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Abstract

The dorsolateral prefrontal cortex (DLPFC) plays an essential role in mood regulation and integration of cognitive functions that are
abnormal in major depressive disorder (MDD). Few neuroimaging studies have evaluated the still maturing DLPFC in depressed children
and adolescents. We conducted single voxel proton magnetic resonance spectrds®dRys] of the left DLPFC in 14 depressed children
and adolescents (13432.3 years old, 10 males) and 22 matched healthy controls 413.8 years old, 13 males). Depressed subjects had
significantly lower levels of glycerophosphocholine plus phosphocholine (GPC + PC; or choline-containing compounds) and higher myo-
inositol levels in the left DLPFC compared to healthy controls. In the depressed subjects, we found significant inverse correlations between
glutamate levels and both duration of iliness and number of episodes. In healthy controls there was a significant direct correlation between age
and glutamine levels, which was not present in the patient group. Lower GPC + PC levels in pediatric MDD may reflect lower cell membrane
content per volume in the DLPFC. Increased myo-inositol levels in MDD may represent a disturbed secondary messenger system. GPC + PC
and myo-inositol abnormalities further demonstrate the involvement of DLPFC in pediatric MDD.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Major depressive disorder (MDD) has a lifetime prevalence an essential role in mood regulation and working memory
of 15% in childhood and adolescerd®] and often presents  [10]. DLPFC abnormalities have been consistently found in
a chronic course associated with functional impairnj@2L post-morten7,29,40] neuroanatomicgll2], neurochemi-
The investigation of the pathophysiology of MDD has lead cal[3,16,23]and functiona[2,8,18,20]studies conducted in
to the discovery of abnormalities in the neural structures depressed adults. Interestingly, the DLPFC is one of the last
involved in mood regulatiofB6]. In particular, the dorsolat-  regions to mature in the human brain, probably because of its
eral prefrontal cortex (DLPFC, Brodmann areas 9/46) plays integrative role in cognitive functiorfd 1,37]. Nevertheless,
the few in vivo anatomicgP4] and neurochemic§®] studies
* Corresponding author. Tel.: +1 210 567 5492; fax: +1 210 567 3759.  that have evaluated the DLPFC in children and adolescents
E-mail addresssoares@uthscsa.edu (J.C. Soares). suffering from MDD noted abnormalities in the left side.
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Proton e-H) spectroscopy is a non-invasive and non- Of the 14 depressed patients, 4 had attention deficit hyper-
radioactive neuroimaging tool, which allows measurement activity disorder (ADHD), 5 had generalized anxiety, 3 had
of major brain chemicals such as choline-containing com- Separation anxiety, 2 had social phobia, and 1 had panic
pounds glycerolphosphocholine + phosphocholine (GPC + disorder. Eleven patients had a positive family history of
PC), myo-inositol (Ino)N-acetyl aspartate (NAA), phospho- mood disorders among their first degree-relativeoD
creatine + creatine (PCr + Cr), glutamate (Glu) and glutamine (N=11) and bipolar disordeMN= 3)), and all patients had
(GIn) [38]. IH spectroscopy studies of MDD adults have a positive family history of Axis | psychiatric disorders in a
demonstrated multiple brain chemical abnormalities. For first degree-relative. Eight patients were free of psychotropic
instance, MDD adults show lower GPC + PC/PCr + Cr ratios medication (6 were medication-va, 1 had last taken
in the left amygdalg17] and in the basal ganglif80], medication 1 year prior to the study and 1 was off medication
lower Glu+GIn in the cingulatél], lower NAA/PCr + Cr for 2 years) and six patients were on psychotropic medication
ratios in the caudate, higher GPC + PC/PCr + Cr ratios in (antidepressants: sertralind\£ 2), escitalopram N=2),
the putameri41] compared to healthy controls. Specifically paroxetine K=1); and/or stimulants: methylphenidate
in the left DLPFC, MDD patients show higher GPC+PC/ (N=1)and atomoxetine\=1)).

PCr+ Cr and Ino/PCr + Cr ratid46] and lower NAA/PCr + Healthy controlsi=22) were matched to the MDD sub-
Cr ratios[23]. jects for age, gender and puberty status. Exclusion criteria
Post-mortem studies in adult depressed patients suggestor healthy controls were history of or current psychiatric

reduced number and density of DLPFC glial c§l£29,40] disorder, and history of any Axis | psychiatric disorder in
This finding is supported by functional studies showing first-degree relatives.

reduced glucose metabolism and blood flow in the DLPFC  Patients and controls were also required to be between 8
of adult depressed patienfg,8,18,20] Interestingly, the ~ and 17 years old, not to have serious medical problems, and
choline-containing compounds have been associated withto be magnetic resonance compatible. All subjects and their
membrane synthesis and repair, intracellular signal trans-parents or legal guardians were assessed using the Schedule
duction and the myelination procef@8], which leads usto  for Affective Disorders and Schizophrenia for School-Age
expect a reduction of GPC + PC in MDD. Children—Present and Lifetime version (K-SADS-PL)

We usele Spectroscopy to compare the neurochemistry interview [15] The Severity of depression was rated using
of the left DLPFC of children and adolescents suffering from the Children’s Depression Rating Scale, revised (CDRS)
MDD with that of age- and gender-matched healthy controls. [27]. Puberty status was assessed through the Pubertal De-
Based on the previous postmortem and functional findings, velopment Scale—Petersen Sci@g]. Scores on the Global
we expected to find lower GPC + PC in pediatric depressed Assessment of Functioning Scale (GAF) were recorded.
patients compared to controls. We also hypothesized that wePaternal socioeconomic status (SES) was scored according
would replicate higher Ino in pediatric depressed patients to the Hollingshead Socioeconomic stafti8]. This study
compared to healthy contrdg]. was approved by the Institutional Review Board of The Uni-

MDD subjects N = 14) were included if they met DSM-IV  Versity of Texas Health Science Center at San Antonio. After
diagnostic criteria for MDD and excluded if they met lifetime  the study was fully explained, written informed consent was
diagnostic criteria for psychotic disorders, bipolar disorder, obtainedfromall subjects and their parents or legal guardians.
developmental disorders, substance abuse/dependence, All *H spectroscopy scans were performed on a 1.5T
eating disorders, Tourette’ Disease, or mental retardation Philips Intera 8.1.1. scanner at the South Texas Veterans
(demographic and clinical characteristics of pediatric MDD Health Care System (Audie Murphy Division). The MRI
patients and healthy subjects are presenteddhle J). studies were performed with a T1l-weighted fast field
echo sequence (3D T1-FFE), with repetition time (TR)
of 25ms, echo time (TE) of 5ms, field of view (FOV) of
240 mmx 220 mm, slice thickness of 1.0 mm, gap =0, num-
ber of excitations (NEX) of 2, and matrix size of 256192.

A single-voxel 'H spectroscopy approach [PRESS se-

Table 1
Demographic and clinical characteristics of pediatric MDD patients and
healthy subjects

Pediatric MDD patients Healthy controls

(N=14) (N=22) guegcg d(;LOinft—reksolved spectrosclopy()j, TR of 6 s, TEof30 mz,

Age (years) 13.3+ 2.3(9.5-17.2)  13.6- 2.8 (8.5-17.7) aT W'l.t 0 ;’ HZ’24096 2comp ex lat? po&nt's] vr\wlasluf?e
Gender (males) 10 13 to localize a 2cmx 2cmx 2cm voxel placed in the le
Education (years) 7.4 25 7.6+ 2.9 DLPFC. Based on high-resolution anatomical images, the su-
SES 44.6+ 12.7 43.44 12.9 perior frontal sulcus, the lateral fissure, and the genu of corpus
GAF 526+ 6.9 87.9+ 10.6 callosum were used as anatomical landmarks for placement
Age of onset (years)  10.4 2.3 of the MRS voxel[14] (Fig. 1). We also collected water-
Duration of illness ~ 29.13+ 13.7 p .

(months) unsuppressed spectra for absolute quantification. The LC
Number of episodes 1% 1.6 Model software package was used to quantify‘tHenetabo-
CDRS 46.6+ 16.5 liteswhichinclude: NAA, GIn, Glu, Ino, GPC + PC, PCr + Cr,

Data are presented as meastandard deviation (range). taurine, alanine, aspartatg;amino-butyric acid (GABA),
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only medication-free depressed patients and healthy controls,
and we confirmed the lower GPC + PC levels in depressed
patients F=6.62, d.f.=1/26p=0.016). Our prediction of
higher Ino levels in depressed subjects also was confirmed.
Myo-inositol levels §?=10.11, p=0.001, median test;
median=3.78, quartiles: 3.64-3.86 versus median=3.31,
quartiles: 3.05-3.60) were significantly higher in depressed
patients compared to healthy controls. No significant differ-
ences were found between depressed patients and healthy
controls in any of the other chemicalsTable 2
We repeated our analysis excluding the MDD patients with
Fig. 1. Anatomical landmarks for placement of the left MRS voxel. positive family history of bipolar disorder. We obtained sim-
ilar results of lower GPC + PC level$ €8.03, d.f.=1/29,
glucose, scyllo-inositol and NAAG as well as lipid resonances p=0.08) and higher Ino levelg{ = 7.34,p=0.019) in MDD
and macromolecule resonandd8]. However, only results  patients with positive family history of MDD compared to
of the more reliable metabolites (NAA, PCr+ Cr, GPC + PC, healthy controls.
Ino, GIn, and Glu) were used in the analy8]. Healthy controls demonstrated a significant direct linear
Statistical analyses were performed in SPSS, version 12,association between age and GIn concentratior(62,
for Windows software (SPSS Inc., Chicago, IL). We adopted p=0.002), and a non-significant trend for age and NAA levels
a two-tailed significance level gf<0.05. For spectroscopy (r=0.41,p=0.056). In depressed patients, there were no sig-
measures that followed normal distribution, we conducted nificant correlations between age and neurochemical levels.
analysis of covariance (ANCOVA) with age and gender as  In the MDD patients, we found a significant inverse
covariates. For spectroscopy measures that did not followcorrelation between Glu levels and duration of illness
a normal distribution, we conducted a non-parametric (rho=-0.63, p=0.022). No other significant correlations
median test for independent samples. Pearson’s correlatiorwere found.
coefficients were used to examine linear association between Predictions of lower GPC+PC levels within the left
chemical measures and age, and Spearman’s correlation cobLPFC of MDD children and adolescents compared to
efficients were used for clinical variables that did not follow a healthy controls were confirmed. These findings conflict with
normal distribution (duration of iliness, number of depressive previous study, which reported higher GPC + PC levels in
episodes, CDRS). Two of tHé1 MRS measures, GPC+PC the left DLPFC of MDD adolescents compared to healthy
and Ino, were considered primary based on our a priori controls[9]. However, that MDD sample had higher CDRS
predictions. Other measures were analyzed on an exploratoryscores (62.8 versus 46.6) and a shorter mean duration of ill-
basis. ness (22 versus 29 months) than ours. Our GPC + PC findings
Depressed patients and healthy controls did not differ sig- are consistent with a report of an inverse correlation between
nificantly in terms of agetE0.79, d.f. =34p=0.28),gender =~ GPC+ PC/PCr+ Cr ratios in the amygdala and depression
(Fisher's exact tesp=0.50), puberty degredJ(=139.000, severity (measured by Beck Depression Inventory) in MDD
d.f.=—0.51, p=0.64) or education tE£0.48, d.f.=34, children and adolesceni&7]. Another previous study re-
p=0.64;Table J). ported lower GPC + PC levels in bipolar adults who were
Means and standard deviations of all metabolite levels manic or in mixed state compared to healthy contfdls
for depressed patients and healthy controls are displayed inHowever, MDD adolescents had higher GPC + PC/Cr ratios
Table 2 Our prediction of lower GPC + PC levels in MDD inthe orbitofrontal cortef39] and no alterationsin GPC + PC
subjects was confirmed. Depressed patients had significantlylevels in the thalamu$35] compared to healthy controls.
lower levels of GPC + PQy(=0.002, ANCOVA withageand  Contradictory findings in basal ganglia were also reported.
gender as covariates). This analysis was repeated, includingOne study showed lower GPC + PC/PCr + Cr ratios in MDD

Table 2

Mean &1 S.D.) metabolite absolute values of the left DLPFC for depressed patients and healthy controls

Absolute metabolite level (mM) Depressed subjebts (4) Healthy controlsN =22) Statistics
GPC+PC 1.14+ 0.14 1.35+ 0.20 F=11.72,p=0.002
Ino 3.714+ 0.25 3.43+ 0.54 x%=10.11,p=0.00P
NAA 6.91 + 0.44 7.16+ 0.58 F=1.99,p=0.17
PCr-Cr 5.10+ 0.36 5.07+ 0.53 x2=0.47,p=0.7%
GIn 2.27+ 0.76 2.55+ 0.97 F=0.83,p=0.3%
Glu 5.75+ 0.54 5.76+ 0.87 F=0.01,p=0.96

a2 ANCOVA with age and gender as covariates, d.f. =1/34.
b Median test.
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adults, which were more pronounced in selective serotoninre-[16,23] Moreover, Glu + GIn concentrations in the DLPFC
ceptor inhibitors—respondef30], but another study demon-  [21] and in the cingulat§26] of depressed adult patients
strated higher GPC + PC/PCr + Cr ratios in elderly depressedincrease to normal levels after ECT treatment.
patients, which decreased after antidepressant treaf6jent Limitations of this study are its relatively small sample
We repeated our analysis, including only medication-free de- size and the fact that 6 pediatric patients were on psychotropic
pressed patients; and confirmed the lower GPC + PC levels.medication. Another possible confounder is the presence of
Hence, it is unlikely that our findings reflect only medication comorbidities such as anxiety disorders and ADHD. The
effects. latter, however, are highly prevalent and their presence may
Bearing in mind that GPC + PC is associated with mem- be part of the clinical presentation and pathophysiology of
brane turn-over and the myelination process, our finding of pediatric MDD. Furthermore, all previous studies conducted
lower GPC + PC levels could be interpreted as evidence of in children and adolescents with MDD also included anxiety
diminished cell growth or myelination in MDD compared disorder comorbiditie§9,22,31] Another concern is that
to healthy controls. These interpretations are consistent withmost MDD subjects were depressed at scan time. In this
postmortem studies of DLPFC showing reduced glial num- sense, our findings are probably related to mood state.
ber and density in adults with MDI)7,29,40] Moreover, Moreover, in a functional study, MDD adults in remission
the packing density of glial fibrillary acidic protein (GFAP) presented a normalization of the DLPFC metabolism indi-
immunoreactive astrocytes is reduced in adult depressed paeating that the hypometabolism was a state abnormj2iity
tients and also directly correlated with age of depressiononset  Possible limitations of our MRS methods are the use of
[34]. The functional neuroimaging studies showing reduced absolute concentrations that usually include a certain margin
blood flow and glucose metabolism in DLPHZ,8,18,20] of error, due to calculations made relative to unsupressed wa-
of adults with MDD further corroborate lower GPC +PC in ter and standard brain concentrations of such. An advantage
MDD. is the sensitivity to detect a significant difference in Glu and
The other neurochemical measured was Ino, which is GIn. Normal variation in brain morphology may have limited
responsible for second and third messenger intracellularthe consistency of voxel placement. We studied only the left
activity. We found higher Ino levels in the left DLPFC of hemisphere because the prior neuroimaging studies reported
pediatric MDD patients, replicating previous findings in abnormalities only in the left DLPFC.
depressed adul{$6] and in mood disorder adolescents with In conclusion, lower GPC + PC levels in pediatric MDD
at least one parent with bipolar disordgt. may be related to lower membrane turn-over and subse-
No abnormal NAA levels were observed inthe left DLPFC quently lower glial cell numbers in the left DLPFC. Higher
of depressed adolescents, which is in agreement with a predno levels in MDD may indicate abnormalities in the phos-
vious reporf9]. NAA/PCr + Cr ratios were lower in elderly  phoinositol second messenger system. Altogether, GPC + PC
depressed subjects with late onset (above 50 years old) deand Ino abnormalities further support the involvement of im-
pression but not those with early onset depression or healthypairment in the left DLPFC in pediatric MDD. Future studies
controls. Furthermore, NAA/PCr+Cr ratios also were inhighrisk MDD subjects are needed, as they may contribute
associated with deep white matter lesif@3], possibly due to the understanding of the role of DLPFC in the pathophys-
to the role of NAA in the maintenance of myelin. We found iology of this disorder.
a trend towards a direct correlation between age and NAA
in healthy controls, which could be interpreted as evidence
of neurongl maturation, as NAA is predominately prgsent in Acknowledgments
mature oligodendrocytes. No such trend was found in MDD
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