Although the specific locations used in these tests varied between subjects,
3—6 of the same questions on each test were administered to E.P. and at least
four of the five controls. In addition, the ‘familiar navigation’ and ‘novel
navigation’ tasks were matched across subjects with respect to the distance
travelled (mean, 3.0 and 3.3 miles, respectively) and the number of turns
needed (mean, 3.0 and 2.7 turns, respectively) to reach each destination. The
routes that subjects reported in the verbal navigation tasks were scored as
correct if they incorporated the correct sequence and direction of turns
necessary to reach the destination. All subjects typically reported street names
as they navigated their routes. However, presumably because of his anomia
(Boston Naming Test score, 42; maximum score, 60, mean of four control
subjects, 54.5)7, E.P. omitted street names more frequently than did the control
subjects (0.5 omissions per question compared with 0.3 omissions for controls;
range, 0.1-0.5). Accordingly, we also used another scoring method, which
required both a correct sequence of turns and correct street names. An
independent scorer who was blind to subject identity scored all transcripts
using both scoring criteria. Average inter-scorer reliability across both scoring
criteria was 0.91.

The five verbal navigation questions for current neighbourhoods were
administered in the same way as the ‘familiar navigation’ task. Across subjects,
the questions were similar with respect to the distance travelled and the number
of turns needed to reach location (mean, 6.5 miles and 5.5 turns, respectively).
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A basal ganglia pacemaker
formed by the subthalamic
nucleus and external
globus pallidus

Dietmar Plenz* & Stephen T. Kital

Department of Anatomy and Neurobiology, University of Tennessee,

College of Medicine, Memphis, Tennessee 38163, USA

The subthalamic nucleus of the basal ganglia (STN) is important
for normal movement" as well as in movement disorders®™.
Lesioning® or deep-brain stimulation”® of the STN can alleviate
resting tremor in Parkinson’s disease. The STN’ and its target
nuclei”'® display synchronized oscillatory burst discharge at low
frequencies, some of which correlate with tremor, but the
mechanism underlying this synchronized bursting is unknown.
Here we show that the excitatory STN and inhibitory, external
globus pallidus (GPe) form a feedback system that engages in
synchronized bursting. In mature organotypic cortex—striatum—
STN-GPe cultures, neurons in the STN and GPe spontaneously
produce synchronized oscillating bursts at 0.4, 0.8 and 1.8 Hz.
Pallidal lesion abolishes this bursting, whereas cortical lesion
favours bursting at 0.8 Hz. Pallidal bursts, although weaker than
STN bursts, were required for synchronized oscillatory burst
generation by recruitment of subthalmic rebound excitation.
We propose that the STN and GPe constitute a central pacemaker
modulated by striatal inhibition of GPe neurons. This pacemaker
could be responsible for synchronized oscillatory activity in the
normal and pathological basal ganglia.

To test our proposal that the STN and GPe produce synchronized
oscillatory bursts, we developed an in vitro model" in which both
nuclei were co-cultured with the cortex and striatum, their main
extrinsic input sources, to ensure proper maturation. The STN and
GPe were obtained from rats at postnatal day 0-2 and cultured with
frontomedial cortex and dorsolateral striatum. After 38 = 1 days in
vitro (n = 58 cultures), spontaneous single- and multi-unit activi-
ties were recorded from the STN and GPe with one or two
extracellular electrodes.

Spontaneous activity in the STN showed distinctive, stereotypic
periods of oscillatory burst discharge that lasted for 10-15s
(Fig. 1a). Intraburst firing rates reached several hundred spikes
per second, and the bursts oscillated at low frequencies. Between
bursts, STN units were either silent or fired irregularly at low rates.
The burst activity of STN units was phase-locked and synchronized
with other STN and GPe units (Fig. 1b, c), showing that it reflects
population activity across both nuclei. Spontaneous synchronized
bursting occurred regularly every 1-2min and with occasional
shifts in main frequency (Fig. 1d).

Based on correlation analysis and frequency plots using contin-
uous periods of spontaneous spiking (324 = 135s per neuron),
about half of STN (83/181) and a third of GPe units (31/102)
fired in oscillatory bursts with frequencies between 0.1 and 4 Hz
(20 ms time resolution). Similarly, 61% of STN—STN (46/76), 44%
of STN—GPe (33/75), and 23% of GP—GPe (4/17) neuronal pairs
displayed synchronized oscillatory bursts in that frequency range.

The STN-GPe system showed clear preferences for particular
frequencies during synchronized bursts. The relative power spec-
trum analysis revealed two main population frequencies at
for = 0.44Hz and f,, = 0.79 Hz, respectively (Fig. 2a). A third

*Present address: Unit of Neural Network Physiology, Laboratory of Systems Neuroscience, National
Institute of Mental Health, Bldg 36 2D-30, Bethesda, Maryland 20892, USA.
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Figure 1 STN units display periods of oscillatory bursting, synchronized with
other STN and GPe units. a, Oscillatory bursting periods with basic frequencies of
1.7, 0.8 and 0.4Hz. Upper traces: instantaneous firing rates (r = 0.1s). Lower
traces: extracellular STN single-unit activity from different cultures. b, ¢, During
synchronized bursting, STN units show stable phase relationships with other

main frequency was found by plotting f, against the corresponding
total relative power in the f; = Af range for each correlation
function (Fig. 2b). The resulting probability distribution of f,
peaked at the previously obtained frequencies f,, = 0.42 = 0.09
andf,, = 0.82 = 0.11, but also revealed a third dominant frequency
at fo; = 1.87 = 0.21 Hz (gaussian fits, mean * s.d.; Fig. 2c) with an
eight-times smaller relative power than that of f;; and fy,
(0.0029 = 0.0001 vs. 0.022 = 0.001; group threshold, 1.0 Hz). All
main frequencies were found for STN, GPe and type f, correlation
function (Fig. 2b, analysis of variance (ANOVA)). STN neurons
fired in distinct phase-relation to other STN and GPe neurons
during burst firing. Phase-locked bursting was observed at all main
frequencies (Fig. 2d, ANOVA), and phases of minimum and
maximum (@, P .y clustered mainly around (0°, +180°) or
(£180° 0°) (Fig. 2e). These results characterize phase-locked
oscillatory bursting as a synchronized network activity within the
STN-GPe system that stabilizes at three discrete harmonic frequen-
cies during which neurons either burst together or alternate in
bursting.

Although both STN and GPe neurons engage in burst activity, a
quantitative comparison of STN—STN and STN-GPe crosscorre-
lation functions showed that per single burst, STN units produced
four times more spikes above expectation than GPe neurons (Fig. 2f).

The synchronized bursting was mainly confined to the low-
frequency range. Using correlation analysis at higher time resolu-
tion (2ms), oscillatory activity above 4 Hz was found in 12% of
subthalamic (22/181) and 22% of pallidal (23/102) units. These
oscillations were tightly correlated with a unit’s average firing rate
(rgry = 0.956; rcp. = 0.998) and were never found in the cross-
correlation function (STN-STN, 0/73; STN—GPe, 0/76). Most units
with these higher oscillations did not show synchronized oscillatory
burst discharge (41/45). Thus, rhythmic firing at f, > 4 Hz prob-
ably reflected a neuron’s intrinsic repetitive firing and not synchro-
nized population activity.
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100 s

208
STN or GPe units at 0°, close to 0° (b, arrowheads), or 180° (e, arrowheads).
Simultaneous extracellular multi-unit recording with two electrodes. d, Synchro-
nized bursting periods are grouped regularly into longer periods of recurrent
neuronal activity (1-2 min). During periods of synchronized bursting (asterisks),
shifts in intraburst frequencies occasionally occur (brackets).

In vivo, cortical stimulation produces complex sequences of
excitation and inhibition in STN'? and GPe" that also involve the
corticostriatopallidal pathway. To test whether cortical input is
necessary for synchronized bursting, the cortical culture was acutely
isolated by a cut along the corticostriatal border (Fig. 3A). Despite a
more than 50% reduction in spike activity in the STN (Fig. 3D), the
cortical lesion did not abolish synchronized oscillatory bursting
(n = 5 cultures, Fig. 3A—C). However, it centred the f; distribution
at fy, (Fig. 3E), indicating that f;, is the preferred oscillatory state in
the absence of afferent cortical drive. This experiment shows that
synchronized bursting in the STN and GPe system is very robust,
which was further supported by the finding that the average
intraburst interspike interval did not change for STN units follow-
ing cortical lesion (Fig. 3F). Cortical lesion did not change firing
rates in the GPe. As striatal activity could also be important in
synchronized bursting, striatal and cortical inputs were interrupted
by a cut placed at the striatum—STN border. Under these condi-
tions, synchronized bursting was still present (n =2, data not
shown).

In vivo, the main inhibitory input to the STN originates from the
GPe", and the excitatory STN projects back to the GPe'>'°. This
feedback system is crucial for the generation of synchronized bursts.
After projections between the STN and GPe were interrupted by a
cut along the STN—GPe border (n = 4 cultures), the synchronized
bursting was abolished (Fig. 3G, H) and STN unit firing became
regular, as indicated by a more than 70% decrease in the coefficient
of variance (P < 0.005; Fig. 31). Also, the average firing rates of STN
neurons increased slightly (13 + 2 Hz intact vs 16 = 2 Hz lesioned),
and most STN units (13/20) intrinsically oscillated (r = 0.96, f, vs
average firing rate) with no correlation in the crosscorrelation
fucntion (13/13). Within 1h after the lesion, long-lasting and
uncorrelated burst activity built up in the STN (Fig. 3]). Sponta-
neous activity was almost absent in the isolated GPe (data not
shown). These results show that the GPe is crucial for the generation
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Figure 2 Quantitative analysis of synchronized oscillatory bursting inthe STN and
GPe. a, The difference relative power spectrum (RPS) reveals the tendency for
bursting to occur at two main frequencies (fo; = 0.44Hz, f,, = 0.79Hz). Inset:
average RPS from non-oscillatory (black) and oscillatory (red) auto- and cross-
correlation functions (ACF and CCF, respectively). b, Scatter plot of 7y versus
relative power (f, = Af) for each oscillatory correlation function and RPS. ¢, The
probability distribution for f [P(fo)] obtained from b reveals three main population
frequencies atfy, = 0.42 = 0.09, f,, = 0.82 £ 0.11 and f; = 1.87 = 0.21 (gaussian
fit; red lines). Black dotted line indicates P(fy) for non-oscillatory cases (second-

of synchronized bursting and pallidal inputs are primarily respon-
sible for the temporal organization of STN activity, rather than for
the control of average firing rates of STN neurons.

Pharmacological studies support our model. Synchronized firing
was blocked by bath application of the glutamate antagonist 6,7-
dinitroquinoxaline-2,3-dione (DNQX) (n = 3 cultures, n = 7 neu-
rons; Fig. 4a). Furthermore, STN burst activity elicited by local
glutamate application to the STN initiated synchronized oscillatory
bursting (n = 5; Fig. 4b). These results indicate that glutamatergic
burst transmission from the STN to GPe is necessary for synchro-
nized oscillatory bursting.

In addition, synchronized GABA (y-aminobutyric acid) inputs
to the STN, mimicked by local GABA application to the STN,
elicited synchronized bursting that was preceded by a rebound burst
in STN neurons (n = 4, Fig. 4c). This response profile indicates that
synchronized inhibitory pallidal bursts could trigger synchronized
oscillatory bursting by recruiting STN rebound bursts. The essential
requirement of burst transmission between STN and GPe neurons
for generating synchronized oscillatory activity was further sup-
ported by intracellular recordings from STN neurons combined
with extracellular recordings in the GPe. Recordings were per-
formed in cortex—STN—GPe triple cultures to exclude inhibitory
inputs from the striatum. The data showed that pallidal bursts
preceded hyperpolarizing, inhibitory potentials in STN neurons
that were followed by rebound bursts (n = 3; Fig. 4d). These
rebound bursts probably reflected intrinsic membrane properties
of STN neurons, as rebound spiking could also be elicited by
hyperpolarizing current injection into the cell bodies of cultured
STN neurons (12/14; Fig. 4e)'”'*. Finally, in cortex—striatum-STN
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orderexponential decay fit). d, Phase-locked firing between STN and GPe units is
independent of f,. €, Most units fire either synchronously at 0° or antiphasically at
180° with other STN and GPe units as revealed by the scatter plot of (¢min, dmax)-
Dashed lines indicate the expectation under the assumptions of symmetric
burst-pause periods and equal distribution of all possible phases. f, STN units
contribute significantly more spikes above chance (agg95) than GPe units during
one period of synchronized bursting (P < 0.005). Similarly, pauses lack signifi-
cantly more spikes in STN neurons than in GPe neurons (P < 0.05).

cultures without GPe, spontaneous activity in the STN was char-
acterized by long-lasting intermittent bursts (Fig. 4f) similar to
those found in quadruple cultures after 1 h of acute GPe lesion.

The synchronized oscillatory bursting described here in vitro is
very similar to activity patterns seen in vivo in the STN and GPe. In
paralysed'” and anaesthetized rats (M. Bevan, personal commu-
nication), oscillatory burst discharge in the low-frequency range
was found in the STN and GPe. In primates, most GPe neurons fire
in periods of several hundred milliseconds of high-frequency
discharge, interspaced with similarly long-lasting silent periods*~*.
These similarities at the neuronal activity level and the mature
morphology of cortex—striatum—STN-GPe cultures' lead us to
conclude that the synchronized oscillatory bursting described here
captures a major activity pattern observed in vivo.

Our study identifies the STN—GPe system as a central pacemaker
of the basal ganglia and should have far-reaching implications for
basal ganglia function and dysfunction. First, in the culture system,
the GPe was crucial for the temporal organization of STN activity,
and GPe excitation was dictated by the STN. On the other hand,
oscillatory bursts were less often encountered in the GPe than in the
STN, and the burst strength of GPe units was less than that of STN
units. This indicates that a few GPe neurons can have considerable
control over the generation of synchronized oscillatory bursting within
a small range of pallidal activity. As synchronized oscillatory burst
discharge per se does not require cortical or striatal inputs, striatal
inhibition of external pallidal neurons should allow for independent
and very effective afferent control of the STN—GPe pacemaker.

Second, electrophysiological®'®**** and in situ hybridization®
results from animal models of Parkinson’s disease have indicated
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Figure 3 Synchronized oscillatory bursting does not depend on cortical input but
on intact STN-GPe connectivity. A, B, The bursting does not depend on cortical
inputs. Simultaneous recordings from different pairs of units in STN and GPe
before (Aa, Ba) and after (Ab, Bb) cortical lesions. C, Scatter plot of f, and relative
power in the f, = Af band before (pre-lesion, open symbols) and after (post-
lesion, closed symbols) cortical inputs, synchronized bursting occurs predomi-
nantly at f, = 0.8Hz. F, The average intraburst interspike interval histogram for
STN units does not change after cortical lesion. G, Acute pallidal lesion abolishes

that the temporal properties of STN activity>>* and synchroniza-
tion of neuronal activity in STN target nuclei”'® might be important
for basal ganglia dysfunction resulting from striatal dopamine
deficiency. Our results provide a basic mechanism by which syn-
chronized oscillatory activity in the STN—GPe pacemaker could be
linked to dopamine deficiency in the striatum. We suggest that
dopamine, by acting on the ‘indirect’ striatopallidal pathway’,
controls the recruitment of STN and GPe neurons that become
synchronized during pacemaker activity.

Finally, dopamine inputs were not present in the cortex—
striatum—STN—GPe cultures. Thus, our in vitro system might
more closely resemble a dopamine-deficient basal ganglia system
rather than normal in vivo basal ganglia activity. This view is
supported by the finding that dopamine depletion increases burst
activity in the STN****, external pallidum®"*® and basal ganglia
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synchronized bursting in STN. Simultaneous recordings from different pairs of
units before (Ga) and after (Gb) pallidal lesion. H, Scatter plot of f, and relative
power in the f, = Af band before (pre-lesion, open symbols) and after (post-
lesion, closed symbols) pallidal lesion. I, Reduction in coefficient of variance (CV)
of STN firing after acute pallidal lesion. J, Simultaneous recording from STN units
that display non-synchronized, non-oscillatory burst discharge after prolonged
pallidal lesion (>1h). Cx, cortex; CPu, striatum.

output nuclei*"?”’. Nevertheless, the highly synchronized oscillatory
firing might only be the simplest detectable mode of the STN—GPe
pacemaker, given widespread synchronization in both nuclei and
possible entrained activity in STN target nuclei. Under normal
conditions, we would envisage pacemaker activity in multiple STN—
GPe feedback loops that attain dynamic phase relationships with
each other and are individually controlled by striatal inhibition. As
the STN-GPe pacemaker is in the ‘indirect’ pathway of the basal
ganglia®”, the activity in striatal neurons that constitute the
‘indirect’ pathway might be qualitatively different from striatal
activity in the ‘direct’ pathway that has been directly linked to
movement execution’®”. The ‘indirect’ striatopallidal pathway
would control temporal sequences of ‘windows’ through which
activity in the ‘direct’ striatopallidal pathway is integrated by the
output nuclei of the basal ganglia. O
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Figure 4 The mechanism of synchronized oscillatory burst generation in the
STN-GPe pacemaker. a, Synchronized bursting is abolished by bath application
of the glutamate antagonist DNQX. b, Synchronized oscillatory bursting can be
elicited by local glutamate ejection (Glu) to the STN (200 ms,1 mM). Instantaneous
spike frequency plot for a simultaneously recorded STN and GPe unit. Note
antiphasic bursting in STN and GPe (filled and open arrowheads). ¢, Local GABA
application to the STN (200ms, 1mM) stops firing (bracket) and initiates
oscillatory bursting (arrowheads) that is preceded by a rebound burst (arrow).

Methods

Preparation of cultures. From coronal sections of rat brains at postnatal day
0-2 (Sprague-Dawley Harlan), dissected areas containing cortical, striatal,
subthalamic and pallidal tissue were cultured in sequential order using a
modified ‘rollertube’ technique''. The STN and GPe could be clearly identified
in the mature culture during recording.

Electrophysiology. The extracellular solution contained (in mM) 126 NaCl,
0.3 NaH,PO,, 2.5 KCl, 0.3 KH,PO,, 1.6 CaCl,, 1.0 MgCl,, 0.4 MgSO,. 26.2
NaHCO;, and 11 p-glucose, saturated with 95% O, and 5% CO, (artificial
cerebrospinal fluid; ACSF) warmed to 36.5 * 1°C. Extracellular recordings
were obtained with patch electrodes filled with ACSF in current-follower mode,
positioned under visual control. Intracellular recordings were obtained with
sharp microelectrodes (110-150 MQ) containing 2M potassium acetate and
2% neurobiotin (Vector). Signals were recorded in Spike2 (Cambridge Elec-
tronic Design Ltd) and spike discharge was detected off-line using logic
threshold operations or spike-template matching. Extracellular spike ampli-
tudes and waveforms did vary during synchronized bursting (Figs 1, 3). Thus,
to ensure proper single unit isolation, most units were isolated using a
threshold operation and large signal-to-noise ratio (~6-10:1). Our data set
mainly comprised single-unit activity.

Data analysis. Correlation functions were calculated for each unit at 2 and
20ms time resolution (1,024 bins; *1.024s and *10.24s, respectively),
smoothed (Fourier filter, quadratic function, cut off at 10 and 100 Hz), and
normalized to average firing rates with confidence intervals (ot o3, 29.995) based
on Poisson statistics using mean firing rates”. The relative power spectrum
(RPS) was obtained by fast Fourier transformation of correlation functions
(Mathematica) and normalization to the DC component. A single neuron or
pair of neurons were considered oscillatory if the correlation function crossed
at least twice the upper and lower confidence levels of multiple periods
corresponding to the inverse of the main frequency f, = 2Af taken from the
RPS. A peak detection algorithm was used to find the maximum peak in each
RPS that defined the main frequency f,, > 0.08 Hz for each oscillatory and non-
oscillatory correlation function. We obtained the difference population RPS by
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d, During synchronized oscillatory bursting, GPe bursts precede a sequence of
hyperpolarization and rebound burst excitation in STN neurons. e, Cultured STN
neurons show weakly adapting high-frequency discharge, inward rectification
(open arrowhead) and rebound excitation (filled arrowhead) upon steady-state
current injections (inset). Average of 3.8 spikes per rebound response.
f, Spontaneous long-lasting depolarization in STN neurons cultured without
GPe (sharp intracellular recording).

subtracting the average RPS of all non-oscillatory units from that of oscillatory
units. The phases of maximum (¢,,,,) and minimum (¢,y,;,) indicate the time-
to-maximum or time-to-minimum normalized to f;' in crosscorrelation
functions. Relative burst strength was calculated by integrating the area
above or below expectation (oo, ¢t0.995) during the burst oscillation period
f>" around time zero in STN—STN and STN—GPe crosscorrelation functions.
Data are expressed as mean * s.e.m. For statistical analysis, a factorial ANOVA
with a post hoc Student—Newman—Keuls test (Statview) or Mann—Whitney U-
test were used (significance level, P < 0.05). Correlation was estimated by
linear regression analysis.

Pharmacology and anatomical reconstruction. GABA (1 mM), glutamate
(1 mM; all Sigma), and DNQX (RBI) were dissolved in ACSF and either bath-
applied or locally pressure-ejected close to the cell body of the neuron from
which was being recorded. Acute cortical and pallidal lesions were performed
with a micro-scalpel attached to a micromanipulator under visual guidance,
after which new recordings were established. Lesion success was controlled
for by the disappearance of evoked responses in the STN upon cortical
or pallidal stimulation (tungsten stimulation electrode, 50 ws duration,
80—120 WA current amplitude). For each culture, we used parvalbumin
immunohistochemistry'' to verify recording and lesion positions anato-
mically.
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Models of B-cell development in the immune system suggest that
only those immature B cells in the bone marrow that undergo
receptor editing express V(D)J-recombination-activating genes
(RAGs)'. Here we investigate the regulation of RAG expression
in transgenic mice carrying a bacterial artificial chromosome that
encodes a green fluorescent protein reporter instead of RAG2
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(ref. 4). We find that the reporter is expressed in all immature B
cells in the bone marrow and spleen. Endogenous RAG messenger
RNA is expressed in immature B cells in bone marrow and spleen
and decreases by two orders of magnitude as they acquire higher
levels of surface immunoglobulin M (IgM). Once RAG expression
is stopped it is not re-induced during immune responses. Our
findings may help to reconcile a series of apparently contradictory
observations, and suggest a new model for the mechanisms that
regulate allelic exclusion, receptor editing and tolerance.

To investigate the regulation of RAG expression, we produced
transgenic mice that carry bacterial artificial chromosomes (BACs)
modified by homologous recombination to encode a green fluor-
escent protein (GFP) reporter instead of RAG2 (ref. 4) (Fig. 1a).
Three independently derived strains of NG-BAC transgenic mice
were analysed and found to be identical in terms of GFP expression.

To determine whether GFP expression in B cells in NG-BAC
transgenic mice reflects documented patterns of RAG expression,
we examined bone-marrow cells by using multi-parameter flow
cytometry. B220"CD43™ non-B cells and early precursors not
known to express RAGs did not express GFP® (Fig. 1b, G1). In
contrast, a high level of GFP expression was found in B220"CD43"
pro-B cells and a lower level was found in B220°*CD43™ pre-B cells
(Fig. 1b, G2 and G3, and Fig. 1c). Consistent with previous studies
of RAG messenger RNA and protein expression in pre-B cells’, GFP
expression was lower in large B220'°*CD43™ IgM™ pre-B cells than in
small pre-B cells (Fig. 1c). The finding that GFP fluorescence reflects
RAG2 protein expression in small and large pre-B cells indicates that
GFP is appropriately modulated in these cells despite the absence in
GFP of amino-acid sequences that influence RAG2 stability’.
Finally, mature B220"¢"CD43™ B cells that re-circulate through
the bone marrow did not express significant levels of GFP (Fig. 1b,
G4). We conclude that the expression of GFP, like that of RAG2, is
specifically induced in pro-B cells, decreases with the pre-B-cell
transition, varies between large and small pre-B cells, and is turned
off in mature B cells.

Immature B cells can be distinguished from earlier precursors in
the bone marrow and from mature re-circulating bone marrow B
cells because they are Igk "B220"°VHSA"" (ref. 6). We found that all
Igk* and B220"" or HSA™®" bone-marrow B cells are also GFP",
whereas GFP Igk* B cells display a B220"¢" and HSA'*™ phenotype
consistent with mature re-circulating B cells (Fig. 1d). Thus,
immature B cells in the bone marrow uniformly express the
RAG2-GFP reporter but at a lower level than pro- and pre-B cells
(Fig. 1c, d)

To determine whether immature B cells continue to express the
GFP indicator after leaving the bone marrow, we analysed splenic B
cells from NG-BAC transgenic mice. We found that 5-30% of all
B220" cells or 2-12% of all lymphocytes are GFP* (Fig. 2a). Mice
that are 3—4 weeks old, have higher proportions of GFP" B cells than
older mice 6—24 weeks old (not shown). The GFP* B cells in the
spleen are IgM" and either Igk™ or Ig\", so they are not con-
taminating B-cell precursors (Fig. 2a and data not shown). To
determine whether the GFP" B cells in the spleen are transitional
B cells, we analysed spleen cells from NG-BAC transgenic mice
using a combination of anti-B220, -HSA and 493 antibodies®’.
The antigen recognized by the 493 antibody is expressed on
transitional but not mature B cells in the spleen’. Transitional B
cells (B220"°"HSAMe"493%) are uniformly GFP*, whereas all mature
B cells (B220"¢"HSA®"4937) are GFP~ (Fig. 2b, ).

To determine whether GFP expression in immature and transi-
tional B cells correlates with endogenous RAG expression we
assayed for these mRNAs in B cells from non-transgenic mice.
Consistent with our observations in GFP transgenic mice, mature B
cells from wild-type mice do not express RAG1 or RAG2 mRNA or
RAG2 protein (Fig. 3a, b). In contrast, immature B cells from bone
marrow and spleen contain RAG1 and RAG2 but the level of RAG
mRNA in these cells decreases by two orders of magnitude as they
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