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Objective: The most widely accepted hypothesis regarding the mechanism underlying
lithium’s therapeutic efficacy in manic-depressive iliness (bipolar affective disorder) is the
inositol depletion hypothesis, which posits that lithium produces a lowering of myo-inositol
in critical areas of the brain and the effect is therapeutic. Lithium'’s effects on in vivo brain
myo-inositol levels were investigated longitudinally in 12 adult depressed patients with
manic-depressive illness. Method: Medication washout (minimum 2 weeks) and lithium ad-
ministration were conducted in a blinded manner. Regional brain myo-inositol levels were
measured by means of quantitative proton magnetic resonance spectroscopy at three time
points: at baseline and after acute (5—7 days) and chronic (3—4 weeks) lithium administration.
Results: Significant decreases (approximately 30%) in myo-inositol levels were observed in
the right frontal lobe after short-term administration, and these decreases persisted with
chronic treatment. The severity of depression measured by the Hamilton Depression Rating
Scale also decreased significantly over the study. Conclusions: This study demonstrates
that lithium administration does reduce myo-inositol levels in the right frontal lobe of patients
with manic-depressive illness. However, the acute myo-inositol reduction occurs at a time
when the patient’s clinical state is clearly unchanged. Thus, the short-term reduction of myo-
inositol per se is not associated with therapeutic response and does not support the inositol
depletion hypothesis as originally posited. The hypothesis that a short-term lowering of myo-
inositol results in a cascade of secondary signaling and gene expression changes in the
CNS that are ultimately associated with lithium’s therapeutic efficacy is under investigation.
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Manic—depressive illness (bipolar affective disor-
der) is a common, severe, chronic, and often life-
threatening illness (1-3). The discovery of lithium’s ef-
ficacy as a mood-stabilizing agent revolutionized the
treatment of patients with manic-depressive illness (1,
4, 5), but despite its role as one of psychiatry’s most
important treatments, the cellular and molecular basis
for lithium’s therapeutic effects remains to be fully elu-
cidated (6, 7). It has also been increasingly recognized
in recent years that, although lithium has had a re-
markable beneficial effect on the lives of millions (35,
8), a significant percentage of patients respond inade-
quately (9-13). With the growing recognition that
manic-depressive illness likely is a heterogeneous
group of disorders, the importance of identifying pre-
dictors of differential treatment responsiveness or re-
sistance has become increasingly appreciated. Al-
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though some important clinical leads have been
identified (10, 11, 13), there is at present a dearth of
knowledge about the biochemical factors associated
with lithium responsiveness or resistance. Thus, there
is a clear need to elucidate the genetic and/or biochem-
ical mechanisms associated with response or resistance
to lithium’s actions, not only to better identify patients
likely to respond to lithium treatment but also to facil-
itate the development of new therapeutic agents.

There has been considerable interest in the role of sig-
nal transduction pathways, in particular the phospho-
inositide system, as potential biochemical targets of lith-
ium’s actions (5-7, 14). Activation of a variety of
receptors in the CNS induces the activation of phospho-
lipase C isozymes (15), which catalyze the conversion of
phosphatidylinositol 4,5-bisphosphate (PIP;) to two
second messengers, inositol 1,4,5-trisphosphate and di-
acylglycerol. Inositol 1,4,5- trlsphosphate stimulates the
mobilization of 1ntracellular Ca*2, while diacylglycerol
activates protein kinase C. Inositol 1,4,5-trisphosphate
can be phosphorylated and sequentially dephosphory-
lated to myo-inositol. The ability of a cell to maintain
sufficient supplies of myo-inositol is crucial to the
resynthesis of the phosphoinositides and the mainte-
nance and efficiency of signaling. Lithium, at therapeu-
tically relevant concentrations, is an inhibitor of inosi-
tol monophosphatase and polyphosphate-1-
phosphatase, which are involved in recycling inositol
mono- and polyphosphates to myo-inositol (16, 17).
Furthermore, since the mode of enzyme inhibition is
uncompetitive, lithium’s effects have been postulated
to be most pronounced in systems undergoing the
highest rate of PIP; hydrolysis (reviewed in references
18 and 19). Thus, Berridge and associates (20, 21) pro-
posed the “inositol depletion hypothesis,” which pos-
its that the therapeutic effects of lithium are mediated
by a depletion of myo-inositol. Since several subtypes
of adrenergic, cholinergic, serotonergic, and metabo-
tropic glutamatergic receptors are coupled to PIP; hy-
drolysis in the brain, the inositol depletion hypothesis,
as initially proposed, offered an attractive explanation
for lithium’s therapeutic efficacy in treating multiple
aspects of manic-depressive illness (18-21).

However, although the preclinical studies in toto
have tended to demonstrate lithium-induced alter-
ations in receptor-mediated phosphoinositide turnover,
numerous methodological questions have been raised
(see excellent review by Jope and Williams [6]). In ad-
dition, the temporal dissociation between lithium’s di-
rect inhibition of inositol-1 -phosphatase and its de-
layed clinical effects has led to the proposal that
inositol depletion per se may not be responsible for
lithium’s therapeutic effects (7, 22). However, a large
body of preclinical data suggests that some of the ini-
tial actions of lithium may occur with a reduction of
myo-inositol (23-26); this lowering of myo-inositol
may initiate a cascade of secondary changes at differ-
ent levels of the signal transduction process and gene
expression in the CNS, effects that are ultimately re-
sponsible for lithium’s therapeutic efficacy (6, 7, 22).
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Despite the attractiveness of this hypothesis, to our
knowledge it has never been investigated in patients
with manic-depressive illness. Thus, there is a clear
need to determine whether lithium reduces the levels of
myo-inositol in critical brain regions of individuals
with manic-depressive illness and whether individual
differences in susceptibility to lithium-induced CNS
myo-inositol reductions are major factors in predicting
therapeutic efficacy.

A variety of neuroimaging studies have begun to pro-
vide important clues to the neuroanatomical basis of
manic-depressive illness, and several converging lines of
evidence indicate that abnormalities in the frontal and
temporal cortices may play a role in the pathophysiol-
ogy of manic-depressive illness (27-35). Recent devel-
opments in magnetic resonance spectroscopy (MRS) al-
low for the direct and noninvasive monitoring of brain
neurochemistry. In this study we used MRS to quantita-
tively measure regional brain myo-inositol concen-
trations at baseline and throughout the course of lith-
ium treatment of bipolar depressed patients. It should
be pointed out that the “myo-inositol resonance”
measured by proton MRS, while predominantly myo-
inositol, also contains minor contributions from other
neurochemicals, including glycine and inositol-1-phos-
phate. We acknowledge the potential confounds pre-
sented by the compounds glycine and inositol-1-phos-
phate. However, on the basis of literature findings (36,
37) and our own data (not shown), we believe these
contribute only a minor component (<5%) to the total
myo-inositol resonance. In the present study we investi-
gated the hypothesis that lithium reduces the levels of
myo-inositol in the critical brain regions implicated in
this illness in individuals with manic-depressive illness.
In addition, we sought to determine whether any poten-
tial reductions in myo-inositol per se are associated
with lithium’s therapeutic effects.

METHOD

Subjects

Adult patients were eligible for this study if they gave written in-
formed consent according to procedures approved by the institu-
tional review board, met the diagnostic criteria for bipolar mood dis-
order, and the most recent episode had been depression. The
diagnosis was determined by using the Structured Clinical Interview
for DSM-IV (38). Patients were excluded if they met the diagnostic
criteria for any other DSM-IV axis I disorder during the 2% years
preceding the index episode. In addition, patients with psychoactive
substance abuse or dependence within 1 year of the index episode
were excluded (patients with episodic abuse related to manic-depres-
sive illness were not excluded). Patients were also excluded from the
study if they had renal disease, hepatic disease, or hematological dis-
ease, which put them at greater risk for side effects from lithium, or
if they had any of the following, which put them at greater risk for
side effects from the MRS procedure: cardiac pacemaker, brain sur-
gery for an aneurysm, recent major surgery, a neurostimulator, or
metal fragments in or near the eye or brain.

The effects of lithium on regional brain myo-inositol levels were in-
vestigated in 12 patients who met the preceding criteria. Their mean
age was 36.3 years (range=22-56), and the group contained seven
women and five men. Eleven of these patients had bipolar I disorder
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FIGURE 1. Voxel Placement for Each Brain Region Investigated With Quantitative Proton Magnetic Resonance Spectroscopy in 12

Patients With Bipolar Disorder
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(history of major depression plus mania), and one had bipolar II dis-
order (history of major depression and hypomania). Upon admission
the subjects were administered blinded research capsules four times
per day, any previous medications were tapered off (through these
capsules), and the patients underwent a drug washout period that was
at least 14 days long (depending on the half-lives of the previous med-
ications). On completion of the washout period, the patients” symp-
toms were reassessed with the Hamilton Depression Rating Scale by
trained blinded raters. All patients remained depressed after the
washout period (Hamilton depression scale score: mean=18.75,
range=11-29). Each patient then underwent a baseline MRS scan
(methods to be described) before the initiation of lithium treatment
through research capsules. Lithium treatment was initiated, and the
dose was adjusted to obtain a therapeutic plasma level (0.8-1.2 megq/
liter) over the first week of treatment. Brain myo-inositol levels were
measured in these inpatients at three different time points by means of
quantitative proton (\H) MRS: at baseline and after acute (5-7 days)
and chronic (34 weeks) lithium administration by blinded personnel.
The Hamilton depression scale was also administered by blinded rat-
ers at each of the MRS scan time points. The patients were maintained
on a standardized low-monoamine diet throughout the study.

MRS Protocol

Quantitative single-voxel 'H MRS examinations were performed
by using a 1.5-T clinical scanner (Signa/Horizon 5.6, General Elec-
tric, Milwaukee). A stimulated echo acquisition mode pulse se-
quence (39) was used to acquire spectra by means of the following
acquisition variables and also included unsuppressed water reference
scans for neurochemical quantitation: an echo time of 30 msec, a
modulation time of 13.7 msec, a repetition time of 2 sec, an eight-
step phase cycle, 2048 points, a spectral width of 2500 Hz, and 128
averages for a total acquisition time of approximately 5 minutes.
Spectra were acquired from approximately 8-cc regions of interest in
the right frontal, left temporal, central occipital, and left parietal
lobes (figure 1). Special care was taken to place the regions of inter-
est in identical locations at the three time points (baseline, acute
treatment, chronic treatment) by using a systematic approach that
referenced voxel position to readily identifiable anatomical gyral
landmarks within the brain.

Additional procedures were undertaken to evaluate the precision
of the voxel placement from scan to scan in this longitudinal study
and to control for potential partial-volume effects, which may po-
tentially confound any MRS findings. We used a simple robust semi-
automated image segmentation approach to determine the relative
percentage of the various components, namely gray matter, white
matter, and CSE, making up the voxel. Voxel content within each re-
gion of interest remained stable across the three time points; re-
peated measures analysis of variance (ANOVA) revealed there was
no significant difference over time for gray matter, white matter, or
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CSE Individual analysis of the combined data for voxel tissue con-
tent over time demonstrated that the voxel content was highly corre-
lated and highly significant (df=59, p<0.0001) in all comparisons
(baseline versus acute, r=0.96; baseline versus chronic, r=0.93; acute
versus chronic, r=0.93).

Quantitative MRS Analysis

The compounds that were identified in the short-echo 'H MRS
brain studies were N-acetylaspartate, glutamine/glutamate/y-amino-
butyric acid (GABA), creatine/phosphocreatine, choline compounds,
and myo-inositol. The area under each of the resonances is propor-
tional to the concentration of the specific neurochemical compound.
Individual peak areas were fit by using time-domain analysis software
(40, 41), and the concentration of each compound was multiplied by
10,000. The result is reported as the ratio to brain water concentra-
tion (x10%water). This water-referencing method has been used in the
field for over a decade and has been validated by a number of research
groups (42—49). The analysis software is publicly available (http://car-
bon.uab.es/mruiwww) and eliminates much of the subjectivity previ-
ously involved in determining spectral peak areas.

Briefly, the software performs an automated fit of the unsup-
pressed water peak to determine its peak area and also uses the phase
of the water peak to apply an automated zero-order phase correction
to the metabolite data. After this, the user enters a priori information
regarding the metabolite data in order to give the software starting
values for its fitting process. The a priori information given includes
the expected chemical shifts for each of the major chemical com-
pounds appearing in the typical proton brain spectrum, as well as a
starting line width determined by the corresponding water line width.
The chemical shift values given to the program are based on literature
values, which are 2.02 ppm for N-acetylaspartate, 2.30 ppm for the
glutamine/glutamate/GABA complex, 3.03 ppm for creatine/phos-
phocreatine, 3.22 for choline compounds, and 3.56 for myo-inositol
(50-54). With this input, the software then attempts to fit the metab-
olite spectrum and display its results both visually and in a file that
can be pasted into a spreadsheet analysis program. In order to
achieve reliable fits for myo-inositol, one must also fit the additional
and partially overlapping peaks containing creatine/phosphocreatine
and glutamine/glutamate/GABA in the immediate area of myo-inosi-
tol. (These are the peaks labeled 1 and 2 in figure 2, respectively.) The
visual and quantitative results are inspected for goodness of fit and ei-
ther accepted or reiterated again for improvement. Most of the spec-
tra (approximately 80%) in this study required only one iteration
apiece to achieve a satisfactory fit, with the majority of the others be-
ing successful after two iterations. The visual output of the program
from a typical spectrum fit is shown in figure 2. The analyzers are
trained to accept a fit if the residual shows predominantly unstruc-
tured noise. The areas of the water peaks and neurochemical peaks
are then entered into a spreadsheet, and the data for the individual
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FIGURE 2. Typical Proton Magnetic Resonance (MR) Spectrum
for a Frontal Lobe Region in a Patient With Bipolar Disorder
and Example of Quantitative Analysis Method?
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aThe bottom trace is the original proton MR spectrum. The spectral
analysis software models the entire spectrum (next trace up) and
then fits the individual peaks (next trace up). The uppermost trace
in each panel shows the residual component that remains after
the peak-fitting procedure is completed. Ideally, this should con-
sist only of unstructured noise to achieve optimal quantitative re-
sults. The arrow indicates the position of the time domain fitted
myo-inositol resonance.

neurochemical peaks are then multiplied by 10,000 (factor chosen for
convenience in reporting data) and then divided by the unsuppressed
brain water peak area (x10%water). We specifically did not attempt
to correct for water and neurochemical relaxation effects with this
technique, as obtaining these values on each of our patients would be
prohibitively time consuming (measurement would take an addi-
tional 2 hours for each subject). We did, however, use acquisition
variables that minimized the uncertainty in our neurochemical con-
centration estimates due to relaxation effects. Specifically, we used a
short echo time, 30 msec, to minimize T signal decay and a standard
repetition time of 2 seconds in order to minimize Ty error resulting
from collection of spectra under less than fully relaxed conditions.
This is a common tradeoff in clinical research studies.

Two research assistants (J.K.P. and M.W.E.) trained in nuclear
magnetic resonance (MR) spectral analysis using this protocol evalu-
ated the data in this study. The individuals were blind to the study in-
formation and to each other’s results. Intraclass correlation coeffi-
cient analysis revealed an interrater reliability of greater than 98%
for in vivo quantitative measurement of brain myo-inositol concen-
tration. We did not attempt to separate out the various minor compo-
nents of the myo-inositol resonance, including inositol-1-phosphate
and glycine. However, as discussed in the introduction, it is unlikely
that these compounds contribute more than 5% of the myo-inositol
resonance. The variability of our MRS measurement of brain myo-
inositol (in normal volunteers) assessed at different time points has
been described elsewhere (55) and is less than plus or minus 5%.
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FIGURE 3. Mean Brain myo-Inositol Concentrations at Base-
line and After Acute (5-7 days) and Chronic (3—4 weeks) Lith-
ium Treatment in Frontal and Temporal Lobe Regions in 12 Pa-
tients With Bipolar Disorder
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2 Significant change over time (repeated measures ANOVA: F=
5.62, df=1.172, 9.375, p=0.04).

b Significant difference from baseline (uncorrected paired t test: t=
2.46, df=8, p=0.04).

¢ Significant difference from baseline (uncorrected paired t test: t=
2.40, df=8, p=0.04).

Data Analysis

Temporal changes in the myo-inositol concentrations were as-
sessed by using within-subjects repeated measures ANOVA for each
region of interest and time point separately. When there was viola-
tion of the sphericity assumption, the degrees of freedom were ad-
justed with the Greenhouse-Geisser epsilon. Post hoc tests with Bon-
ferroni correction were used to identify significant differences
between the scans at baseline, acute treatment, and chronic treat-
ment. All reported p values are two-sided.

RESULTS

Of the 144 potential in vivo proton brain spectra
(four brain regions at three time periods for each of the
12 subjects), 128 (89%) were available and judged to
be of adequate quality to undergo quantitative analy-
sis. Two subjects did not complete the scans during
chronic treatment (loss of eight spectra), and eight
other spectra were discarded because of poor quality
due to inadequate water suppression, subject motion
during the scan, or magnetic susceptibility artifacts.

Figure 3 is a graph of the proton MRS measures of
myo-inositol concentration at each time period for the
frontal and temporal lobes. Overall, the myo-inositol
concentration in the frontal lobe showed significant
changes over time. Specifically, in the right frontal lobe
the myo-inositol concentrations during both acute and
chronic treatment were significantly lower than at
baseline before we corrected for multiple comparisons.
After correction, the two contrasts failed to reach the
nominal level of significance. Although the temporal
lobe data appeared to show a pattern somewhat simi-
lar to that for the frontal lobe, they failed to reach sta-
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tistical significance. The temporal lobe data, however,
had larger standard deviations, reflecting the difficulty
in obtaining accurate measurements because of mag-
netic susceptibility artifacts from nearby sinuses and
bone. No significant differences or trends were ob-
served in the occipital and parietal lobes.

Because myo-inositol plays an important role in os-
motic equilibrium, in addition to its role in the phos-
phoinositide signaling system, it may be possible that
other neurochemicals are increasing as myo-inositol
decreases. We did observe a change in another neuro-
chemical measure within the frontal lobe region. Cho-
line compounds showed a significant change in the
frontal lobe over the course of lithium administration;
however, the observed change was also a decrease.
This observation has recently been presented in prelim-
inary form (56); however, a complete discussion of this
interesting finding is beyond the scope of this paper.
There was no significant change or trend in the crea-
tine/phosphocreatine concentration (commonly used
as an internal MRS standard) in any of the brain re-
gions investigated over the course of lithium adminis-
tration.

Analysis of the scores on the Hamilton Depression
Rating Scale at each of the time points corresponding
to the MRS scans revealed a significant mean decrease
(-36%) in the severity of depression over the course of
the study (F=4.64, df=2, 18, p=0.02). The score during
chronic lithium treatment was significantly lower than
the score at baseline (t=3.58, df=9, p=0.006).

DISCUSSION

In this longitudinal study we have shown for the first
time, to our knowledge, that lithium treatment reduces
myo-inositol levels in the right frontal lobe. The major
effects were observed early in treatment and are consis-
tent with lithium’s acute inhibition of inositol-1-phos-
phatase, which has been demonstrated in preclinical
studies. However, the patients’ clinical state was
clearly unchanged at this time, indicating that lowering
of myo-inositol per se does not underlie lithium’s ther-
apeutic effects. It is a heuristic working hypothesis that
some of the initial actions of lithium may occur with a
reduction of myo-inositol and that this reduction of
myo-inositol initiates a cascade of secondary changes
in the protein kinase C signaling pathway and gene ex-
pression in the CNS, effects that are ultimately respon-
sible for lithium’s therapeutic efficacy (5, 6).

As discussed previously, the frontal lobe is one of the
areas that has been implicated in the pathophysiology
of this illness. Recent imaging and postmortem studies
of this region (29-32) have documented both neuronal
and glial cell abnormalities in subjects with familial
manic-depressive illness. The frontal lobe region of in-
terest used in this MRS study is larger than the areas
examined in the imaging and postmortem studies and
contains large proportions of both white and gray mat-
ter. However, it is interesting that the largest neuro-
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chemical changes we found are in this same general re-
gion. Although not as striking as the frontal lobe
findings, the region of interest in the left temporal lobe
(a brain region also implicated in manic-depressive ill-
ness) also showed similar overall effects; however,
these failed to reach statistical significance. Because of
the greater inherent variability of the data acquired
from the temporal lobe region, a larger number of pa-
tients is needed to definitively determine whether there
is indeed a reduction of myo-inositol in this region
with lithium administration. In the two control brain
regions (e.g., regions not strongly implicated in the
pathophysiology of manic-depressive illness)—occipi-
tal and parietal lobes consisting predominantly of gray
and white matter, respectively—we observed no signif-
icant changes or trends in myo-inositol levels during
the course of lithium treatment, suggesting a local
rather than “whole brain” phenomenon. Intriguingly,
this finding is consistent with the uncompetitive nature
of lithium’s inhibition of inositol-1-phosphatase (18-
21), which suggests that the regions of the brain most
affected by the pathophysiology of the illness are the
most susceptible to lithium-induced myo-inositol
changes. It has to be acknowledged, however, that the
parietal and occipital lobes showed lower basal myo-
inositol levels; thus, a role of “floor effects” in lith-
ium’s regionally selective effects cannot be entirely
ruled out. Although we observed changes in the 3.56-
ppm region of the proton MR spectrum, which is en-
tirely consistent with a lithium-induced lowering of the
myo-inositol concentration, we again acknowledge
that there may be minor contributions in this region of
the spectrum from glycine and inositol-1-phosphate.
However, any modest lithium-induced increases in
inositol-1-phosphate in this peak that may be occur-
ring suggest that we may, in fact, be underestimating
the changes in myo-inositol levels.

We are aware of few previous studies in which lith-
ium’s effects on CNS myo-inositol levels have been ex-
amined. Indirect CSF measures in one previous study
(57) did not show any differences in CSF myo-inositol
levels between lithium-treated patients and healthy
comparison subjects; by contrast, another study (58)
showed a lithium-induced reduction in CSF inositol
monophosphatase activity. Given the regional brain
differences in lithium’s effects that we found in our
study, it is perhaps not altogether surprising that the in-
direct CSF studies have not revealed consistent find-
ings. There is one other study in which lithium’s effects
on CNS myo-inositol were examined by using MRS.
Silverstone and associates (59) did not observe any sig-
nificant effects of 7 days of lithium administration on
myo-inositol levels in the temporal lobe of healthy vol-
unteers. Silverstone et al. did not investigate lithium’s
effects in the frontal lobe, and the study has a number
of additional major methodological differences from
our present study, including the use of myo-inositol/cre-
atine ratios and healthy volunteers rather than patients
with manic-depressive illness. Nevertheless, their re-
sults are consistent with the results of our present study.
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Like investigators in previous studies (60-63), we
found that even with a small study group, 4 weeks of
lithium administration was associated with a signifi-
cant reduction in Hamilton depression scale scores in
our bipolar depressed patients. The authors of a com-
prehensive review of nine published studies (64) con-
cluded that lithium is markedly more effective than pla-
cebo in the treatment of bipolar depression; however,
those authors noted that the antidepressant effects
demonstrated in the placebo-controlled studies often
did not become evident until the third or fourth week of
treatment. Given the now well-documented ability of
antidepressants to precipitate manic episodes and to in-
duce rapid cycling (65-69), lithium monotherapy,
when possible, may indeed be the treatment of choice
for bipolar depression for many (but not all) patients.
Thus, delineating the biochemical processes underlying
the ultimate responsiveness or resistance to lithium’s
antidepressant effects is clearly a worthwhile endeavor.
The observation that the administration of large doses
of myo-inositol may have antidepressant efficacy in
some patients (25, 70, 71) highlights the overall com-
plexity of the system. The limited number of patients
studied to date does not allow for comparison of differ-
ences between responders and nonresponders at this
point. This, however, is clearly an interesting question
worthy of further investigation in a larger study group.

In conclusion, a decrease in myo-inositol concentra-
tion with acute lithium administration in the right fron-
tal lobe of patients with manic-depressive illness was
clearly documented. Furthermore, lowering of myo-
inositol levels per se did not appear to be associated
with therapeutic efficacy. It remains a working hypoth-
esis that the initial reduction of myo-inositol initiates a
cascade of secondary changes in the protein kinase C
signaling pathway and gene expression in the CNS, ef-
fects that are ultimately responsible for lithium’s thera-
peutic efficacy. Clearly, further study is warranted to
delineate the role of lithium-induced reductions in re-
gional brain myo-inositol levels and to determine
whether, indeed, acute lithium-induced changes in
brain myo-inositol concentration can predict an indi-
vidual’s ultimate response or nonresponse to this agent.
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