to generate 
of the interaction of TCRs with MHC- sensor chip and retained reactivity with complexes that bound to the receptor (13). 
peptide complexes, including studies of pu- both receptor-specific (anti-clonotypic) Although 2C TCR transgenic animals ex- 
rified MHC molecules (1-3) or TCRs (4). monoclonal antibodies (mAbs) and vari- pressing H-2Kb exhibited positive selection 
We used engineered analogs of TCR and able region (Vp)-specific and constant re- and increased the number of cells express- 
MHC class I molecules and synthetic pep  gion (C )-specific mAbs. The immobilized ing this TCR (14), we could not detect 
tides to examine peptidedependent bind- 2C af3 ?'CR showed little binding to the binding of sH-2Kb (a preparation known to 
ing of MHC to TCRs using only purified control mAb 3D3 (9) but sequentially be largely complexed to self peptides, but 
components with surface plasmon reso- 
nance (SPR). SPR detection allows the 
quantitative real-time measurement of Fig. 1. Expression and binding speci- 
binding interactions between immobilized ficity of chimeric purified TCRs (3143). 
and solution-phase ligands without radiola- (A) SDS-PAGE analysis of purified sH- 
beling or biochemical tagging (5). We used 2Ld (MHC) and of purified 2C TCR 
an sH-2Ld ,-lass I molecule (secreted in (TCR). The sH-2Ld was WImined on a 

20% polyaclylarnide gel and stained biologically active form by L cell transfec- with Coomassie blue; TCR was exam- t a m )  that was purified by immunoadsor- ined with (r) and without (nr) prior re- 
bent chromatography (Fig- lA). To study duction in SDS-PAGE (12.5% gel was 
the interaction of an afl TCR with an silver-stained). Molecular size makers 
MHC-peptide complex, we used two TCRs are in kilodaltons; p,~, p,-microg~obu- 
engineered for cell surface expression by lin. Kinetic binding curves (sensor- 
means of a phosphatidylinositol linkage in a grams) of antibodies binding to 2C TCR 400 

transfected T cell thymoma (6) (Fig. 1A). (B) or Dl  OTCR (C) are also shown* as 5 O 

One of these TCRs, 2C, derived from a are sensorgrams Of the indicated f 
cytolytic T cell ,-lone originally identified MHC-PPfide complexes binding to bi- 

osensor surfaces coupled with 2C TCR 1 nnn 
for its alloreactivity against H-2Ld, is spe- or D1O TCR (q. 
cific for H-2Ld complexed to a self peptide, ,,s are expressed as resonance 
pZCL (LSPFPFDL) (79 8). The purified units (RU) as a function of time. (F) The 

equilibrium binding value at the i nd i t -  
CW, L. F. Boyd, M. T. S. Khilko, D. H. ed peptide concentrations of sH-2Ld 7 Margulies, Molecular Biology Section, Laboratory of Im- 

munology, National InstituteofAlkrgyand InfecUousDii- P~~~ (LspFpFDL) ' 3 1 
eases, NIH, Bethesda, MD 20892, USA. (filled circles) or with each of the follow- 6 
A. E. Slanetz, 6. K. Al-Ramadi, Y. S. Kim, S. E. Maher, A. ing peptides: pMCMV (YPHFMPTNL); 2 0 
L. M. Bothwell, Section of lmmunobiology and Depart- p23 (APLEANYQAF); p30 (APQK,GG- 

- 
merit Of BiOh'@ Yale New Haven@ CT FLM); or p29 (YPNVNIHNF) (all as filled 1 10 1 10 100 loo0 

06520, USA. Peptld tlon (pM) squares). (0) Data as in (F) for p2CL 
'Present address: Depment of Medicine, University of (filled circles) and p27 (APQPNLYQL); p25B (APQRGRENF); pLCMV (RPQASGWM); 
Caliomh at San Diio, San Diego, CA 92093, USA. 

wment of Biochemistry, Cdlege (APQPGMENF) (filled squares) (8). The arrows in (B), (C), (D), and (E) show the injection of the indicated 
ofNaturalSciences, ChungMmNationalUniversity, analytes. The first arrow in (D) and (E) indicates the initiation of the injection of the MHC-peptide 
pn, Republic of Korea. complexes; the second indicates the beginning of the buffer washout. All measurements were made at 
$To h o r n  comeqmdence should be addressed. 25°C. 
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with a proportion of active peptide binding 
sites) or of S H - ~ K ~ - ~ ~ C L  complexes to the 
2C TCR. Thus, either the &nity of the 
H-2Kb-peptide complex for the TCR was 
beyond the limit of detection in our assay 
system or positive selection of the 2C TCR 
mediated by H-2Kb requires a peptide other 
than p2CL in transgenic mice. 

Once the peptide and MHC specificity 
of the binding to the immobilized TCR 
were established, we evaluated the dose de- 
pendence of the binding (Fig. 2). Binding 
curves of the interaction of S H - ~ L ~ - ~ ~ C L  
complexes with the TCR, at constant sH- 
2Ld concentration (10 pglml, 0.17 pM) 
and titrated concentrations of the peptides 
revealed that the dose was dependent on 
peptide concentration with a half-maximal 
binding at a peptide concentration of 0.51 
2 0.064 pM (Fig. 2, A and B); this indi- 
cates that half of the active sH-2Ld mole- 
cules formed a complex with p2CL at a 
concentration consistent with the indepen- 
dently measured affinity of the binding of 
p2CL with sH-2Ld (15). In the presence of 
an excess of p2CL (250 pM), binding was 

dependent on the concentration of sH-2Ld, 
with half-maximal binding at a concentra- 
tion of sH-2Ld of 0.047 2 0.0053 pM (Fig. 
2, C and D). The proportion of available 
peptide binding sites in this sH-2Ld prepa- 
ration was determined to be 40% (16). Un- 
der conditions of peptide excess, all avail- 
able peptide binding sites on sH-2Ld were 
occupied; therefore, the half-maximal value 
serves to indicate the dissociation constant 
for the interaction of the MHC-peptide 
complexes with the immobilized TCR. The 
specificity of the interaction between the 
solid-phase purified 2C TCR and the pre- 
formed S H - ~ L ~ - ~ ~ C L  complexes was con- 
firmed by addition of the purified TCR in 
solution, which blocked the binding of the 
MHC-peptide complexes (Fig. 2E). To 
evaluate the possibility that free peptide 
might affect the binding of MHC-peptide 
complexes to the solid-phase TCR, we 
formed S H - ~ L ~ - ~ ~ C L  complexes and then 
isolated them free of excess peptide. Such 
repurified complexes gave identical binding 
curves ( 1 7). 

Kinetic parameters that govern the in- 
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Fig. 2. Binding of sH- 
2Ld-p2CL complexes to. 
immobilized 2C TCR 
(34). Kinetic binding 
curves were collected at 
a constant concentra- 
tion of active sH-2Ld (A 
and 6) (10 pg/ml, 0.17 
pM) or at a constant 

concentration of p2CL (250 pM) (C and D), and the equilibrium values for binding were plotted as a 
function of concentration (B and D). (E) Competition of binding of sH-2Ld with soluble 2C TCR. The first 
arrow in (A) and (C) indicates the initiation of the injection of the solution-phase ligand; the second 
indicates the beginning of the buffer washout. 

Fig. 3. Curve fitting of 
association (A and C) 
and dissociation (6 and 
D) phases of binding 
curves to single (A and 
B) and double (C and D) 
exponential expressions 
(35 1. 
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teraction of the MHC-peptide complexes 
with the TCR were evaluated. The data for 
the association phase were fit to a single 
exponential expression descriptive of a clas- 
sical two-component binding reaction (Fig. 
3A). These fits were acceptable, but the 
residuals (that is, the differences between 
the experimental data and the calculated 
curves) suggested that the single exponen- 
tial description of the association phase was 
not complete. A double exponential expres- 
sion, describing two simultaneous binding 
reactions (18), was also fit to the association 
phase data (Fig. 3C), and the plotted resid- 
uals indicated that these curves fit the data 
more closely. The association phase data of 
the rapid component were evaluated for the 
concentration dependence of the apparent 
constant and provided an association rate 
constant, k,,, of 2.1 x lo5 M-' s-' (Table 
1). We also analyzed the dissociation phase 
data by curve fitting to both single and 
double first-order exponential expressions 
(Fig. 3, B and D, and Table 1). The data fit 
well to a single exponential expression with 
minimal improvement by the addition of a 
second term. The measured dissociation 
rate constant (kof) was 2.6 x lop2 s-', a 
value corresponding to a half-time (t,,) of 
approximately 27 s. 

This analysis permitted evaluation of the 
binding of MHC-peptide complexes to a 
cognate peptide-dependent, allospecific 
TCR by both equilibrium and kinetic mea- 
sures. Equilibrium values lead to a dissocia- 
tion constant (Kd) value of 4.7 X lo-' M 
(Fig. 2). Kinetic analysis (Fig. 3 and Table 
1) revealed a moderate to rapid association 
rate (2.1 x lo5 M-' s-' ) and very rapid 
dissociation rate (2.6 x lop2 s-'), leading 
to a calculated value of Kd (ko,/ko,) of 1.2 x 

M, which is internally consistent with 
the values obtained from the equilibrium 
data. The value for kon approaches that 
observed for interactions between protein 
antigens and antibodies [-lo6 to lo7 M-' 
s-' (15)] and is considerably faster than 
those values observed for interactions be- 
tween peptides and MHC molecules [-lo0 
to lo4 M-' s-' (19-21)]. The rapid disso- 
ciation of the S H - Z L ~ - ~ ~ C L  peptide complex 
from the 2C TCR contrasts with the slow 
dissociation rates of peptides from either class 
I or class I1 MHC molecules [characterized by 
tli2 = 1 to >I00 hours (22, 23)] and is faster 
than the dissociation of antibody-protein-an- 
tigen interactions of moderate affinity [tlI2 = 
minutes to hours (1 9)]. 

Soluble H-2Kb inhibits the apparently 
low-affinity interaction of cells expressing 
the H-2Kb mutation H-2Kbm10 with an 
H-2Kb-restricted allospecific T cell hybrid- 
oma (2). The affinity of the H-2Kb-TCR 
interaction is approximately M and 
may be considered to be as high as -lop7 
M on the assumption that 1% of the H-2Kb 
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Table 1. Kinetic association and dissociation rates of the sH-2Ld-p2CL interaction with immobilized 2C 
TCR. Data points for the association and dissociation phases of the four binding experiments done at the 
higher concentrations of Fig. 3 were analyzed by curve fitting to both single (k,,,, k,,, and k,,) and double 
(k,,,fast, k,,fast, and ko,+low) exponential expressions as suggested (78). Association and dissociation 
phase data for the 401 data points of the first 200 s were fit with the program lgor to the single or double 
exponential equations as described (35). For k,,, and k,,,fast (the observed rate constants), the values 
were plotted as a function of concentration [taking into account the 40% fraction of active molecules (16) 
(Fig. 3)], and the slope of the least squares linear fit of this curve was determined. For the double 
exponential association rate curve fitting, the fast component accounted for 62, 72, 65, and 68% of the 
molecules for the concentrations 0.02, 0.072, 0.23, and 0.67 ELM, respectively. Mean values fork,, and 
k,+low were 0.026 t 0.00050 and 0.020 t 0.0046 s l ,  respectively. Values fork,, were determined by 
curve fitting to the linear regression of the k,,, dependence on concentration. 

Association phase Dissociation phase 
Concentration 

*For all values, SD < 1.6% 

molecules contain appropriate self peptide. time to trigger a TCR-mediated signal. A 
Recognition by an allospecific cytotoxic T decreased effective off rate (a longer t!iz) 
lymphocyte is blocked by nanomolar con- could be achieved by multivalent binding 
centrations of a soluble H-2Kb-immuno- within a small surface area at the interface 
globulin (Ig) chimera, but divalency obvi- 
ates accurate estimation of the affinity of 
the MHC-TCR interaction (3). Purified I- 
Ek-pigeon cytochrome c peptide complexes 
have been used to compete for the binding 
of monovalent lZ5I-labeled fragments (Fab) 
of Vp-specific mAb to an antigen-specific, 
MHC-restricted hybridoma (1 ). The mAb 
was assumed to be a complete antagonist for 
the MHC-peptide binding site, and the af- 
finity of this TCR for the MHC-peptide 
complex was estimated as 4 x lop5  to 6 x 
10-5 M. A monovalent chimeric molecule 
(TCR-I~K) has been used to block the func- 
tional presentation of I-Ed-dependent, an- 
tigen-specific hybridomas and revealed an 
affinity of between 10-5 and 5 X lop6 M 
(4). Because these studies used cell-surface 
TCRs or'MHC as one component of the 
binding reaction, they did not formally 
eliminate contributions of accessory mole- 
cules from the measured parameters. 

Our measurements indicate that the in- 
teraction of the MHC-peptide complex 
with the TCR is a binding reaction more 
like an antibody-antigen reaction than like 
a peptide-MHC one, presumably because 
this is a surface-to-surface interaction in 
which the MHC-bound peptide, folded as 
an intrinsic component of the MHC, binds 
the TCR as a unit. In the absence of addi- 
tional contributions by accessory molecules, 

between the T cell and the antigen-present- 
ine cell and could establish a threshold - 
requiring two or more complexes, depend- 
ing on the particular kinetic characteristics 
of the MHC-TCR interaction. Such multi- 
valent binding might provide the nucleus 
for the recruitment of additional interac- 
tions of accessory molecules, as suggested by 
experiments evaluating the avidity of LFA- 
1-ICAM-1 (leukocyte function-associated 
molecule-intercellular adhesion molecule) 
interactions in resting as compared to acti- 
vated cells (24, 25). Our model places the 
TCR-MHC peptide interaction, rather 
than that of accessory molecules, as the 
critical initial step. This contrasts with an- 
other low-affinity model in which the initial 
interaction is a result of accessory molecules 
(1 ). The biphasic character of the binding 
curves of our real-time kinetics measure- 
ments also suggests that the binding of 
MHC-peptide complexes with immobilized 
TCRs is not a simple interaction but may 
reauire structural readiustment or confor- 
mational changes of the components. 

Note added in broof: After this manu- 
& " 

script was submitted for publication, the 
interaction of H-2Ld-p2CL complexes with 
2C-expressing cytotoxic T lymphocytes was 
reported (36). 
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pFRSV (TCR p-Thy-I) recombinants (6) by blunt 
end ligation. To generate the D l  0 glycosyl-phospha- 
tidylinositol (GPI)-TCR, we replaced the V- of the 
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Eco RI-Nco I fragment. The 2C GPI-TCR a and p 
and the D l 0  GPI-TCR a and P constructs (50 k g  of 
each plasmid) were electroporated into BW5147 
cells, and cells were initially selected in methotrexate 
(MTX) at a concentration of 50 nM. After ampllflca- 
tlon to 500 k M  MTX, the amount of both TCRs on the 
cell surface was 5 X 1 O6 molecules per cell for both 
2C16 cells (2C GPI-TCR) and Ak19 cells (Dl0 GPI- 
TCR) as determined by Scatchard analysis. 

32. Soluble TCRs were purlfied after cleavage from the 
cells by phosphatldyl inositol-phosphol~pase C (PI- 
PLC) by immunoadsorbent chromatography on col- 
umns of clonotypic mAbs 182 (28) for 2C and 3D3 
for D l 0  (9) or wlth the C, mAb H57-597 (29). Ap- 
proximately 2 X lo9  cells, grown elther in Dulbec- 
co's modifled essentlal medlum [supplemented wlth 
500 FM MTX, 10% heat-inact~vated fetal calf serum, 
2 mM I-glutam~ne, nonessent~al amino acids, and 
gentamicin (5 bg/ml)] or in a-minimal essentlal me- 
dium (BioWhittaker, Galthersburg, MD) supplement- 
ed wlth the same addltlves but with 1.3 k M  MTX, 
were harvested by centrifugation, washed once in 
phosphate-buffered sallne (PBS), and resuspended 
In 12 ml of RPMl medlum (BioWhittaker) containing 1 
mM Hepes (pH 7.4), 1 FM sodium pyruvate, and 2 
units of PI-PLC (Slgma) for about 90 min at 37°C with 
frequent adjustment of the pH with 1 M NaHCO,. 
The supernatant was clarified by centrifugation 
(3500 rpm for 10 mln in the Sorvall HB1000 rotor) 
then passed through a 0 . 2 2 - ~ m  fllter and applied to 
immunoadsorbent columns prepared from protein- 
A-purifled mAbs coupled to Affiprep 10 (Bio-Rad). 
After washing with PBS, bound TCR was eluted wlth 
either glyclne HCI (0.1 M, pH 2.7) or potassium phos- 
phate buffer (0.01 M, pH 11.5). Eluted protein was 
immediately neutralized, dialyzed against PBS, and 
concentrated by ultracentrifugation (Centrlcon 10) to 
>I mg/ml. 

33. Protein (either the purlfied 2C or D l 0  TCR) was dl- 
luted to a concentration of 100 kg/ml In 10 mM 
sodium acetate at pH 4.6 and was coupled to the 
dextran-modlfled gold surface of a Sensor Chlp CM5 

(Pharmacla) with standard coupling chemistry wlth 
N-hydroxysucc~nim~de and N-ethyl-N'-(3-dimethyl- 
aminopropy1)-carbodiimide hydrochloride in the 
Pharmacla BlAcore as described (12, 30). Purified 
MHC class I molecules sH-2Ld (consisting of the a1 
and a2 domains of H-2Ld llnked to the a3 and 
COOH-terminus of QIOb), sH-2Kb (a1 and a2 do- 
mains of H-2Kb linked to the a3 domain of H-2Dd 
and the COOH-termlnus of OIOb), and sH-2Dd (a1 , 
a2, and a3 domalns of H-2Dd and the COOH-term 
nus of Q l  Ob) were mlxed with the indicated peptides 
at the indicated concentrations (Fig. I ) ,  dlluted into 
HBST [ I 0  mM Hepes (pH 7.5), 150 mM NaCI, 3.4 
mM EDTA, and 0.05% Tween-201, and injected over 
the 2C-coupled surfaces. Flow rates for the blnding 
and dissociation phases were 5 kl/mln. Binary data 
files were transferred from the BlAcore to a Mac- 
intosh computer and analyzed and plotted with lgor 
(WaveMetrics, Lake Oswego, OR). All sensorgrams 
were normalized to a base line of 0 resonance units 
(RU). For the sensorgrams (Fig. 1, D and E), refractive 
index artifacts were corrected by subtraction of the 
sH-2Dd-p2CL background sensorgram. 

34. A biosensor surface coupled with 2C TCR (Fig. 1) 
was exposed to complexes of sH-2Ld-p2CL at the 
indicated concentrations of p2CL or sH-2Ld. Equilib- 
rium values (taken as resonance units at t = 360 s) 
of the concentration-dependent resonance units 
were fit to the four-parameter equatlon 

Y = {(a - d)/[l + ( ~ / c ) ~ l l  + d 
where a is the minimal RU; b is the slope factor; c is 
the value of x with half-maximal binding; and d is the 
maximal RU wlth the use of KaleIdagraph (Synergy 
Software, Reading, PA). For Flg. 2D, a = 15.5 -C 
44.8; b = 1.2 2 0.15; c = 0.047 2 0.0053; d = 

1857.2 2 73.4; x2 = 6089.7; and the correlation 
coefficient, R, IS 0.99891. Values for the concentra- 
tion of preparations of sH-2Ld are based on the pro- 
tein concentration corrected for the proportion of 
molecules capable of blnding peptide, which was 
est~mated to be 40% in an assay of peptlde-depen- 

Activation of a Cerebellar Output Nucleus 
During Cognitive ~roce-ssing 

S.-G. Kim, K. Ugurbil, P. L. Strick* 

Magnetic resonance imaging was used to examine the involvement of the dentate nucleus 
of the cerebellum in cognitive operations. All seven people examined displayed a large 
bilateral activation in the dentate during their attempts to solve a pegboard puzzle. The 
area activated was three to four times greater than that activated during simple move- 
ments of the pegs. These results provide support for the concept that the computational 
power of 'the cerebellum is applied not only to the control of movement but also to 
cognitive functions. 

T h e  cerebellum is a part of the central 
nervous system and is essential for the prop- 
er control of limb and eye movements (1,  
2). This brain structure consists of a large 
cortex, which processes input, and several 
deep nuclei, which process output. The  lat- 
eral cerebellar cortex and the lateral deep 
nucleus, the dentate, underwent a marked 
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expansion in the course of hominid evolu- 
tion ( 3 ) .  . . 

Evidence for the involvement of the 
cerebellum in aspects of motor learning 
and in the adaptive modification of motor 
output is accumulating ( 2 ,  4). O n  the 
other hand, there has been controversy 
about the participation of the  cerebellum 
in nonmotor, cognitive operations (5-7). 
Leiner e t  al. ( 5 ,  6)  have argued that the 
increase in  the size of the dentate nucleus 
is paralleled by a n  increase in  the size of 
the cortical areas influenced bv cerebellar 
output and, consequently, by a n  expan- 
sion of cerebellar function to include in- 
volvement in  some language and cogni- 

dent epitope induction (12, 76). For the competition 
curve (Flg. 2E), sH-2Ld (500 kg/ml, saturated with 
p2CL) was mixed w~th graded amounts of the 2C 
TCR and injected over the biosensor surface coupled 
wlth the 2C TCR. 

35. Data points for the experiment of Fig. 2C were fit for 
the 401 data points of the first 200 s for the associ- 
ation phase wlth use of the program lgor to the single 
exponential equation 

Bt = 5, - B,, exp(-kObs t )  
where Bt was the amount bound in RU at time t, 
B, was the amount bound at equilibrium, and B,, 
was the maxlmum bound (B,, always was 20.9 
5,). For fittlng to a double exponentlal equation (de- 
scriptive of two simultaneous Independent process- 
es), we used the equation 

B, = B, - [B,,fast exp(-kob,fast t)] 

- [B,,slow exp(-kob,slow t)] 

where fast and slow components were considered. 
The d~ssociation phase was f ~ t  to the single exponen- 
tial expression 

5, = Bo exp(-koff t )  

or to the double exponential expression 

Bt = Btast exp(-kofffast t )  + B,,,, exp(-ko,slow t )  

Residuals, the differences between the fit curve and 
the exper~mental data, are plotted. The larger resid- 
uals were characteristic of the curves wlth higher 
concentrafions of sH-2Ld. 
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tive tasks. Perhaps some of the best sup- 
port for this view comes from the results 
of a positron emission tomography (PET) 
study that showed activation in a n  infe- 
rior and lateral Dart of the cerebellum 
during a rule-based word generation task 
(8, 9). This activation was spatially sep- 
arate from that  found during motor tasks, 
including speech. Other  imaging studies 
have reported activation in the inferior 
lateral cerebellum during silent counting 
and mental imagery (10). 

T h e  activation of the cerebellum ob- 
served in earlier studies reflects changes 
occurring largely, if not  exclusively, in  
the cerebellar cortex. Large modulations " 
in  the input to the cerebellar cortex can 
take plact without leading to observable 
changes in  motor behavior ( I  I ) .  Thus, 
evidence that cerebellar output from the 
deep nuclei participates in  cognitive pro- 
cessing has been lacking. T o  examine this 
issue, we used magnetic resonance imag- 
ing (MRI) to study functional activation 
of the dentate nucleus during a task that 
included a cognitive component. T h e  
greater spatial resolution of MRI (1 2)  rel- 
ative to  other imaging methods allowed us 
to  visualize activity changes i n  the den- 
tate. 

Seven healthy human volunteers par- 
ticipated in  these experiments (1 3). Par- 
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