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Diphosphoinositol Polyphosphate 
Phosphohydrolase:

 

A Potential Target of Lithium Therapy

 

Len V. Hua, B.Sc., Marty Green, M.Sc., Jerry J. Warsh, M.D., Ph.D., and Peter P. Li, Ph.D.

 

The mechanisms underlying the therapeutic effects of 
lithium are largely unknown but may involve progressive 
adaptive alterations at the level of gene expression. Using 
differential display PCR, we identify a novel cDNA 
fragment, the expression of which was increased in the rat 
frontal cortex after 5 weeks of lithium administration. A 
full-length cDNA (2954-nt) was cloned by arrayed cDNA 
library screening, and sequencing of the clone revealed an 
open reading frame of 537-bp encoding a 179-residue 
protein. Amino acid sequence comparisons revealed that our 
clone is a member of the Nudix hydrolase family, with the 
highest percentage of homology (95%) being with a subtype 
of human diphosphoinositol polyphosphate 
phosphohydrolase, hDIPP2. Northern blot analysis revealed 
that chronic lithium treatment significantly increased 

rDIPP2 mRNA levels in frontal cortex, but not in 
hippocampus, midbrain, and cerebellum. The effect of 
lithium on rDIPP2 mRNA expression was not shared by 
two other anticonvulsant mood stabilizers, carbamazepine 
and valproate. Time-course studies showed that 1-week of 
lithium had no effect on rDIPP2 mRNA abundance in the 
frontal cortex. Our results suggest that DIPP2 may 
represent a biologically relevant target of lithium therapy, 
further supporting the notion that abnormalities in inositol 
phosphate metabolism may be significant in the 
pathophysiology and pharmacotherapy of bipolar disorder. 
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Although lithium salts have been widely prescribed for
many years as an effective treatment for acute mania
and the prophylaxis of manic depressive (bipolar) dis-
order, the cellular and molecular changes that underlie
their therapeutic effectiveness (or side effects) are still
poorly understood. Recent progress in the search for
the cellular and molecular basis of action of lithium,
however, indicates that modulation of intracellular sig-
naling mechanisms and regulation of gene expression
may be significant with regard to the mood-stabilizing
properties of this agent (Jope 1999; Manji and Lenox
1999; Li et al. 2000).

An important signal transduction pathway that may
be involved in the therapeutic effects of lithium is the
phosphoinositide second messenger system (Manji and
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Lenox 1999). In this pathway, receptor-mediated activa-
tion of phospholipase C generates two second messen-
gers, inositol 1,4,5-trisphosphate and diacylglycerol,
which release Ca

 

2

 

1

 

 from intracellular stores and acti-
vate protein kinase C (PKC), respectively (Berridge
1987). Inositol 1,4,5-trisphosphate is subsequently me-
tabolized either by dephosphorylation to Ins(1,4)P

 

2

 

 or
by phosphorylation to Ins(1,3,4,5)P

 

4

 

, followed by recy-
cling of these compounds back to inositol. The com-
plexity of inositol phosphate pathway is further re-
vealed by the presence of numerous other inositol
polyphosphates, including the inositol pentakisphos-
phate (InsP

 

5

 

), inositol hexakisphosphate (InsP

 

6

 

), and
diphosphoinositol polyphosphates, the functions of
which are less clear (Shears 1998).

Despite much evidence that lithium can modulate
the metabolism of inositol phosphates (InsPs, Ins(1,4)P

 

2

 

,
and Ins(1,3,4)P

 

3

 

), there is little or no information con-
cerning the effect of lithium on the more highly phos-
phorylated members of the inositol derivatives. Studies
in vivo have shown that lithium, at therapeutically rele-
vant concentrations, uncompetitively inhibits inositol
monophosphatase (Hallcher and Sherman 1980), and to
a lesser extent, inositol polyphosphate 1-phosphatase
(Inhorn and Majerus 1988), leading to a depletion of in-
tracellular 

 

myo

 

-inositol levels. This has led to the sug-
gestion that the acute lowering of 

 

myo

 

-inositol content
by lithium may initiate a cascade of secondary adaptive
changes in the phosphoinositide signaling pathway,
which would lead to alterations in PKC and gene ex-
pression in the brain (Manji et al. 1995). This idea is sup-
ported by several lines of data, among them, isozyme-
selective reduction in the protein levels of PKC 

 

a

 

 and
PKC 

 

e

 

, as well as MARCKS (myristoylated alanine rich
C kinase substrate), following chronic lithium treat-
ment via a 

 

myo

 

-inositol dependent mechanism (Manji et
al. 1996; Manji and Lenox 1999). More recently, lithium
has been shown to modulate transcription factor bind-
ing to AP-1 and cyclic AMP responsive element in rat
brain (Ozaki and Chuang 1997; Yuan et al. 1998; Wang
et al. 1999). The lithium-induced changes in AP-1 DNA
binding are likely mediated, in part, via activation of
c-jun N-terminal kinases by a PKC-mediated and 

 

myo

 

-
inositol-dependent mechanism (Yuan et al. 1999).

The delayed time course of clinical efficacy of lith-
ium is consistent with progressive adaptive changes in
neuronal function that may involve changes at the level
of gene expression (Jope 1999). Recently, diverse effects
of lithium on several gene transcripts have been de-
scribed in rat brain and cultured cell models; these tran-
scripts include those for c-fos (Miller and Mathe 1997),
G protein 

 

a

 

-subunits (Colin et al. 1991; Li et al. 1993),
adenylyl cyclases (Colin et al. 1991), dopamine recep-
tors (Dziedzicka-Wasylewska and Wedzony 1996), neu-
ropeptides (Sivam et al. 1988, 1989), and other cellular
regulatory proteins (Wang and Young 1996; Feinstein

 

1998; Shamir et al. 1998; Chen and Chuang 1999; Chen
et al. 1999; Hua et al. 2000). To gain a more complete
picture of lithium-regulated changes in gene expres-
sion, we used differential display polymerase chain re-
action (ddPCR), an mRNA-based screening technique
to search for candidate genes whose expression is influ-
enced by chronic lithium administration (Hua et al.
2000). We report herein the identification of a candidate
cDNA fragment (LRG2) the expression of which was
significantly increased in the rat frontal cortex after 5
weeks, but not 1 week, of lithium treatment, an effect
that was not shared by chronic carbamazepine (CBZ) or
valproate (VPA) administration. A cDNA clone encod-
ing a novel Nudix (

 

Nu

 

cleoside 

 

di

 

phosphate linked to
some other moiety, 

 

X

 

) hydrolase was isolated from a rat
brain cDNA library. The deduced amino acid sequence
of the novel clone displays high homology to a family
of recently identified enzymes in human, diphosphoi-
nositol polyphosphate phosphohydrolases (DIPP),
which catalyze the dephosphorylation of diphosphoi-
nositol pentakisphosphate (PP-InsP

 

5

 

) and bis-diphos-
phoinositol tetrakisphosphate ([PP]

 

2

 

InsP

 

4

 

) to InsP

 

6

 

 (Sa-
frany et al. 1998; Caffrey et al. 2000). These findings
suggest that the enzyme catalyzing the dephosphoryla-
tion of “high energy” diphosphorylated inositol phos-
phates may represent a novel biologically relevant tar-
get of lithium therapy and emphasize the important
role of inositol polyphosphate metabolism in the mech-
anism of action of lithium.

 

METHODS

Chemicals

 

Lithium carbonate (Li

 

2

 

CO

 

3

 

), CPZ, and sodium VPA
were obtained from Sigma Chemical Co. (St. Louis,
MO). [

 

a

 

-

 

32

 

P]dCTP (

 

z

 

3000 Ci/mmol) and [

 

a

 

-

 

33

 

P]dATP
(

 

z

 

2000Ci/mmol) were purchased from DuPont, New
England Nuclear (Boston, MA). Other reagents were ac-
quired as molecular biological grade from commercial
sources.

 

Animals and Treatments

 

Male Wistar rats (275–300 g; Charles-River, St. Con-
stant, Quebec) were individually housed in a tempera-
ture-controlled room (21

 

8

 

C 

 

6

 

 1

 

8

 

C) and maintained on a
12-h light/dark cycle with free access to food and water
for at least 1 week before experiments. Animals were
fed rat chow in pellet form containing Li

 

2

 

CO

 

3

 

 (2.2 g/kg
diet; Bioserve, Frenchtown, NJ) for 1 or 5 weeks. Water
and 2.6% saline were provided ad libitum to all ani-
mals. Rats receiving CBZ were fed with food pellets
containing 0.25% CBZ for the first 4 days followed by
0.5% CBZ (Bioserve) for the next 31 days. In the VPA
comparison group, animals were maintained on chow
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pellets containing 0.4% VPA (Bioserve) for 5 weeks.
Separate control groups of rats were fed with the regu-
lar rat chow for the indicated period. Imipramine (10
mg/kg), and haloperidol (1 mg/kg) were injected intra-
peritoneally once daily for 5 weeks. Control animals re-
ceived injection of an equivalent volume of saline. Ani-
mals receiving mood-stabilizing drugs, imipramine, or
haloperidol had weight gains similar to those of control
animals (data not shown). Animals used in this study
were cared for in strict accordance with guidelines of
the Canadian Council on Animal Care, and the study
was approved by the local Animal Care Committee.

At the end of the experiments, animals were decapi-
tated. The brain was rapidly removed, and gross brain
regions were dissected over ice using natural lines of
demarcation, and frozen on dry ice and stored at 

 

2

 

70

 

8

 

C
until use. Blood samples were collected immediately af-
ter decapitation from the cervical trunk into heparin-
ized test tubes. Plasma was separated by centrifugation
(900 

 

g

 

, 20 min) for subsequent determination of drug
levels. Plasma lithium levels were determined using the

 

Vitros

 

 Li Slides (Johnson & Johnson, Mississauga, ON),
a colorimetric assay for lithium-crown-ether dye com-
plex, and ranged from 0.62 to 0.92 mM in the lithium-
treated rats. Mean (

 

6

 

SEM) plasma CBZ concentrations
were 16 

 

6

 

 4 

 

m

 

M, as determined by the 

 

Vitros

 

 CRBM
Slides (Johnson & Johnson, Mississauga, ON), an im-
munoassay using anti-CBZ antibody. Plasma VPA lev-
els were measured by the TDxFLx valproic acid assay
system using fluorescence polarization immunoassay
(Abbott Lab., Abbott Park, IL), and were 13 

 

6

 

 4 

 

m

 

M in
the VPA-treated rats.

 

mRNA Differential Display

 

Differential display was carried out essentially as previ-
ously described (Hua et al. 2000). Briefly, total RNA
from frontal cortex was isolated by guanidinium
isothiocyanate-cesium chloride method and the resid-
ual chromosomal DNA removed using the Message-
Clean Kit (GenHunter, Nashville, TN). The DNase-
treated total RNA (0.2 

 

m

 

g) was reverse transcribed in
three separate pools using superscript II reverse tran-
scriptase (GIBCO-BRL) and one of the 3

 

9

 

 composite an-
chor primers H-T

 

11

 

M (H 

 

5

 

 5

 

9

 

AGGC, M 

 

5

 

 A, C, or G).
Two 

 

m

 

l of the cDNA within each pool was subjected to
PCR amplification in duplicate in 20 

 

m

 

l of PCR buffer
[10 mM Tris-HCl, (pH 8.3), 50 mM KCl, 1.5 mM MgCl

 

2

 

,
0.001% (w/v) gelatin] with 2 

 

m

 

M each of dNTP, 0.2 

 

m

 

M
of various arbitrary primers (RNAimage kit; Gen-
Hunter, Nashville, TN), 0.2 

 

m

 

M of the respective anchor
primer, 0.3 

 

m

 

l of [

 

a

 

-

 

33

 

P]dATP (2000Ci/mmol) and 1 U
of AmpliTaq DNA polymerase (Perkin–Elmer, Branch-
burg, NJ). The PCR was conducted using the following
program on an MJ Research thermal cycler (Model
PTC-200): an initial denaturation at 95

 

8

 

C for 2 min fol-

 

lowed by 40 cycles at 94

 

8

 

C for 30 s, 40

 

8

 

C for 2 min and
72

 

8

 

C for 30 s, then a final extension at 72

 

8

 

C for 5 min,
and rapid cooling at 4

 

8

 

C. The amplified cDNA frag-
ments were then separated on a 6% denaturing poly-
acrylamide gel. The gel was vacuum-dried and exposed
to Kodak X-Omat AR film for 1 to 2 days. To minimize
the occurrence of false positives, two lithium-treated
animals and two control animals were analyzed sepa-
rately, but in parallel, for each amplification. Autorad-
iographic bands that were visually different in intensity
in both lithium-treated animals compared with controls
were excised, rehydrated, and reamplified by PCR with
the appropriate set of primers.

The reamplified fragments were subcloned into the
pGEM-T vector (Promega, Madison, WI), followed by
transformation into INV

 

a

 

F

 

9

 

 competent cells (Invitro-
gen, Carlsbad, CA). Plasmids harboring inserts were
identified by either restriction enzyme digestion using
sites on the vector flanking the cloning sites or PCR
screening using primers across the cloning sites. Inserts
were manually sequenced on both strands using the
Thermo Sequenase radiolabeled terminator cycle se-
quencing kit (Amersham Pharmacia Biotech., Baie
d’Urfe, Quebec).

cDNA fragments isolated from plasmids were la-
beled with [

 

a

 

-

 

32

 

P]dCTP using the Strip-EZ DNA probe
synthesis and removal kit (Ambion Inc., Austin, Texas)
to a specific activity of 1 

 

3

 

 10

 

9

 

 cpm/

 

m

 

g, and used as
probes for northern blot analysis.

 

Northern Blot Analysis

 

Ten micrograms of heat-denatured total RNA from in-
dividual control and experimental animals were sepa-
rated by electrophoresis on 1% agarose/formaldehyde
gels and transferred to GeneScreen Plus membranes
(New England Nuclear, Boston, MA) as previously de-
scribed (Li et al. 1993; Hua et al. 2000). The membranes
were hybridized overnight with a 

 

32

 

P-labeled, random-
primed cDNA probe (1 

 

3

 

 10

 

6

 

 cpm/ml) prepared from a
gel-purified insert. After high-stringency washing, hy-
bridization signals were obtained by autoradiography
using phosphoscreens. The levels of LRG2 mRNA were
normalized against cyclophilin mRNA, determined by
reprobing the same membrane with 

 

32

 

P-labeled cyclo-
philin cDNA.

 

Arrayed cDNA Library Screening

 

The master plate of a rat brain cDNA library (OriGene
Technologies, Rockville, MD) was screened by PCR
with a vector-specific primer (5

 

9

 

-GCAGAGCTCGTT-
TAGTGAACC-3

 

9

 

) and a ddPCR fragment (LRG2)-spe-
cific primer (5

 

9

 

-CCATTTCTTTACGCCGCCACACAA-
GTC-3

 

9

 

) in accordance to manufacturer’s protocol. The
positive subplate (3H) was rescreened by PCR with the
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same set of primers to identify positive subwells. Posi-
tive subwell (10G) stocks were plated out onto LB-
Ampicillin (100 

 

m

 

g/ml) plates, and colonies were
screened to identify positive clones. Nucleotide se-
quence analysis of these cDNA inserts was performed
automatically using a dye-terminator sequencing kit
followed by analysis on an ABI Model Prism 377 DNA
sequencer (PE Applied System, Foster City, CA). Prim-
ers were synthetic oligonucleotides that were either
vector (pCMV-XL4) specific or derived from previously
determined sequence information. The cDNA sequence
was confirmed through the sequencing of both strands.
The nucleic acid and amino acid sequences were com-
pared with other known genes and proteins in the Gen-
Bank database using the BLAST algorithms (Altschul et
al. 1990).

 

Statistical Analysis

 

Results were expressed as mean 

 

6

 

 SEM. Statistical
analysis of the data was performed using two-tailed un-
paired Student’s 

 

t

 

-test. 

 

P

 

-values 

 

,

 

 .05 were considered
statistically significant.

 

RESULTS

mRNA Differential Display

 

The changes in gene expression induced by chronic lith-
ium treatment were analyzed using ddPCR. A cDNA
fragment of about 630 bp was amplified to a greater ex-
tent in the frontal cortex samples from rats treated chroni-

cally with lithium as compared with control animals (Fig-
ure 1A). This z630 bp cDNA fragment (designated as
LRG2) was excised, reamplified, radiolabeled, and used
to probe several regions of individual rat brains of both
the lithium and control treatment groups. A single
mRNA species of z3.0 kb was detected in each brain re-
gion examined, including frontal cortex (Figure 1B), hip-
pocampus, midbrain, and cerebellum (data not shown).
Figure 2A shows that the abundance of mRNA for LRG2
was significantly increased (26%) in the frontal cortex (t 5
2.79, df 5 14, p , .01) following chronic lithium treat-
ment. However, there were no apparent differences be-
tween control and lithium-treated animals for LRG2
mRNA levels in the hippocampus, midbrain, cerebellum,
and the rest of cortex (i.e., whole cortex minus frontal cor-
tex) (Figure 2B). In addition, short-term (1-week) lithium
treatment did not significantly affect (t 5 .26, df 5 10, p 5
.8) the amount of frontocortical LRG2 mRNA (Figure 2A).

Effects of Chronic Treatment of Anticonvulsant 
Mood Stabilizers and Psychotropic Drugs on LRG2 
mRNA Levels

To assess whether the regulation of LRG2 mRNA level
was an effect unique to lithium or common to other an-
ticonvulsant mood stabilizing agents, the effects of
chronic lithium, VPA, and CBZ treatment on the levels
of LRG2 mRNA were investigated. Figure 3 shows that
5 weeks of VPA or CPZ administration did not signifi-
cantly influence the expression of LRG2 mRNA in the
rat frontal cortex, in contrast to the increase that was ob-
served in response to lithium treatment (t 5 3.11, df 5 8,

Figure 1. (A) Differential display of mRNA
comparing gene expression in the frontal
cortex from representative control and lith-
ium-treated rats. The autoradiogram of [a-
33P]dATP-labeled differentially displayed prod-
ucts, using H-T11C as 39 primer and H-AP3 (59-
AGGCTTTGGTCAG-39) as 59 primer, is shown,
and the cDNA fragment representing LRG2
is indicated by the arrow. (B) Analysis by
northern blot of LRG2 mRNA in the rat fron-
tal cortex. Northern blot of 10 mg total RNA
from the rat frontal cortex probed with LRG2
cDNA fragment shows a single 3.0-kb mes-
sage.
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p , .05). Likewise, chronic administration of imi-
pramine or haloperidol (5 weeks) did not increase the
levels of LRG2 mRNA in the frontal cortex (vehicle, 100 6
8; imipramine, 100 6 4; haloperidol, 100 6 6; mean 6
SEM percent of vehicle; n 5 7 per group).

Sequence Analysis of LRG2 cDNA Fragment

Results from the DNA sequencing revealed that LGR2
contained 633 bp and had the expected primers at its 59
and 39 ends. LRG2 contained a putative polyadenyla-
tion signal which was located 26 bp upstream from the
poly A1 tail, further supporting the identity of this
cDNA fragment as the 39-untranslated end of the corre-
sponding transcript. Using the BLAST algorithm to
search the GenBank database, the sequence of LRG2
displayed a near perfect homology (.98%) to the nucle-

otide sequence (nt 3-623) for an expressed sequence tag
(EST; GenBank accession No. U95001.1) (Figure 4, de-
noted in shading).

Isolation of a Putative Full-Length Clone for LRG2

We screened an adult rat brain cDNA library by PCR to
isolate a full-length cDNA clone using a sense primer
that is specific to the vector (pCMV-XL4) and an anti-
sense primer that is specific to the LRG2 cDNA frag-
ment. We obtained five positive clones that contained
an insert of z3.0 kb. Sequence analysis of one of the
cloned cDNA (clone C10) revealed a 537-bp open read-
ing frame (ORF) with ATG start codon at nucleotide po-
sition 111 and TAG termination codon at nucleotide po-
sition 648 (Figure 4). We presume that translation of
C10 initiates where indicated, because this is the first

Figure 2. Effect of lithium administration
on the expression of LRG2 mRNA in the rat.
(A) Time course of the mRNA levels of
LRG2 in frontal cortex of rats fed with 0.22%
Li2CO3 (filled columns) or regular rat chow
(open columns) for 1 or 5 weeks. (B) Effect of
chronic (5-weeks) lithium treatment on the
mRNA levels of LRG2 in different rat brain
regions. Representative northern blots of
mRNA from control (C) or lithium-treated
(L) rats are shown in the top panels of each
bar graph. The signal for LRG2 mRNA was
normalized to cyclophilin mRNA. The results
are expressed as the mean 6 SEM for six to
nine animals. * p , .01 compared with con-
trol animals (Student’s t-test).
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methionine codon that is encountered in the coding se-
quence, and it resides within the Kozak consensus
sequence (Kozak 1996). Examination of the 59-untrans-
lated region (UTR) showed it to be highly G 1 C rich
(80%) with 17 CpG doublets, and it does not contain an
in-frame stop codon upstream of the start codon. The
39-UTR contained three polyadenylation signals
(AATAAA), a poly(A) tail, and a nucleotide sequence
motif, ATTTA, which is important for the rapid mRNA
degradation in immediate early genes. The complete
ORF encodes for a predicted protein of 179 amino acids
in length with a deduced molecular mass of 20,138 Da,
and a theoretical isoelectric point of 5.99. Analysis of
the amino acid sequence of clone C10 predicts a pre-
dominantly soluble protein with two putative sites for
N-linked glycosylation, and two consensus sites for
phosphorylation by protein kinase C. Of particular in-
terest, a single MutT/Nudix motif signature sequence
(Gx5Ex7REUxEExGU, where U is one of the bulky hy-
drophobic amino acids I, L, or V [Bessman et al. 1996])
was identified.

Comparison of the cDNA and predicted amino acid
sequences with those in the GenBank database demon-
strated striking sequence similarity between clone C10
and members of the Nudix hydrolase family such as
hDIPP1 (Safrany et al. 1998), hDIPP2 (Caffrey et al.
2000), and the human unnamed protein (hUnP; Acces-
sion #AK001490). Figure 5A shows the comparison of
the deduced amino acid sequence of C10 with those
from other members of Nudix hydrolase family, which
has recently been designated as NUDT (Nudix-type
motif) on the website of the Human Gene Nomencla-
ture Committee. The C10 sequence showed the greatest

amino acid identity with the hDIPP2 (95%) and the
hUnP (88%), and lower homology with the hDIPP1
(78%). Within the MutT motif, the amino acid sequence
identity between C10, and hDIPP2 and hUnP was 91%,
in contrast to the 78% identify between C10 and hDIPP1
or rDIPP1 (Figure 5B). The MutT relationship between
C10 and the other cloned NUDT members exhibited the
following order of identity: NUDT6, 56%; NUDT2, 52%;
NUDT5, 43%; and NUDT1, 39%. Based on these homol-
ogies, the protein encoded by clone C10 seems to be
best classified as a species homolog of the human
DIPP2 (designated as rDIPP2 or rNudT4).

The expression of rDIPP2 mRNA in rat tissues was
examined by northern blot analysis using the radiola-
beled C10 cDNA as a probe (Figure 6). Corresponding
to the size of cloned cDNA, a single transcript of z3 kb
was observed in various brain regions, with high abun-
dance in the cerebral cortex and midbrain, and lower
amounts found in the striatum, hippocampus, and cere-
bellum. In peripheral tissues, the strongest signal was
observed in the kidney and lung, followed by heart,
liver, and spleen. The rDIPP2 mRNA signal was also de-
tectable in the heart and brain at embryonic day 18, with
a relatively higher amount in the heart (Figure 6).

DISCUSSION

The main finding of our study is that chronic lithium
administration increases the expression of a candidate
cDNA fragment of z630 bp (LRG2) in rat frontal cortex,
but not in other brain regions examined. The effect of
lithium is dependent on chronic administration, be-
cause 5, but not 1, weeks of lithium treatment increased
the abundance of LRG2 mRNA. In addition, regulation
of LRG2 expression seems to be specific to lithium, be-
cause chronic administration of VPA, CBZ, imipramine,
or haloperidol did not alter the levels of LRG2 mRNA.
These findings suggest that lithium increases the ex-
pression of LRG2 mRNA in a time-dependent, region-
ally specific, and pharmacologically selective manner,
which may be relevant to its mode of action (or side ef-
fects).

Subsequent screening of a cDNA library showed that
the clone isolated here is likely the rat homologue of
DIPP2 recently identified in human (Caffrey et al. 2000).
It is likely that we have isolated the complete cDNA se-
quence, because the size of the insert (2954 bp) is similar
to that of the LRG2/rDIPP2 transcript detected by
northern blot analysis (z3 kb; Figures 1, 6). Although
there are three polyadenylation signals in the 39-UTR, it
seems that only the most distal one, which is 26 bp up-
stream of the poly(A) tail, is functional. This is in
marked contrast to the expression of multiple tran-
scripts of the hDIPP2 because of the use of alternate
polyadenylation signals (Caffrey et al. 2000). On the

Figure 3. Effect of chronic lithium (Li), valproate (VPA), or
carbamazepine (CBZ) administration on the expression of
LRG2 mRNA in the rat frontal cortex. Rats were fed with
regular chow (CON), or chow containing lithium Li, VPA, or
CBZ for 5 weeks as described in Materials and Methods.
Levels of LRG2 mRNA were determined in the frontal cor-
tex by northern blot analysis and normalized to cyclophilin
mRNA. The results are expressed as the mean 6 SEM for
five animals. * p , .05, compared with control animals (Stu-
dent’s t-test).
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Figure 4. The nucleotide and deduced amino acid sequence (single letter code) of the cDNA encoding rat DIPP2. Numbers
indicate the positions of nucleotides or amino acid residues are relative to the ATG initiation codon. Deduced amino acid
sequence is shown below the nucleotide sequence. The predicted termination codon is indicated by an asterisk. Potential phos-
phorylation sites for protein kinase C are boxed, and the consensus N-linked glycosylation sites are circled. The MutT/Nudix
motif is underlined. Three potential polyadenylation signals are double underlined. The nucleotide sequence of the LRG2
cDNA fragment is noted in shading. This sequence has been deposited in the GenBank database (Accession number AF253473).
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other hand, similar features are evident in the 59-UTR of
the rat and human DIPP cDNAs (Safrany et al. 1998;
Caffrey et al. 2000); namely, (1) the presence of multiple
CpG doublets that are characteristic of “housekeeping”
enzymes (Bird 1986); and (2) the high G/C content,
which may be important in regulating translational effi-
ciency (Kozak 1996). We also found other putative reg-
ulatory elements in this region, including sequences
similar to AP-2 (TCCCCGGCGG, position 274) and
AP-4 (GCAGCGGCTG, position 228) binding sites.

The assignment of C10 as a clone containing rDIPP2
cDNA is based on the significant homology (95%) of its
deduced amino acid sequence with that of the human
homologue (Caffrey et al. 2000). Homologies are espe-
cially noteworthy in several regions, including the
Nudix motif (Figure 5), the two glycine rich regions
(Gly-49 to Gly-51; Gly-71 to Gly-81) flanking the Nudix
motif, and the amino acid residues Phe-83 and His-90,
all of which are essential for the catalytic activity of
DIPPs (Yang et al. 1999). Thus, the conservation in
amino acid sequence likely reflects the constraints
against evolutionary divergence in protein structure
dictated by the unique function of this protein.

We queried the database of rat ESTs maintained by
the GenBank with the nucleotide sequence of C10 using
the BLAST algorithm (Altschul et al. 1990). The dbEST
sequences returned that had partial rDIPP2 ORF
showed either a perfect match or had an additional
CAG codon inserted at nt 362 of the C10 (e.g., GenBank
Accession #AA925550, AI170686, AI172168, AI175162,
AI599827, AI602300, AI105415, AI411034, and AW433926).
Such an inframe insertion predicts coding for an addi-
tional Gln residue. This observation, together with the
recent evidence of two isoforms of human DIPP2, which
differ only by a Gln residue (Caffrey et al. 2000), sug-
gests the existence of another rDIPP2 variant with an ex-
tra amino acid may also occur in the rat.

Diphosphoinositol polyphosphate phosphohydro-
lases catalyze the dephosphorylation of the “high en-
ergy” diphosphoinositol polyphosphates, PP-InsP5,
[PP]2-InsP4, and PP-InsP4 to InsP6 and InsP5, respec-
tively (Safrany et al. 1998; Caffrey et al. 2000). The po-
tential importance of these diphosphoinositol poly-

phosphates in cellular signaling is underscored by their
rapid turnover, responsiveness to receptor-mediated
changes in the levels of cAMP and cGMP in a kinase-
independent manner, as well as to perturbation of in-
tracellular Ca21 dynamics (for review, see Shears 1998).

The pharmacological significance of lithium regula-
tion of rDIPP2 mRNA expression is presently un-
known, but recent studies have demonstrated the
importance of diphosphoinositol polyphosphates in
regulating endocytosis, exocytosis, and synaptic vesicle
trafficking (De Camilli et al. 1996; Fukuda and Miko-
shiba 1997; Shears 1998). Electrophysiolgical studies in
Drosophila have provided evidence of aberrant synaptic
transmission in response to lithium exposure, which is
attributable to a marked increase in the probability of
synaptic vesicle release (Acharya et al. 1998). In line
with the latter observation, lithium has been shown to
increase the release of serotonin (Wang and Friedman
1988) and glutamate (Dixon et al. 1994) in brain cerebral
cortical slices. These results, taken together, suggest
that lithium modulation of synaptic function may be
mediated partly by its influences on diphosphoinositol
polyphosphate metabolism and/or turnover.

In addition to dephosphorylating diphosphoinositol
polyphosphates, DIPP also actively hydrolyzes diade-
nosine 59 ,5999-P1,P5-pentaphosphate (Ap5A) and diade-
nosine 59,5999, P1,P6-hexaphosphate (Ap6A) (Yang et al.
1999), a group of putative signaling molecules impli-
cated in regulating a diverse array of cellular functions
(Kisselev et al. 1998; Miras-Portugal et al. 1998). It has
been reported that the levels of diadenosine polyphos-
phates were increased in response to heat shock and ox-
idative stress (Baker and Jacobson 1986). The accumula-
tion of these compounds could be potentially
hazardous to cell function through their inhibitory ac-
tion on nucleotide kinases, protein kinases, and other
enzymes (Safrany et al. 1999). It is of interest in this re-
gard that long-term lithium treatment has recently been
shown to exert neuroprotective effects against cell
death induced by a variety of insults both in cultured
neurons and in intact animals (Nonaka and Chuang
1998, Nonaka et al. 1998). It is tempting to suggest that
lithium’s regulation of rDIPP2 expression may also

Figure 5. (A) Alignment of deduced amino acid sequences of the rat DIPP2 with other members of the DIPP family. The
represented sequences are: human DIPP2 (Caffrey et al. 2000); human unnamed protein (GenBank accession #AK001490);
human DIPP1 (Safrany et al. 1998); and the partial sequence of rat DIPP1 obtained from Lys-C and CNBr digests with “X”
indicates amino acid residues that could not be identified independently (Safrany et al. 1998). (B) Comparison of the MutT/
Nudix domain (Gx5Ex7REUxEExGU, where “x” represent any amino acid, and “U” indicates either of the bulky aliphatic
amino acids, I, L, or V) of the rat DIPP2 with corresponding regions from members of the human NUDT family. The repre-
sented sequences are from: NUDT1 (human MutT homologue gene MTH1; Accession #NM_002452); NUDT2 (human diad-
enosine tetraphosphate pyrophosphohydrolase, Accession #NM_001161); NUDT3 (human DIPP1, Safrany et al. 1998);
NUDT4 (hDIPP2, Caffrey et al. 2000); NUDT5 (human ADP-sugar pyrophosphatase, Acession #AF218818); NUDT6 (human
basic fibroblast growth factor antisense mRNA, Accession #L31408); and the human unnamed protein (GenBank accession
#AK001490). Identical residues between rat DIPP2 and the other members are shaded. Single-letter amino acid code is used.
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play a role in its neuroprotective actions by regulating
the levels of the diadenosine polyphosphates. In this
context, the presence in rDIPP2 of the MutT/Nudix
motif, a conserved signature sequence implicated in the
breakdown of potentially deleterious endogenous me-
tabolites (Bessman et al. 1996), seems to underscore the
importance of lithium regulation of this enzyme in the
maintenance of cell integrity and viability.

The increase in rDIPP2 mRNA expression following
long-term lithium, but not CBZ or VPA administration,
supports the pharmacological specificity of this effect to
lithium. A variety of evidence suggests mood-stabiliz-
ing agents may exert their therapeutic effects through
such convergent mechanisms as targeting specific sig-
nal transduction cascades (Manji et al. 1995; Jope 1999;
Li et al. 2000) or cellular responses (e.g., neuroprotec-
tion) (Nonaka et al. 1998; Chen et al. 1999). There is also
increasing recognition, however, of differential clinical
response to lithium and anticonvulsant mood stabiliz-
ers as well as putative augmenting effects of combina-
tions of these agents in managing more treatment re-
fractory bipolar patients (Shelton et al. 1998). Such
clinical observations suggest selective effects of lithium,
such as those identified here, may distinguish its thera-
peutic spectrum of actions. In this regard, it would be of
interest to determine whether changes in DIPP2 expres-
sion occur in bipolar patients and are of clinical utility
in predicting lithium responsiveness.

mRNA differential display has been used by other
groups to identify transcriptionally regulated genes in
response to long-term lithium treatment. One study re-
vealed upregulation of 29,39-cyclic nucleotide 39-phos-
phodiesterase type II in rat C6 glioma cells incubated

with 1 mM of lithium for one week (Wang and Young
1996). In other studies, altered mRNA levels of the tran-
scription factor polyomavirus enhancer-binding pro-
tein 2b (Chen et al. 1999), nitrogen permease regulator 2
(Wang et al. 1999) and aldolase A (Hua et al. 2000) were
reported in rat frontal cortex following chronic lithium
administration. These observations, taken together,
support the usefulness of the ddPCR technique to iden-
tify transcriptional changes in other genes affected by
lithium that would not otherwise be considered with
the candidate gene approach.

In summary, we report herein the novel observations
that lithium, when administered in a therapeutically
relevant paradigm, increases the expression of rDIPP2,
an enzyme involved in the metabolism of diphosphoi-
nositol polyphosphates, in rat frontal cortex. Our re-
sults suggest that one of the DIPP isoforms (i.e., DIPP2)
may represent a putative biologically relevant target of
lithium therapy, further supporting the notion that ab-
normalities in the inositol phosphate metabolism and/
or phosphoinositide signaling pathway may be signifi-
cant in the pathophysiology and pharmacotherapy of
bipolar disorder (Jope 1999; Li et al. 2000). Additional
experiments are necessary to study the regulation of
function and/or protein levels of rDIPP2 to understand
the potential significance of these findings for its thera-
peutic mechanism of action (or side effects) in bipolar
disorder.
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