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Inhibition of Phosphatases and Increased Ca?™
Channel Activity by Inositol Hexakisphosphate

Olof Larsson, Christopher J. Barker, Ake Sjéholm,
Hakan Carlqvist, Robert H. Michell, Alejandro Bertorello,
Thomas Nilsson, Richard E. Honkanen, Georg W. Mayr,

Jean Zwiller, Per-Olof Berggren*

Inositol hexakisphosphate (InsPg), the dominant inositol phosphate in insulin-secreting
pancreatic B cells, inhibited the serine-threonine protein phosphatases type 1, type 2A,
and type 3 in a concentration-dependent manner. The activity of voltage-gated L-type
calcium channels is increased in cells treated with inhibitors of serine-threonine protein
phosphatases. Thus, the increased calcium channel activity obtained in the presence of
InsPg might result from the inhibition of phosphatase activity. Glucose elicited a transient
increase in InsP4 concentration, which indicates that this inositol polyphosphate may
modulate caIC|um influx over the plasma membrane and serve as a signal in the pan-

creatic B cell stimulus-secretion coupling.

Depolarization—induced opening of volt-
age-gated L-type Ca?™ channels results in
an increase in cytoplasmic free Ca’* con-
centration ([Ca?*],) and is one of the main
features of the stimulus-secretion coupling
in insulin-secreting cells (I). Under physi-
ological conditions, depolarization is initi-
ated by rapid uptake and phosphorylation of
glucose, which result in the closure of aden-
osine triphosphate (ATP)-regulated K™
channels. Insulin-secreting cells also have a
number of receptors whose activation regu-
lates the intracellular concentration of ino-
sitol polyphosphates (2). Although a large
number of inositol polyphosphates have
been identified in eukaryotic cells (3), ex-
cept for the inositol 1,4,5-trisphosphate—
induced mobilization of Ca?* from intracel-
lular stores, little is known about their roles
in cell regulation. Protein phosphorylation
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modulates the activity of voltage-sensitive
ion channels (4), and in insulin-secreting
cells, the activity of voltage-gated L-type
Ca?* channels is increased by inhibition of
serine-threonine  protein  phosphatases
(PPases) (5, 6).

We examined the inositol phosphates
present in insulin-secreting cells after label-
ing them for 168 hours with [2->H]myo-
inositol (Fig. 1), when all inositol phos-
phates are at isotopic equilibrium (7, 8).
InsP was the dominant inositol phosphate
in hamster insulin-secreting (HIT) cells, as
it is in other mammalian cells (9). An
inositol-containing compound that is more
polar than InsP,, most likely a pyrophos-
phate derivative (9), was also present. En-
zyme assays and immunoblots of cell ho-
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mogenates showed that the cells contained
serine-threonine PPases that were inhibited
by okadaic acid (OA), microcystin-LR, ca-
lyculin-A, and nodularin (10). Inhibition of
the serine-threonine PPases type 1 (PP1),
type 2 (PP2A), and type 3 (PP3) in insulin-
secreting cells, which may enhance phos-
phorylation of the voltage-gated L-type
Ca?* channel or an associated protein, re-
sults in an increase in channel open prob-
ability, [Ca?*],, and insulin release (5, 6).
InsPy, at concentrations similar to those
present in insulin-secreting cells (40 to 54
wM) (11), suppressed the activities of PP1,
PP2A, and PP3 in a concentration-depen-
dent manner, with inhibition constant K,
values at or below ~10 pM (Fig. 2A and
Table 1) (12). The inhibitory effects of
InsP; on PPase activities were similar to
those of OA (13). Two isomers of inositol
pentakisphosphate (InsPs), Ins(1,3,4,5,6)P
and Ins(1,2,3,4,6)P5, were one-half to one-
fifth as potent, depending on the particular
combination of InsPs and PPase (Fig. 2, C
and D). Ins(1,2,3,4,6)P;, like InsP, in-
cludes a 1,2,3-trisphosphate array that binds
Fe3* and probably other cations (14). How-
ever, the fact that Ins(1,2,3,4,6)P5 has a
lower potency than InsP, indicates that this
type of chelation is not the primary mech-
anism in PPase inhibition (15). Whereas
PP3 was the most selective for InsPg, PP1
was the least selective, and PP2A fell in
between (Table 1). However, neither the
dominant inositol tetraphosphate (InsP,)
in these cells, Ins(3,4,5,6)P,, nor the other
major InsP,, Ins(1,3,4,5)P,, had any inhib-
itory effect up to 100 uM (16). The fact
that removal of one or two of the six phos-
phate groups from InsP, either reduced or
abolished these effects indicates that PPase
inhibition by InsPy is specific and is not
simply an effect of a concentrated array of
monoester phosphate groups. Inositol hexa-
sulfate (InsS¢), which presents a charge ar-
ray similar to that of InsPg, was about one-
fourteenth as potent an inhibitor of PP2ZA
and PP3 (Fig. 2B and Table 1). InsPy is

Table 1. K, values of various inositol polyphosphates for the inhibition of the three serine-treonine
PPases. The values for K, and SEM were obtained by analysis of the data by nonlinear regression, fitting
the data to sigmoidal dose-response curves generated by software (Prism; GraphPAD, San Diego,
California). Values were obtained by one-way ANOVA with P values corrected for multiple comparisons
by the Bonferroni method (Instat). Significant differences between the K; values of InsPg and other
inositol derivatives for each PPase are shown (*P < 0.05, *P < 0.01, and **P < 0.001). ND, not

determined.
Ki(uM) = SEM
Inositol
derivative PPase 1 PPase 2A PPase 3
(n=4 (n=196) (n=186)
InsPy 13.40 = 1.27 8.54 = 1.11 3.85+1.02
Ins(1,3,4,5,6)P, 6.47 = 1.50* 12.69 = 1.28 1856 *=1.18%
Ins(1,2,3,4,6)Pg ND 40.5 =110 216 *= 176"
INsSg 29.9 =+ 1.87* 116 + 1.02%** 55.0 + 125"
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more abundant than any of the InsP; iso-
mers in B cells and is thus the only inositol
polyphosphate that is likely to affect the
activities of the PPases in vivo. InsPg also
inhibited PPase activity in a cell homoge-
nate, although slightly less potently (K, ~
20 pM) (Fig. 2E). This inhibition indicates
that the inhibitory effect of InsPg on the
catalytic subunits is maintained on serine-
threonine phosphatase complexes present
in insulin-secreting cells. The lower poten-
cy may reflect the presence in the cell
homogenates of multiple proteins that bind
InsP, (17-20).

We measured the effects of InsPg on
whole cell Ca?* currents in insulin-secret-
ing cells (Fig. 3) (21). The cells were
depolarized to 0 mV, from a holding po-
tential of —80 mV, every 20 s. The Ca?™
current (I-,) increased severalfold when
10 pM InsPg was included in the pipette
solution (Fig. 3A). The stimulatory effect
of InsP on Ca’* channel activity varied
between passages as well as between vari-
ous batches of cells, perhaps reflecting
cellular variability in basal PPase activity.
Typically, in a batch of responding cells,
I, increased in about 30% of the cells,
with the InsPs-induced increase observed
at the second or third depolarizing pulse
(that is, after 40 to 60 s) after establish-
ment of the whole cell configuration. In
traces, averaged from 30 of the responding
cells, InsP, both increased peak current
and reduced the rate of inactivation of the
I, (Fig. 3B). The effect of InsP4 on peak
I, was about three times as pronounced as
that previously evoked by OA, when sim-
ilar cells and experimental protocol were
applied (5). Inclusion of InsP; in the pi-
pette did not change the pattern of the
current-voltage relation (Fig. 4A).

Insulin-secreting cells contain various
types of voltage-gated Ca®* channels, but
the L and T types are dominant (22). The

€4000‘ Ins(1,3,4,5,6)P5 eFe
Q.
T
~; l Minor
Z InsP,
£ 2000} pnep, 5 PP-InsPg
8 /
o
s i
¢
0 ey RV y T4
a 30 35 40
Time (min)

Fig. 1. Profile of inositol phosphates present in
insulin-secreting cells. Cells were labeled for 168
hours with [2-3H]myo-inositol (2 wCi/ml), result-
ing in isotopic equilibrium for all inositol phos-
phates (7), and inositol phosphates were ex-
tracted and separated by HPLC (8). The profile
shown is representative of three experiments
that were performed.
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current induced by exposure of cells to
InsP, was typical of the L-type Ca?* chan-
nel, with slow inactivation properties. Be-
cause 20 uM Cd?* blocks only L-type
Ca?" channels (23) and abolished the
stimulatory effect of InsP, on whole cell
Ca’* currents (Fig. 3Dii), the T-type
Ca?* channel appears not to be involved.
The stimulatory effect was maintained for
at least 10 min in the presence of InsPg

(24). The effect of Ins(1,3,4,5,6)Ps and
Ins(1,2,3,4,6)P5 on Ca?" channel activity
reflected the K, values of these inositol
polyphosphates on PPase activity, in that
a higher concentration of InsP, (50 pM)
than of InsP, was needed to promote Ca**
channel activity (Fig. 4, B and C). The
InsPs isomers did not alter the rate of
inactivation of the Ca?* channels, and
there was no difference in effects of the

A B
5100 5 100 3
g,; 60 §,§ 60 §_§
gg 0 gz gz
gg 20 g5 20 g
g o 2o g —
-8 -7 -6 -5 -4 -3 -8 -7 -6 -5 -4 -3 8 -7 -6 -5 -4 -3
log [InsPg (M)] log [InsSg (M)] log [Ins(1,3,4,5,6)P5 (M)]
Fig. 2. Effects of inositol polyphos-
phates on serine-threonine PPase D E
activities.  Concentration-depen- =100 >= 100
dent effects of InsPg (A), INsSq (B),  2& g, £2 50
ns (1,84,56P; (C), and Ins 2§ $8 .
(1,2,3,4,6)P, (D) on the activities of ~ $ P 85 8
purified catalytic subunits of PP1 §§ 20 &€ 40
(O), PP2A (W), and PP3 (A). (E) &§ 55
Dose-dependent inhibition of total = ° ool 5 4 % S %5 7 o 5 4
PPase activity by InsP, () in a ho- log [Ins(1,2,3,4,6)P5 (M)] log [InsPg (M)]

mogenate of insulin-secreting cells.

Each point is the mean + SEM of duplicate values, expressed as the phosphatase activity with no added
inositol phosphate, of four (for PP1), six (for PP2A and PP3), and three (total PPase) separate experiments.

Fig. 3. Effects of InsP A 0mv

Cc

and InsSg on /e, in insulin-
secreting cells. Whole cell
Ca2?* channel currents
were evoked by repetitive
depolarizing voltage steps
(100 ms) every 20 s to a
membrane potential of O
mV from a holding poten-
tial of =80 mV (A to E). (A)
Sample traces showing
inward current /., gener-
ated by the actual depo-
larizing protocol and with
10 uM InsPg in the pipette
solution. (B) Compiled
data oninward/, from 30
responding cells in the

J -80 mv

w

Arbitrary units

presence of InsPg. By setting the peak current from the first
depolarization in each set of recordings [one such set is shown 300
in (A)] to 1 and relating the subsequent traces to this value, the
current traces were normalized. The data from all sets of re-
cordings were then averaged. In the presence of InsPg, the
time course of inactivation increased fivefold (P < 0.01, Stu-
dent's t test for paired data). Data were fitted to a single
exponential function with the Clampfit program. (C) Typical
recording of inward /., with the same voltage protocol as in
(A), including 10 uM InsSy in the pipette solution. With in-
creased time, InsPg and InsSg enter the cytosol through the
pipette solution, resulting in an increase in /. (D) Cells were

250
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Qc, (percent of basal)
g 8
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incubated in the absence of INsPg or InsS (i) or exposed to INsPg, but in the presence of 20 wM Cd?* (ji). (E)
Compiled data on inward /, with InsPg in the pipette (@, n = 30), in the absence of INsP4 (A, n = 14), and with
the combination of InsPg in the pipette and 20 WM Cd?* in the bath solution (M, n = 11). Data are expressed
as integrated current, Q,, during the depolarizing step and were normalized by setting the first value in each

experiment as the reference point (100%).
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two isomers on Ca** currents. The obser-
vation that Ins(3,4,5,6)P, neither inhibit-
ed PPase activity nor stimulated Ca’™
channel activity supports the concept that
inhibition of PPase activity may be part of
the mechanism whereby InsP, and InsP,
stimulate Ca** channel activity. InsP, can
be readily metabolized by either kinase or
phosphatase activity in mammalian cells
(25), including insulin-secreting cells
(26). However, nonmetabolizable InsSg
was as efficient as InsP in promoting
increased activity of the Ca’* channel
(Fig. 3C), and it is therefore unlikely that
a metabolite of InsP is responsible for the
observed effects.

Because 2 pM InsP, had a stimulatory
effect on the Ca’* current (24), only a
slight suppression of PPase activity may be
sufficient to modulate Ca?* channel activ-
ity. Alternatively, InsP;, in addition to in-
hibiting PPase activity, may also affect the
Ca’* channel by other mechanisms. The

Fig. 4. Effects of InsPg

>

and InsPg on I, in insu- of
lin-secreting cells. (A) =

Full current-voltage (-V) §_ 20F
relation in the presence 5 40}

(®, n = 7) and absence ]

(&, n=7)0of 10 uM InsPg 8 eor

in the pipette solution. 8 st

The data were normal- 3

ized by setting the maxi- ~ 100}

mal /-, to 100% in each ,

-

facts that the effect of InsP on Ca** chan-
nel activity is more accentuated than that
on PPase activity and that OA is an effec-
tive inhibitor of PPase activity but less ef-
fective in promoting the Ca** current in-
dicate that the inositol polyphosphate may
have other effects (27, 28). Indeed, InsS;
had a marked effect on the Ca?* current at
a concentration that had only a minor ef-
fect on PPase activity.

We tested whether intracellular
amounts of InsPg changed with metabolic
and hormonal stimuli. Insulin-secreting
cells, which had been incubated with [2-
*H]lmyo-inositol, were stimulated with 10
mM glucose (Fig. 5). Under control condi-
tions, there was no change in the concen-
tration of InsP, (Fig. 5A). However, there
was a consistent increase in the concentra-
tion of InsPg (10 M) 1 to 2 min after
stimulation of the cells with glucose (Fig. 5,
B to D). These results are consistent with a
possible modulatory role of this inositol

0 — o

of the recordings under -80
the two different experi-
mental conditions. Sam-

ple traces of the effects of Ins(1,3,4,5,6)P; (B) and
Ins(1,2,3,4,6)P; (C) on inward /., with the same depolarizing
voltage protocol described in Fig. 3. The pipette solution con-

60 40 20 0 20 40
v (mv)

tained a 50 wM concentration of either of the two InsP, isomers. The same solutions as described in Fig.
3 were used, except that choline cloride was exchanged for NaCl during the InsP; experiments.

Fig. 5. Effects of glucose

on InsPg concentration in 125 _A
insulin-secreting cells. Cells

were incubated in a low-glu-
cose (0.1 mM) Krebs buffer
(8) for 30 min and then stim-
ulated with either H,O (A) or
10 mM glucose (B). Data are
means * SEM of a repre-
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three, carried out in tripli-
cate. The concentration of
InsP  was estimated by
measuring the cell volume i\
(1.5 pl) and calculating the 100 4
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cific activity of the inositol

used to synthesize more
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than 90% of the cellular ma-
terial. (C) The increase =
SEM in concentration for
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three separate experiments, each carried out in triplicate. (D) Total [InsPg] under basal and peak
conditions for these experiments. The statistical test used was one-way analysis of variance (ANOVA),

calculated with Instat (GraphPAD)
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polyphosphate in 8 cell signal transduction
under physiological conditions.

Increased concentrations of InsPg, in in-
sulin-secreting cells exposed to glucose, may
stimulate activity of voltage-gated L-type
Ca’* channels by suppression of serine-
threonine PPase activity. Because InsP is
localized to membranes (29), it is topo-
graphically disposed to regulate ion chan-
nels. InsPg, which is present in all mamma-
lian cells, may have a fundamental effect in
general on protein phosphorylation and cel-
lular regulation.
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Interneuron Migration from Basal Forebrain to
Neocortex: Dependence on DIx Genes

S. A. Anderson, D. D. Eisenstat, L. Shi, J. L. R. Rubenstein*

Although previous analyses indicate that neocortical neurons originate from the cortical
proliferative zone, evidence suggests that a subpopulation of neocortical interneurons
originates within the subcortical telencephalon. For example, y-aminobutyric acid
(GABA)-expressing cells migrate in vitro from the subcortical telencephalon into the
neocortex. The number of GABA-expressing cells in neocortical slices is reduced by
separating the neocortex from the subcortical telencephalon. Finally, mice lacking the
homeodomain proteins DLX-1 and DLX-2 show no detectable cell migration from the
subcortical telencephalon to the neocortex and also have few GABA-expressing cells in

the neocortex.

The primary subdivisions of the forebrain,
including the neocortex and the basal gan-
glia, have distinct molecular and cellular
properties (1, 2). Previous evidence suggests
that these subdivisions develop from sepa-
rate proliferative zones that do not intermix
(3). Here we show that cell migration oc-
curs between the primordia of the basal
ganglia and the cerebral cortex. Our results
suggest that many neocortical interneurons
are generated by the proliferative zone of
the basal ganglia.

Neocortical neurons include two types:
the excitatory pyramidal neurons and the
inhibitory (GABA-containing) interneu-
rons. During development, neocortical
neurons were thought to derive from the
proliferative zone of the neocortical pri-
mordium. However, studies of neuronal
migration in vitro indicate that cells mi-
grate from the lateral ganglionic eminence
(LGE) (4), which is the primordium of the
striatum (5), into the neocortex. Other
evidence suggests that these cells might be
interneurons. For example, clonally relat-
ed GABA-containing cells tend to be
more dispersed across the neocortex than
are clones of pyramidal neurons (6); there
are GABA-containing cells in the inter-
mediate zone (IZ) at the transition be-
tween the LGE and the neocortex, which
have a morphology of tangentially migrat-
ing cells (7); and interneurons migrate
tangentially from the subventricular zone
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(SVZ) near the cortical-striatal junction
into the olfactory bulb (8).

To investigate the migration of subcor-
tically derived cells into the neocortex, we
used a slice culture preparation (9). Crystals
of 1,1’-dihexadecyl-3,3,3’-tetramethylindo-
carbocyanine perchlorate (Dil) were placed
into the LGE of embryonic day 12.5
(E12.5) mice; after 36 hours in culture,
many labeled cells were detected in the
neocortex (Fig. 1A). This migration begins
on about E12.5, as only a few labeled cells
reached the cortex from E11.5 slices that
were grown in culture for 36 hours (10).
Many of the Dil-containing cells in the
neocortex look like tangentially migrating
cells, with leading processes tipped by
growth cones and a trailing process (Fig. 1,
A and F).

Calbindin is present in cells resembling
the tangentially oriented GABA-contain-
ing cells that are found in the 1Z of the
developing neocortex (7, 11). To determine
whether cells migrating from the LGE into
the neocortex express calbindin or GABA,
Dil was inserted into the LGE of slices from
E12.5 to E14.5 mice; the slices were then
incubated for 30 hours and resectioned.
GABA (Fig. 1, B through E) or calbindin
(Fig. 1, G through J) immunofluorescence
was present in about 20% of Dil-labeled
neocortical cells (12).

To provide additional evidence for the
migration of GABA- and calbindin-ex-
pressing cells from the subcortical telen-
cephalon to the neocortex, we made slice
cultures that were transected at the corti-
cal/subcortical angle on one side. After 40
hours in vitro, the neocortical IZ on the
transected sides had about 10 times fewer
GABA- (13, 14) and calbindin-expressing
cells (Fig. 2, A through C) than on the
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