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Translational Control of p27X*' Accumulation
During the Cell Cycle

Ludger Hengst and Steven |. Reed*

Cell cycle phase transitions in eukaryotic cells are driven by regulation of the activity
of protein kinases known as cyclin-dependent kinases (Cdks). A broad spectrum
Cdk-inhibitory activity associated with a 28-kilodalton protein (p28'°') was induced in
cells treated with the drug lovastatin or upon density-mediated growth arrest and was
periodic in the cell cycle, with peak activity in G,. The p28'°k! protein was shown to be
identical to p27XiP!, and the periodic or induced inhibitory activity resulted from a
periodic accumulation of the protein. Variations in the amount of p27 protein occurred,
whereas the abundance of the p27 messenger RNA remained unchanged. In every
instance investigated, the posttranscriptional alteration of p27 protein levels was
achieved in part by a mechanism of translational control, although in density-arrested
fibroblasts and thymidine-arrested Hela cells the half-life of the protein was also

changed.

Cell cycle progression is regulated at sev-
eral irreversible transition points, passage
through which is controlled by the activity
of Cdks (1-3). Progression from G, to S
phase in mammalian cells is regulated by
the accumulation of cyclins D, E, and A,
which bind to and activate different Cdk
catalytic subunits (2). However, cyclin ac-
cumulation and Cdk binding do not consti-
tute the only levels of regulation of Cdk
activity. Cdk activity is also regulated by
both positive and negative phosphorylation
events (3), as well as by association with
inhibitory proteins (4). Two major classes
of Cdk inhibitors have recently been iden-
tified in mammalian cells. Whereas pl15
[plslNK4B,MTSZ (5)], p16 [p16INK4,MTSI (6)],
and pl8 (7) specifically inhibit Cdk4 and
Cdk6 by binding to the Cdk subunit alone,
le [pZICipl,Wafl,Sdil (8, 9)]’ p27 [p27Kip1’
p28'<k1 (10-13)], and p57 [p57Xi®? (14)] can
bind to and inhibit a broad range of Cdk-
cyclin complexes.

We identified a heat-stable Cdk-inhibi-
tory activity that was cell cycle-regulated
and accumulated in lovastatin-arrested
HeLa cells (13). This activity could be at-
tributed to a 28-kD protein, p28'<kl. We
purified the protein from lovastatin-arrested
HeLa cells and isolated the corresponding
complementary DNA (cDNA) on the basis
of peptide sequences obtained (15). Both
peptide and cDNA sequences were identi-
cal to those of the Cdk inhibitor p27¥ir!
(11, 12, 15). The p27¥i! protein is impli-
cated in the negative regulation of G, pro-
gression in response to a number of antipro-
liferative signals (11). For example, studies
in macrophages have linked cyclic AMP-
induced growth arrest to an increase in the
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amount of p27X"®! protein, whereas the drug
rapamycin abrogates a small reduction in
p27 abundance observed after colony-stim-
ulating factor—1 stimulation (16). Likewise,
interleukin-2—induced proliferation of T
cells results in a decrease in the amount of
p27¥®! protein, an effect that can be pre-
vented by addition of the antiproliferative
drug rapamycin (17).

On the basis of our previous observa-
tions, we investigated whether p27 protein
or mRNA levels were induced in response
to lovastatin treatment. HeLa cells treated
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Fig. 1. Posttranscriptional regulation of p27 abun-
dance in lovastatin-arrested cells. Hela cells were
treated with lovastatin, and samples were taken
over the next 60 hours. The cell cycle distribution
in G, S, or G,/M phase was determined by FACS
analysis of BrdU pulse—labeled cells. Protein ex-
tracts from cells at each time point were immuno-
blotted with antibodies to p27 (anti-p27) or cyclin
E (anti-cyclin E) (24). RNA was isolated from the
same samples and hybridized with probes specif-
ic for p27 mRNA or glyceraldehyde phosphate
dehydrogenase mRNA (GAPDH mRNA) (24).
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with lovastatin accumulated increased
amounts of p27 protein over the course of
treatment compared with asynchronous
cells (Fig. 1). In contrast, lovastatin caused
no increase in p27 mRNA relative to asyn-
chronous cells (Fig. 1), suggesting a post-
transcriptional mode of regulation.

To determine whether posttranscrip-
tional control represented a general pattern
of p27 regulation, we analyzed various cell
lines for the regulation of p27 protein lev-
els. Human diploid fibroblasts accumulate
p27 when they exit the cell cycle and enter
a quiescent state as they grow to high den-
sity (10, 13, 17). Therefore, asynchronous
cells were analyzed for p27 mRNA and
protein as they underwent density-mediated
arrest. Whereas the level of p27 mRNA
remained constant during the exit from the
cell cycle and maintenance in a quiescent
state, p27 protein accumulated to large
amounts (Fig. 2), demonstrating that this
accumulation of p27 is also regulated post-
transcriptionally.

HL60 promyelocytic leukemia cells can
be induced to exit the cell cycle and dif-
ferentiate into monocytes by treatment
with 1a,25-dihydroxy vitamin D3 and in-
domethacin (18). Because p27 inhibitory
activity exists in this cell line (13), we
examined whether p27 accumulation was
correlated with cell cycle exit associated
with differentiation. HL60 cells were
monitored for several days as they differ-
entiated and ceased proliferation in re-
sponse to treatment with vitamin D3. Un-
der these conditions, p27 protein accumu-
lated in the absence of growth to high
density (Fig. 3). Thus, p27 may be in-
volved in exit from the cell cycle in con-
junction with differentiation. As in the
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Fig. 2. Posttranscriptional regulation of p27 abun-
dance in growth-arrested fibroblasts. Human dip-
loid fibroblasts were analyzed as they grew into
density-mediated growth arrest. Samples were
taken at daily intervals after replating. Cells at each
time point were analyzed for their distribution in
the cell cycle, amounts of p27 and cyclin E pro-
teins, and p27 mRNAs as described (Fig. 1). Equal
amounts of total protein or mRNA were examined
(24, 25).
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previous instances, the regulation of p27
accumulation was not attributable to tran-
scriptional control, because p27 mRNA
levels remained constant during cell dif-
ferentiation (Fig. 3). Therefore, p27 accu-
mulation appears to be regulated by a post-
transcriptional mechanism in cells that
undergo cell cycle arrest or exit from the
cell cycle.

Inhibitory activity of p27 is periodic in
the cell cycle, with peak activity in G,. To
investigate the cell cycle regulation of in-
hibitory activity, we synchronized Hela
cells and observed their passage from mi-
tosis through G, into S phase. When ly-
sates were analyzed for the abundance of
p27 protein, a periodicity was observed
similar to that of the heat-stable Cdk-
inhibitory activity (Fig. 4A). Cells re-
leased from nocodazole had no detectable
amounts of p27; accumulation of p27 be-
gan as cells progressed into G, and de-
creased as cells entered S phase. To deter-

Table 1. Half-life of p27 in Hela cells and human
diploid fibroblasts. All data were quantitated on
the basis of Phosphorlmager scans.

! - Half-life

Cell line Growth condition (hours)
Hela Asynchronous 2.5
HelLa Lovastatin arrest 2.5
Hela Thymidine block 0.4
HS68 Asynchronous 2
HS68 Contact inhibited >5
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Fig. 3. Induction of p27 in HLEO cells treated with
vitamin D3. Differentiation to monocytes was in-
duced by treatment with 1a,25 dihydroxy vitamin
D3 and indomethacin. Samples were taken at 12-
hour intervals after addition of the differentiation
agent. The distribution of cells in the cell cycle, the
amounts of p27 and cyclin E protein, and the
amounts of p27 and GAPDH mRNA were deter-
mined as described (Fig. 1) (24, 26).
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mine the periodicity of the p27 levels over
the entire cell cycle, we synchronized
HeLa cells with a double thymidine block
and release protocol. When these cells
were released from the final thymidine
block and monitored through S, G,/M
phase, and then through G, to the next S
phase, the amount of p27 decreased from
the release point in S phase and then
increased during the subsequent G, inter-
val, indicating a single peak of accumula-
tion during the G, phase of each cell cycle
(19). Because the amount of protein par-
alleled the inhibitory activity in all in-
stances investigated, protein abundance
rather than protein modification seems to
be the primary mode of regulation of p27
activity. Similarly, analysis of elutriated
HL60 promyelocytic leukemia cells re-
vealed a strong correlation between a G-
specific inhibitory activity (13) and cell
cycle-regulated levels of p27 that peak in
G, (19).

Analysis of mRNA from the nocodazole-
synchronized HeLa cells demonstrated no
fluctuation in p27 mRNA levels (Fig. 4A).
This result demonstrates that the cell cycle
function of p27 is regulated at the level of
protein accumulation by posttranscriptional
mechanisms.

To investigate cell cycle-dependent
periodicity of p27 in a nontransformed cell
line, we synchronized HS68 human dip-
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loid fibroblasts by density-mediated
growth arrest. The released cells were
monitored through the cell cycle; as in
HelLa cells, p27 accumulated in G, (Fig.
4B). Because of imperfect synchronization
(only about 60% of the cells entered G,
synchronously), the wvariation in the
amount of p27 observed should be taken as
an underestimate. The persistent basal
amount of p27 is most likely due to cells
that still remain in G, during the course of
the experiment.

To determine whether p27 protein lev-
els are regulated at the level of turnover or
by translational control, we measured the
rate of **S-methionine and 3*S-cysteine in-
corporation into p27 and the half-life of the
labeled protein. Compared with asynchro-
nous Hela cells, lovastatin-arrested cells
synthesized p27 at an increased rate. The
different rates of translation (three times
more p27 was synthesized during a 1-hour
pulse in lovastatin-arrested cells) appear to
account for the different steady-state
amounts of protein observed under these
conditions, because the half-life of the p27
protein (2.5 hours) was identical for arrest-
ed and asynchronous Hela cells (Fig. 5A
and Table 1). Small differences in the sta-
bility of p27 apparently do not influence
the amount of radioactivity incorporated
into p27, because even when the time of
incorporation was much shorter than the
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Fig. 4. Cell cycle phase—dependent accumu-
lation of p27 in HelLa cells and fibroblasts. (A)
Hela cells were synchronized through use of a
thymidine and nocodazole block and release
protocol (27). Samples were taken every hour

after release from the nocodazole block. The extent of cell cycle synchrony was determined by FACS
analysis. Heat-stable Cdk inhibitory activity was measured with cyclin A-associated kinase as a
substrate as described (73). Protein extracts from each time point were analyzed for the amount of
p27 (anti-p27), cyclins (anti-cyclin E and anti-cyclin A), or Cdks (anti-PSTAIRE) by immunoblotting.
RNA was isolated from the same samples and hybridized with probes specific for p27 mRNA or
GAPDH mRNA (24, 27). (B) Accumulation of p27 during G, in human diploid fibroblasts. HS68 cells
were synchronized in G, by density-mediated growth arrest. Arrested cells were released by plating at
low density and monitored through the cell cycle (28). The fraction of cells in G,, S, or G,/M phase was
determined by FACS analysis of cells exposed briefly to BrdU. Abundance of various proteins was

analyzed as in (A).
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half-life of p27, the same difference in the
amount of labeled p27 was observed. Thus,
a difference in the rate of synthesis is re-
sponsible for the observed different accu-
mulation of p27 protein.

Compared with asynchronous cells,
thymidine-arrested (S phase) cells showed
reduced accumulation of labeled p27 (Fig.
5, A and C). However, the half-life of the
protein was reduced compared with that of
asynchronous or lovastatin-arrested cells
(Fig. 5, A and B, and Table 1). Using two
shorter times of incorporation, 15 and 30
min, we compared the results with the
experiment shown in Fig. 5A. We ob-
served similar differences (over threefold
in every case) in rates of synthesis for
thymidine-arrested cells and asynchronous
cells (Fig. 5C). Therefore, translational
control of p27 synthesis also contributes to

the decrease in p27 levels observed during
thymidine arrest.

To examine whether translational con-
trol is a general mechanism of regulation of
p27 abundance, we also analyzed asynchro-
nously growing and contact-inhibited hu-
man diploid fibroblasts (Fig. 6). An increase
in the rate of p27 translation was detected
in the arrested cells (Fig. 6A), indicating
that an increase in p27 translation is at least
in part responsible for the increase in the
steady-state amount of p27 observed in den-
sity-arrested cells (Fig. 2). In addition, the
half-life of the p27 protein was shown to be
increased in the arrested cells (Fig. 6, A and
B, and Table 1). The importance of trans-
lational control for the induction of p27 in
density-arrested cells was further confirmed
by an experiment (Fig. 6C) in which radio-
active amino acids were present for a time

Fig. 5. Translational control of p27 levels in Hela cells.
(A) Thymidine- or lovastatin-synchronized cells or asyn-
chronous cells were incubated for 1 hour with 35S-methi-
onine and 35S-cysteine (pulse) and subsequently incu-
bated in the presence of an excess of nonradioactive
methionine and cysteine for the additional times indicated
(chase). Cells were lysed, extracts were adjusted for
equal amounts of protein, and p27 was precipitated from
nondenatured protein extracts with polyclonal antibodies
(23). The immunoprecipitates were separated by SDS-
PAGE, and the radioactive p27 was detected by autoflu-
orography. (B) Thymidine-arrested Hela cells were la-
beled for 30 min and chased for the times indicated. p27
was immunoprecipitated from denatured protein extracts
with a polyclonal anti-peptide antibody, the precipitates
were separated, and radioactive p27 was detected by
autoradiography (29). (C) Thymidine (Thym.)- or lovastat-
in (Lova.)-synchronized or asynchronous (Asyn.) Hela
cells were labeled for 15 or 30 min with 35S-methionine
and 35S-cysteine. p27 was immunoprecipitated from
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protein extracts of these cells, separated by SDS-PAGE, and detected by autoradiography (23). Molec-

ular size standards are indicated on the left (in kilodaltons).

Fig. 6. Translational control of p27 levels in human dip-
loid fibroblasts. (A) A pulse-chase experiment was per-
formed with human diploid fibroblasts (HS68). Contact-
inhibited cells or asynchronous cells were pulse-labeled
for 1 hour with 35S-methionine and 3°S-cysteine (pulse)
and subsequently incubated in the presence of an excess
of nonradioactive methionine and cysteine for the addi-
tional times indicated (chase). Cells were lysed, extracts
were adjusted for equal cpm, and p27 was immunopre-
cipitated with a polyclonal anti-peptide antibody. The im-
munoprecipitates were separated by SDS-PAGE, and
p27 was detected by autofluorography (30). (B) Asyn-
chronously growing HS68 cells were labeled for 90 min
and incubated in the presence of nonradioactive methi-
onine and cysteine for 0, 1, 2, or 5 hours. p27 was
precipitated from protein extracts of these cells and an-
alyzed by SDS-PAGE and autoradiography (37). (C) Con-
tact-inhibited or asynchronous cells were labeled with
35G-methionine and 3°S-cysteine for 30 min, protein ex-
tracts of the cells were denatured by boiling, and p27 and
p21 were immunoprecipitated with antibodies generated
against a conserved peptide sequence of these inhibitor
proteins. The precipitates were separated, and p27 and
p21 (lower band) were detected by autofluorography
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(30 min) much shorter than the half-life of
the protein in asynchronous cells (2 hours)
(Fig. 6B and Table 1). Thus, in density-
arrested fibroblasts, the abundance of p27 is
regulated both at the level of translation
and turnover.

Ubiquitin-regulated degradation of p27
contributes to regulation of the amount of
p27 in serum-starved fibroblasts (20). Our
results indicate that translational control
is in part or predominantly responsible for
the regulation of p27 abundance under
various conditions. A rapid increase in
translation of p27 may be essential for
negdtive regulation of G, progression in
response to antiproliferative signals. Al-
ternatively, regulation of the half-life of
the protein could be important for main-
taining the arrested state.
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Hela cells were grown to 3 X 105 cells/ml and ar-
rested with thymidine (2 mM) or lovastatin (40 M) for
24 hours. Cells (5 X 107) were collected by centrifu-
gation, washed in phosphate-buffered saline (PBS),
and resuspended in 50 ml of Dulbecco’s modified
Eagle’s medium (DMEM) without methionine and
cysteine (ICN) and with thymidine, lovastatin, or no
drug. Tran®5S label (1 mGi; ICN) was added, and the
cells were pulse-labeled for 60 min. After the pulse,
methionine and cysteine were added to final concen-
trations of 100 or 150 mg/liter. At the time points
shown, samples of cells were collected by centrifu-
gation, washed in PBS, and lysed in RIPA buffer [in
PBS: 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, phenylmethylsulfonyl fluoride (PMSF; 0.1 mg/
ml), aprotinin (30 pl/ml; Sigma), and 0.1 mM sodium
orthovanadate]. Protein concentrations were deter-
mined by absorbance at 280 nm, and equal amounts
of protein extracts were used for p27 immunopre-
cipitation with an antibody to p27, generated against
amino acids 181 to 198 of p27 [p27-C19 (Santa Cruz
Biotechnology, Santa Cruz, CA), suitable for immu-
nodepletion of the nondenatured protein]. Immune
complexes were collected on protein A-Sepharose
beads and washed five times in RIPA buffer and
once in RIPA buffer containing methionine and cys-
teine (each at 1 mg/ml). The immunoprecipitates
were separated by SDS-PAGE, treated with Amplify
(Amersham), and used for autofluorography. For
pulse-labeling experiments, increased amounts of
cells (3.5 X 107 cells/10 ml) and radioactivity (1.5
mCi/10 ml) were used, and cells were starved for 60
min in medium lacking methionine and cysteine be-
fore labeling.

HelLa cells were grown in suspension culture at
densities of 2 X 105 to 6 X 105 cells/ml in DMEM
supplemented with newborn calf serum (10%).
Asynchronous growing cells were arrested in G, by
treatment with 66 uM lovastatin for 33 hours as
described [K. Keyomarsi, L. Sandoval, V. Band, A.
B. Pardee, Cancer Res. 51, 3602 (1991)]. For flu-
orescence-activated cell sorting (FACS) analyses,
5-ml samples were labeled for 15 min with bro-
modeoxyuridine (BrdU; 30 wg/ml). The distribution
of the cells in the cell cycle was determined with
monoclonal antibodies to BrdU (anti-BrdU) and
staining with propidium iodide (Becton Dickinson)
according to the manufacturer’s directions. Pro-
teins and RNA were isolated with the Tri Reagent
system (Molecular Research Center). Immunoblots of
cyclins, Cdks, and p27 were performed with poly-
clonal (anti-p27 and anti-cyclin A) or monoclonal an-
tibodies (anti-cyclin E and anti-PSTAIRE) as de-
scribed (22). Antibodies to p27 were generated
against a peptide sequence (CRNLFGPVDHEEL-
TRDLE) (27) from the p27 protein, and antibodies
affinity-purified against the immunogenic peptide
were used. Polyclonal antibodies to p21 were gener-
ated with the full-length protein as antigen. RNA was
separated through 1% agarose gels, transferred to
Nytran plus membrane (Schleicher & Schuell), and
hybridized at 65°C in 1 M NaCl, 10% dextran sulfate,
1% SDS, and salmon testis DNA (100 pg/ml).
Asynchronously growing human newborn foreskin
fibroblasts (HS68) cells were diluted 1:3, seeded in
DMEM supplemented with fetal bovine serum (FBS;
10%) at 20% confluency, and grown into contact
inhibition. For FACS analyses, cells on one plate
were labeled for 30 min with BrdU (30 wg/ml).
HL60 human promyelocytic leukemia cells were grown
in RPMI 1640 medium supplemented with 20% heat-
inactivated FBS. Differentiation to monocytes was in-
duced by adding 1a, 25-dihydroxy vitamin D3 (Biomol;
10~7 Mfinal concentration) and indomethacin (Biomol;
18.75 pg/ml final concentration).

Hela cells were grown in suspension culture at
densities of 2 X 10% to 6 X 10° cells/ml in DMEM
supplemented with newborn calf serum (10%).
Cells were synchronized by a thymidine and no-
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28.

29.

30.

codazole block release protocol with 2 mM thymi-
dine for 19 hours, released for 3 hours, and treated
with nocodazole (75 ng/ml) for 12 hours. Samples
of the synchronized cells were harvested every
hour after release from the nocodazole block, and
the percentage of cells in different phases of the
cell cycle was determined by FACS analysis as
described (73).

HS68 human diploid fibroblasts were grown to con-
fluency and incubated for three additional days in
DMEM growth medium, supplemented with 10%
heat-inactivated FBS. Cells were trypsinized and
seeded in a dilution of 1:5. Samples were taken at
3-hour intervals after release from the contact inhibi-
tion. For FACS analyses, samples were labeled for
15 min with BrdU (30 wg/ml).

Hela cells were incubated in 2 mM thymidine for 22
hours. For each time point, a 10-ml cell suspension
was incubated in DMEM without methionine and cys-
teine (ICN) at 6 X 108 cells/ml for 30 min. After addi-
tion of 1.8 mCi Tran33S label (ICN) per sample (10 ml),
cells were labeled for 30 min and incubated for 0, 15,
30, 60, or 120 min in the presence of methionine (100
mg/liter) and cysteine (150 mg/liter). Cells were col-
lected by centrifugation, washed in PBS, and lysed in
RIPA buffer (in PBS: 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, PMSF (0.1 mg/ml), aprotinin (30
wi/ml; Sigma), and 0.1 mM sodium orthovanadate).
Protein concentrations were determined by absor-
bance at 280 nm, and samples were adjusted for
equal protein amounts. Proteins were denatured by
bailing at 100°C for 5 min. p27 was precipitated with
a polyclonal antibody to p27 (C19) (23). Immune
complexes were collected on protein A-Sepharose
beads and washed seven times in RIPA buffer and
once in RIPA buffer containing methionine and cys-
teine (each at 1 mg/ml). The immunoprecipitates
were separated by SDS-PAGE and used for autoflu-
orography.

HS68 human diploid fibroblasts were grown to con-
tact inhibition and used after 6 days of density-me-
diated growth arrest. Asynchronous cells were
grown to <30% confluency on plates. Labeling was

31.

32.

33.

done as described (23). Labeled cells were washed
with PBS, scraped in RIPA buffer, extracts were nor-
malized for equal counts per minute (cpm), and p27
immunoprecipitated as described (23).

HS68 human diploid fibroblasts were labeled 4 days
after density-mediated growth arrest. Asynchronous
cells were grown to <30% confluency on plates.
Pulse-chase labeling was done as described (23).
The labeled cells were washed with PBS,
trypsinized, and washed several times with ice-cold
PBS. Cells were lysed in RIPA buffer, the extracts
were normalized for equal cpm, and p27 immuno-
precipitated as described (23).

Contact-inhibited HS68 human diploid fibroblasts
were labeled 3 days after density-mediated growth
arrest cells. Asynchronous cells were grown to
45% confluency on plates. Cells were labeled for
30 min with 350 nCi of Tran35S label in 10 ml of
DMEM without methionine and cysteine (ICN) (per
plate). Cells were washed in ice-cold PBS and
scraped in PBS containing 1% NP-40 and PMSF
(0.1 mg/ml), aprotinin (30 wl/ml; Sigma), and 0.1
mM sodium orthovanadate. The extracts were nor-
malized for equal cpm and boiled for 10 min. The
heat-stable supernatant containing almost all p27
protein was adjusted to 0.5% sodium deoxy-
cholate and 0.1% SDS. The p27 protein was pre-
cipitated with affinity-purified antibody generated
against a p27 peptide sequence (24). The second
antibody cross-reacts with the p21 protein. Immu-
noprecipitates were washed once in RIPA and
three times in PBS containing 1% NP-40, separated
by SDS-PAGE, and analyzed by autofluorography.
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Altered Sensory Processing in the
Somatosensory Cortex of the
Mouse Mutant Barrelless

E. Welker,” M. Armstrong-James, G. Bronchti, W. Ourednik,
F. Gheorghita-Baechler, R. Dubois, D. L. Guernsey,
H. Van der Loos, P. E. Neumann

Mice homozygous for the barrelless (brl) mutation, mapped here to chromosome 11, lack
barrel-shaped arrays of cell clusters termed “‘barrels” in the primary somatosensory
cortex. Deoxyglucose uptake demonstrated that the topology of the cortical whisker
representation is nevertheless preserved. Anterograde tracers revealed a lack of spatial
segregation of thalamic afferents into individual barrel territories, and single-cell record-
ings demonstrated a lack of temporal discrimination of center from surround information.
Thus, structural segregation of thalamic inputs is not essential to generate topological
order in the somatosensory cortex, but it is required for discrete spatiotemporal relay of
sensory information to the cortex.

Segregation in the processing of peripheral
information is a common principle in the
organization of sensory cortical areas. This
principle was first demonstrated in the pri-
mary visual cortex of cats and monkeys, in
which segregation of thalamocortical axons
forms the anatomic basis for ocular domi-
nance columns (I). In rodents, the pattern
of mystacial whisker follicles is replicated in
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layer IV of the primary somatosensory cor-
tex (SI) by an array of cell clusters named
“barrels” (2). Each barrel is activated by an
individual whisker, the “center” whisker,
through fast thalamocortical relay, but it
also integrates information from neighbor-
ing whiskers (3) through slower intracorti-
cal circuitry (4). The one-to-one correspon-
dence between whisker follicles and their



