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ABSTRACT 

Women who suffer from premenstrual dysphoric disorder (PMDD) classically 

display depressive and anxiety symptoms in the premenstrum. Pharmacological agents 

are effective in the treatment of PMDD and studies have shown various biological 

dysregulations in PMDD women. Therefore, it is currently well accepted that 

neurobiological factors play a major role in the pathophysiology of PMDD. However, 

there are no data on the role of glutamate on the pathophysiology of PMDD even though 

studies have suggested a role of glutamate in anxiety and depression. This investigation 

aimed at demonstrating fluctuations of glutamate across the menstrual cycle in the medial 

prefrontal cortex (MPFC), a brain area involved in mood and emotions. 

PMDD women and healthy controls (HCs) underwent were randomized to two 

single-voxel 3Tesla proton magnetic resonance spectroscopy ('HMRS) examinations of 

the MPFC during the follicular phase (FP) and the luteal phase (LP). A phase effect, 

indicating significantly lower glutamate levels during the LP compared to the FP was 

observed. Although PMDD women undergo a similar decrease in glutamate during the 

LP as the HCs, PMDD women may display an increased behavioural sensitivity to those 

phase-related alterations. 
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CHAPTER 1 

Premenstrual Dysphoric Disorder 



1.1. Introduction 

Premenstrual dysphoric disorder (PMDD) is a severe form of premenstrual 

syndrome (PMS) characterized by significant mood changes, behavioural disturbances 

and somatic symptoms (1). Classical symptoms include sadness, anxiety (tension), 

irritability (anger, increased interpersonal conflict), mood swings, overeating or specific 

food cravings, insomnia, joint or muscle pain, difficulty concentrating, and clumsiness 

(impaired motor coordination). Reid and Yen (2) described four temporal patterns of 

symptoms. Symptoms can begin during ovulation followed by a gradual aggravation 

during the luteal phase (LP) in pattern 1. In pattern 2, symptoms begin during the second 

week of the LP followed by gradual worsening of the symptoms during the LP. In both 

cases, symptoms remit a few days after the onset of menstrual bleeding. In pattern 3, 

women experience a brief symptomatic period during ovulation, followed by the absence 

of any symptoms, and then a reappearance of symptoms during the late LP. In pattern 4, 

women who suffer from severe PMDD start experiencing symptoms at ovulation, the 

symptoms exacerbate across the LP, and remit only after menses stop. These women 

experience one symptom-free week throughout the menstrual cycle. By definition, 

symptoms of PMDD are severe enough to interfere markedly with occupational and 

social functioning. As many as 75% of women of fertile age experience some 

premenstrual symptoms (3). However, PMDD is a severe form of PMS with a focus on 

the psychological symptoms and affects about 3-8% of women with regular MCs (4-10). 

Symptoms usually begin in the early 20's, but most women do not seek medical or 

psychiatric intervention for up to 10 years (11). Based on the efficacy of certain 

pharmacological agents in treating PMDD and on several studies showing various 
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biological dysregulations in women with PMDD, it is now well accepted that 

neurobiological factors play a major role in the pathophysiology of PMDD. This is 

supported, to a certain extent, by family and twin studies showing a substantial 

heritability of premenstrual symptoms (12). The link between PMDD and major 

depression (MD) has been described for many years (13). Indeed many women who 

suffer from PMDD have a history of major depressive episode(s) (14). Other 

investigators have found that a substantial proportion of women diagnosed with severe 

premenstrual symptoms suffer from one or more anxiety disorders (15,16). Women with 

severe premenstrual symptoms seem also at risk for other major behavioural problems or 

psychiatric disorders. An association with alcohol abuse has been described (17). Suicide 

attempts and crimes are rare, but can be dramatic complications of PMDD (18-23). 

1.2. Neurobiology 

For the pathophysiology of PMDD, experts have examined the dysregulation of 

numerous neurotransmitters or neuromodulators such as 5-hydroxytryptamine (5-HT, 

serotonin), noradrenaline, neuroactive steroids and gamma-aminobutyric acid (GABA). 

The serotonergic system is considered because selective serotonin reuptake 

inhibitors are effective in the treatment of PMDD (24). Decreased serotonin 

neurotransmission leads to irritability, depression and other PMDD-like symptoms. 

Additionally, PMDD women have been reported to show a decreased platelet uptake of 

serotonin along with lowered levels of platelet serotonin content (25,26) during the late 

LP. Suppressing serotonin synthesis in the brain by acute tryptophan depletion was found 

to be associated with significant worsening of PMDD symptoms (27). 

Halbreich et al. (1993) found that a2 noradrenergic platelet receptor binding was 
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higher across the menstrual cycle for PMDD women versus HCs as has 

been seen in depression (28). 

The hypothesis that ovarian cyclicity is important in the pathophysiology of 

PMDD is supported by a study in which PMDD women's premenstrual symptoms 

disappeared when using the gonadotropin-releasing hormone agonist analog leuprolide 

but resurfaced with the administration of either progesterone or estrogen (29). 

GAB A is the major inhibitory neurotransmitter in the mammalian brain. In 

addition to the GABA binding site, other binding sites that allosterically modulate 

GABAA receptor function are present on the GABAA receptor complex (30). Particularly 

interesting are the binding sites for benzodiazepines (BZDs) and for neuroactive steroids. 

Indeed, pharmacological and electrophysiological studies (31,32) suggest the presence of 

binding sites for neuroactive steroids, such as the positive allosteric modulators ALLO 

and pregnanolone, both progesterone derivatives that are among the most potent ligands 

of the GABAA receptor. Estrogen, another female hormone whose levels fluctuate during 

the menstrual cycle, also affects GABA but through other mechanisms (33-36). 

Halbreich et al. (1996) studied plasma GABA levels in women with PMDD 

throughout the menstrual cycle (37). Women with PMDD had lower GABA levels than 

HCs during the LP. GABA plasma levels increased significantly from the FP to the LP in 

HCs, whereas GABA plasma levels in PMDD women without a history of MD 

substantially decreased from the FP to the LP (but not in PMDD women with a history of 

MD). The GABA levels of PMDD women with a history of MD were lower than those 

of PMDD women without a history of MD during the FP, but not during the LP. A 

magnetic resonance spectroscopy ('H-MRS) study investigated GABA levels in the 
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occipital cortex during the FP, mid LP, late LP. They found a diagnosis x phase 

interaction mostly related to a reduction of GAB A levels in the occipital cortex in PMDD 

women during the FP. These researchers also raised the possibility of a relationship 

between plasma estradiol, plasma progesterone and plasma allopregnanolone with brain 

GABA levels (38). 

Saccadic eye velocity is stable and reproducible within subjects, and once 

initiated, is not under conscious control. It has been used extensively to assess GABAA 

receptor sensitivity in humans. BZDs induce sedation and a decrease in the velocity of 

saccadic eye movement in a dose-dependent fashion. In an initial study, Sundstrom et al. 

(39) found that PMDD patients displayed a smaller decrease in saccadic eye movement in 

response to a BZD compared to HCs in the LP, but not during the FP. These results 

suggest a decreased sensitivity to BZDs during the LP of PMDD women. In a 

subsequent study, Sundstrom et al. (40) found that, on the contrary, sensitivity to the 

effects of the BZD midazolam on saccadic eye movements was reduced during the FP of 

PMDD patients compared to HCs, but not during the LP. They also found that the 

sedation response to BZDs was significantly reduced in PMDD patients compared to HCs 

during the LP. They concluded that a reduced functional sensitivity at the GABAA/BZD 

receptor complex exists in PMDD patients. Another study by Sundstrom et al. (41) using 

the saccadic eye movement paradigm and sedation measurements suggests that PMDD 

women are less sensitive to pregnanolone (a progesterone derivative with positive 

allosteric modulation properties at the level of the GABAA receptor) during the LP than 

HCs and that symptom severity in PMDD women has an impact on this subsensitivity. 

Saccadic eye velocity data indicate a dysregulation of the GABAA receptor in women 
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with PMDD and, more particularly, a decreased GABAA receptor sensitivity to positive 

allosteric modulators during the LP (39-41). 

Flumazenil is a BZD antagonist which is used to assess GABAA receptor function 

in psychiatric disorders. Le Melledo et al. (42) have shown that flumazenil not only 

induces short-lived panic symptoms during the LP of PMDD women and not in HCs, but 

also determined that this "abnormal" panicogenic activity of flumazenil in PMDD 

women, although present throughout the menstrual cycle, is much greater during the 

symptomatic LP than during the asymptomatic FP. Flumazenil therefore appears to 

behave as an inverse BZD agonist in women with PMDD. 

Some studies (43-45) have proposed a progesterone withdrawal animal model for 

PMDD based on the abrupt decrease in progesterone levels that occurs at the end of the 

menstrual cycle, the time when PMDD symptoms classically reach their peak. These 

authors showed that progesterone withdrawal in rats leads to an increase in anxiety-like 

behaviour and to a decrease in sensitivity to BZDs (both following short term and long 

term chronic progesterone administration). They also showed that this effect was due to 

ALLO withdrawal, which induced an increased production of the a4 subunit of the 

GABA-A receptor. 

Allopregnanolone (ALLO) plasma levels in women with PMDD have been found 

to be unchanged (46-48), decreased during the LP (49,50), decreased during the FP (51), 

or increased during the LP (52) compared to HCs. Girdler et al. (52) found that PMDD 

women had significantly greater ALLO levels during baseline measurements and when 

mental stress was induced compared to HCs. Additionally, fewer PMDD women showed 

the expected stress-induced increase in ALLO compared to HCs, suggesting a 

6 



dysregulation of ALLO mechanisms in PMDD women. Investigations of plasma levels of 

ALLO as well as progesterone (47, 49, 54) and estradiol in PMDD women do not 

indicate any consistent abnormality compared to HCs. However, several studies have 

shown chronological and quantitative correlations between symptomatology and the 

normal fluctuations of female hormones and their metabolites within the groups of 

PMDD women studied. This suggests that although the plasma levels of these 

neuroactive steroids appear normal in PMDD women, they do contribute to the PMDD 

symptomatology (47, 53, 55, 56). Interestingly, it has been suggested that the symptom 

peak of premenstrual symptoms follows the peak of ALLO by 3 to 4 days (47). 

Conceptually, this could be explained by the fact that the biological alterations in the 

brain induced by normal hormonal fluctuations (with potential symptomatic 

consequences) occurring during the menstrual cycle are compensated for in HCs but not 

in PMDD women. 

Although PMDD women undergo a similar fluctuation in GAB A and neuroactive 

steroids during the LP as HCs, PMDD women may display an increased behavioural 

sensitivity to those phase-related alterations. A psychoneuroendocrine mechanism 

triggered by the hormonal events of the menstrual cycle seems to be the most likely 

explanation. 

There are no studies examining the potential role of glutamate in the 

pathophysiology of PMDD despite the fact that preclinical and clinical studies have 

suggested a role of glutamate in anxiety and depression (57,58) and taking into account 

the role of GABA, which is a counterbalanced in the cortex by glutamate (59), in PMDD. 

7 



Proton magnetic resonance spectroscopy ( HMRS), a noninvasive neuroimaging 

technique, has enabled us to study the alterations in the glutamatergic system in vivo in 

specific brain areas. I will now review the basic principles of ^ M R S as they relate to 

PMDD. 
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CHAPTER 2 

Magnetic Resonance Spectroscopy 



2.1. Basic Principles of Magnetic Resonance Spectroscopy 

In vivo magnetic resonance spectroscopy (MRS) is the only noninvasive 

technique that can directly assess levels of certain neurochemicals (brain metabolites) in 

localized brain regions (1,2). Similar to magnetic resonance imaging technology, MRS 

relies on the principles of nuclear magnetic resonance. MRS requires a strong 

homogenous magnetic field and radio-frequency (RF) pulses that excite atomic nuclei 

and measure differences in their resonance frequencies due to the differing chemical 

structure and electronic environment of various chemical compounds (1,3). 

When a strong magnetic field is present, all the magnetic nuclei align themselves 

to the axis of the field. Upon the application of a second excitatory magnetic field (RF 

pulse), the nuclei will align themselves at a certain angle. Once, this RF pulse is stopped, 

the nuclei realign themselves to the axis of the magnetic field at a frequency that is 

specific to each nucleus (4). The resulting free induction decay can be resolved into a 

frequency spectrum by the Fourier transformation. The chemical shift (relative frequency 

position of a metabolite signal) is influenced by the magnetic environment of the nucleus. 

In theory, the intensity of the metabolite signal should be directly proportional to its 

concentration (5). 

The end product of proton MRS exam is a spectrum containing metabolite signals 

along a frequency axis in parts per million (ppm). Specific protons contained in a 

metabolite can give rise to both single and multiple peaks that are positioned along the 

frequency axis. The position of each peak is referred to as the chemical shift. GAB A, 

glutamate, glutamine, creatine plus phosphocreatine (Cr), N-acetylaspartate, myo-inositol 

and choline are some of the metabolites that can be measured using in vivo !H MRS 
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(1,6). Refer to Figure 2-1 for a sample spectrum from proton MRS scan of the MPFC 

using a 3 Tesla magnet. 

Higher field-strengths have several advantages such as better signal-to-noise ratio, 

higher spectral, spatial and temporal resolution and improved quantification precision. 

However, higher field strengths also have disadvantages such as decreased T2 signals, 

magnetic susceptibility, J-modulation anomalies, magnetic field instability, difficulty in 

building effective RF coils and safety restrictions (1,6,7). 

The type of MRS signal recorded (free induction decay, spin echo, or stimulated 

echo), is determined by the choice of the MRS localization sequence. The two main pulse 

sequences utilized in ^MRS are stimulated echo acquisition mode (STEAM) (8) and 

point-resolved spectroscopy (PRESS) (9). The STEAM technique (8) utilizes stimulated 

echoes, which are produced when three 90° RF pulses are applied at various time 

intervals. The stimulated echoes originate from a localized region where 3 slice selective 

pulses are applied and mutually intercept. Localization is achieved in a single shot. 

STEAM allows for a relatively short echo time (TE), thereby allowing detection of J-

coupled metabolites such as the glutamine and glutamate combination and myo-inositol. 

The double spin-echo or PRESS method (9) uses a 90 ° pulse followed by two refocusing 

180° pulses. An advantage of the STEAM technique is that it makes use of the slice-

selective 90° pulses that are easier to implement with conventional hardware. However, it 

is more sensitive to subject motion, compared to PRESS. An important advantage of 

PRESS compared to STEAM is that it affords twice the theoretical signal-to-noise ratio 

(1,5). 
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Figure 2-1. Sample spectra from proton MRS scan of the medial prefrontal cortex 
using a 3 Tesla magnet. 
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As briefly described earlier, the application of a RF pulse to a magnetic field 

causes an excitation followed by a relaxation. This process can be characterized by two 

parameters namely spin-lattice (longitudinal time, Ti recovery) and spin-spin relaxation 

(transverse relaxation time, T2 decay). Ti expresses the behaviour of magnetization as it 

returns to equilibrium following the application of the RF pulse. T2 expresses the decay 

of the RF signal. Spin-spin coupling causes a resonance to split into multiplets. The peak 

separation is described by the spin-spin coupling J constant. (4,5). 

Shimming of the magnetic field represents one of the major challenges in an MRS 

examination, since out ability to separate resonances within the MR spectrum requires a 

very homogenous magnetic field. (10). Shimming, which involves subtle modifications 

to the main magnetic field through a set of shim coils, is critical for MRS because it 

ensures "like" nuclei resonate at as similar frequency as possible. This not only allows 

for separation of spectral lines at similar frequencies, but provides the optimal signal-to-

noise. This latter effect results since the area within a spectral line remains constant 

through the shimming process, so as a line becomes narrower, it also gains amplitude. 

To be able to acquire and readily observe signals representing metabolites of 

interest, the brain water resonance, the largest signal source in 'HMRS, has to be 

suppressed. This is a consequence of the water concentration (~ 40 molar) greatly 

exceeding that of the metabolites of interest (> 10 millimolar). Hence, water suppression 

pulses are added to the pulse sequences (10,11). 

Metabolite levels can be quantified in one of three ways, namely, i) using external 

references, ii) using an internal metabolite, which is known to be relatively stable as the 

denominator (e.g. Cr), and iii) using an internal reference of water. The level of the 
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external reference is obtained from a standardized phantom. Despite the simplicity of 

this technique, it is prone to undesirable spatial variation. However, this error can be 

reduced by performing calibration measurements on a standard phantom and choosing 

the same location of the voxel as the MRS measurements. When one uses internal 

references, the problems associated with using external references are avoided because 

the metabolite and reference signal are affected in a similar manner. However, it is 

crucial that the concentration of the reference metabolite remains constant during the 

course of different pathologies. The internal water signal can also be used as a reference 

since water can be quickly and accurately measured due to its high abundance in the 

brain. However, a small error in the estimation of the intracellular water peak, which is 

an MRS signal several orders of magnitude larger than that of the metabolites being 

measured, needs to be corrected for T2 relaxation losses, and must account for 

segmentation information, can have a substantial compounding error effect on the 

resulting data, and consequently result in loss in our ability to detect any significant 

changes in the result (12). 

2.2. Advantages of using in vivo MRS for the study of disorders in the human brain 

The major advantage of the MRS technique is its non-invasiveness which allows 

us to make repeat measurements over time. This is not feasible with other methods such 

as biopsy studies. Longitudinal MRS studies have the potential of distinguishing between 

state vs. trait issues, acute vs. chronic treatment effects and progressive vs. static change 

(1). Additionally, the MRS technique is non-destructive and does not require ionizing 

radiation, and can therefore be safely performed many times. Furthermore, MRS can be 
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used to measure several metabolites simultaneously, and therefore a wealth of 

information can be obtained from a single experiment (4). 

2.3. Disadvantages of using in vivo MRS for the study of disorders in the human 

brain 

Due to the low intrinsic sensitivity of in vivo proton MRS, the low metabolite 

concentrations in cerebral tissue represent a crucial constraint (15). Another disadvantage 

of using MRS methodology is that it is impossible to distinguish between metabolite and 

neurotransmitter pools. Furthermore, the MRS technique has been often criticized 

because it is impossible to distinguish whether a metabolite is located in the intracellular 

or extracellular space. Additionally, the MRS technique is not able to measure 

compounds that are present in very low concentrations in the brain (less than 0.5-1.0 

millimolar) (4). Furthermore, metabolites detectable by in vivo MRS represent only a 

small fraction of the metabolites contained in the living systems (16). 

2.4. MRS measurement of glutamate in neuropsychiatric disorders 

The fluctuations in glutamate levels measured by MRS techniques have been 

thought to contribute to the pathophysiology of several neuropsychiatric disorders such as 

multiple sclerosis and Alzheimer's disease. 

Most studies agree that there is no statistically significant difference in the levels 

of glutamate plus glutamine (glutamix - Glx) in the normal appearing white matter in 

patients suffering from multiple sclerosis compared to healthy controls (17-20). 

Furthermore, one study demonstrated that the levels of Glx in the cortical grey matter is 

not statistically significant while Chard et al. (18) and Sastre-Garriga et al. (19) illustrated 
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that the levels of Glx in the cortical grey area are lower in patients suffering from 

multiple sclerosis compared to healthy controls. 

Stoppe et al. (21) also showed no statistically significant alterations in the levels 

of glutamate between Alzheimer's patients and healthy controls in the parietal gray 

matter and white matter. Hattori et al. (22) found a decrease in levels of Glx levels in 

grey matter compared to healthy controls in Alzheimer's patients compared to healthy 

controls. However, they found no statistically significant difference between the levels of 

Glx in the white matter in patients suffering from Alzheimer's disease compared to 

healthy controls. Another study (23), found no difference in the levels of glutamate in 

patients suffering from Alzheimer's disease compared to healthy controls in the mid-

parietal grey matter, mid-frontal grey matter, parietal white matter, frontal white matter 

and temporal lobe area. Mohanakrishnan et al. (24) showed no statistically significant 

difference in glutamate levels in the temporoparietal cortex of patients suffering from 

Alzheimer's diseases versus healthy controls. However, Antuono et al. (25) showed 

reduced levels of glutamate in the cingulated region in Alzheimer's patients versus 

healthy controls. 

2.5. PMDD and MRS 

To the best of our knowledge, there are only two published 'H-MRS studies on 

PMDD (26,27). The first 'H-MRS study expressed metabolite levels as a ratio to Cr and 

did not show differences between PMDD women and healthy controls (HCs) in levels of 

choline, myo-inositol or NAA in the medial prefrontal cortex (MPFC) (26). However, a 

phase effect for NAA was observed in the MPFC. This study may be criticized for a 
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small sample size, especially in the PMDD women group (NPMDD=5, NHC=7) and since it 

was performed at a relatively low magnetic field strength (1.5 Tesla). 

The second study (27) using a 2.1 T magnet reported changes in GAB A levels 

referenced to a standardized Cr value. This report suggested that there was a diagnosis x 

phase interaction which was mostly related to lower GABA levels in the occipital cortex 

in 9 PMDD women compared to 14 HCs during the FP. GABA levels decreased from the 

FP to the LP across the menstrual cycle for HCs, whereas the opposite trend was 

observed in PMDD women. Plasma estradiol, progesterone and allopregnanolone were 

negatively associated with GABA levels in HCs. In PMDD women, estradiol and 

progesterone were positively associated with brain GABA levels and the relationship 

between allopregnanolone was not statistically significant. However, this study measured 

GABA levels in the occipital cortex, a brain area not thought to be implicated in PMDD. 

Our MRS investigation will a) measure glutamate levels in PMDD women b) use 

a higher field strength magnet (3 Tesla), c) have the largest number of participants in a 

PMDD MRS investigation and d) examine the MPFC, an area that is involved with mood 

and emotions. In Chapter 3, a brief overview of the glutamate system will be described. 
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CHAPTER 3 

Glutamate 

30 



3.1. Glutamate in Major Depression 

I am not aware of any MRS investigations measuring glutamate in PMDD 

patients. However, PMDD has been associated with an increased vulnerability to MD and 

MD is arguably one of the psychiatric disorders that is most closely related to PMDD. 

Indeed, about 25%-65% of women who suffer from PMDD have a history of MD 

episode(s) (1). An argument for the role of glutamate in the pathophysiology of MD is 

that drugs with activity on glutamate receptors are effective as antidepressants in animal 

models of depression (2). However, the situation appears to be quite complex since some 

of the drugs studied are agonists or positive modulators at glutamate receptors, but 

ketamine, a N-methyl-D-aspartate (NMDA) receptor antagonist was recently reported to 

be effective in the treatment of depressive symptoms in humans in a placebo-controlled 

double blind study (3). Riluzole, a glutamate release inhibitor is effective in treating 

treatment-resistant depression (4). Preclinical studies suggest a role of glutamate in the 

pathophysiology of major depression and the mechanism of action of antidepressants. 

The evidence for a glutamate hypothesis in MD has recently been reviewed (5). 

I have reviewed MRS studies on glutamate in MD patients not taking 

antidepressants (Table 3-1). Investigations in treatment-resistant MD patients showed 

decreased glutamate levels in the anterior cingulate gyrus (6) and the amygdala/anterior 

hippocampus (7). Similar findings in the anterior cingulate gyrus were obtained in 

pediatric patients (8,9), but not in elderly patients with unipolar MD (10). One adult study 

also found a negative correlation between depression severity and glutamate levels in the 

dorsolateral prefrontal cortex (11) Another investigation in pediatric patients found an 
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inverse correlation between glutamate levels in the left dorsolateral prefronatal cortex, 

duration of MD and number of MD episodes (12). On the contrary, using a stronger 

magnet (2.IT), Sanacora et al. (13) found that glutamate levels were increased in the 

occipital cortex of unmedicated MD patients with classical or melancholic features but 

not in patients with atypical features. Sanacora et al's contrasting results could be 

explained by the fact that they investigated a different brain area (occipital cortex) which 

is actually less relevant to MD than the other brain areas previously investigated. The use 

of a stronger magnet in Sanacora's study compared to the previous investigations and 

therefore a greater ability to resolve glutamate from glutamine was, however, a clear 

asset of that study. However, Hasler et al. (14), using a 3T magnet, found that glutamate 

levels were decreased in the MPFC of MD patients. Although the specific role of the 

complex glutamate system in the pathophysiology of MD remains to be determined and 

used therapeutically (15), there seems to be a consensus, based on MRS findings, (16) 

that glutamate levels are significantly lower in the frontal lobe of MD patients. On the 

contrary, prefrontal glutamate levels were found to be increased in bipolar disorder 

patients (17). Consistent findings of low glutamate levels in the prefrontal cortex of MD 

patients in association with reports on the potential antidepressant activity of numerous 

agents affecting NMD A, AMP A and metabotropic glutamate receptors (3,13,18) suggest 

that glutamate, although likely in a complex manner, is a key player in the 

pathophysiology of depression. 
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Figure 3-1. Glutamatergic synapse. (Taken from (22)). Reprinted with permission. 
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3.2. Glutamate synthesis, receptors, synapses and storage 

Glutamate is widespread in the brain and is the major excitatory neurotransmitter 

in the brain cortex. The majority of glutamate is synthesized from glutamine by the action 

of phosphate-activated glutaminase. A substantial amount of glutamate is also 

synthesized from a-ketoglutarate in a reaction using the enzyme aspartate 

aminotransferase. Although slower than the above mentioned processes, glutamate can be 

synthesized from a -ketoglutarate in a reaction catalyzed by GABA transaminase. 

Subsequently, GABA is synthesized from glutamate in a reaction catalyzed by L-

glutamic acid decarboxylase (GAD). The excitatory action of glutamate is 

counterbalanced by the inhibitory action of GABA, the major inhibitory neurotransmitter 

of the mammalian brain. See Figures 3-1 and 3-2 for information on glutamate synapses, 

glutamate synthesis and biochemical pathways of glutamate synthesis and storage in 

neurons and astrocytes. Glutamate receptors are widely expressed in the MPFC (20). The 

glutamate projections between the limbic system and the prefrontal cortex are particularly 

interesting in the context of the investigation of depressive symptomatology (21,22). 

There are two major classes of glutamate receptors, namely ionotropic receptors 

and metabotropic receptors. Ionotropic receptors belong to the ligand-gated channel 

receptor family and include NMDA (N-methyl-D-aspartate), AMPA (oc-amino-3-

hydroxy-5-methylisoxazole-4-propionic acid) and kainic acid receptors (23). 

Metabotropic glutamate receptors are linked by G-proteins to cytoplasmic enzymes and 

affect intracellular metabolic processes (24). Eight metabotropic glutamate receptors are 

designated mGluRl through mGluR8 (25). The l,2-amino-4-phosphonobutyrate receptor 

does not fall into any of the above categories and functions as an inhibitory autoreceptor. 
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3.3. Objective and hypothesis 

The objective of the study described in this thesis was to directly examine, using 

MRS, the MPFC medial prefrontal cortex glutamate levels in women with PMDD. My 

hypothesis was that MPFC glutamate levels and more precisely glutamate/Cr levels, 

would decrease from the FP to the LP in PMDD women but not in HCs. 
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CHAPTER 4 

1H MRS Measurement of Brain Glutamate Levels in Premenstrual Dysphoric 

Disorder 

The contents of this chapter are represented in a manuscript accepted for publication in Biological 

Psychiatry. I am the first author on this paper and the co-authors are Janette Seres-Mailo, Chris Hanstock, 

Peter Seres , Peter Allen, Janisse Khudabux, Francois Bellavance, Glen Baker, Philip Tibbo, Eric Hui, and 

Jean-Michel Le Melledo. I played a major part in this study, including organizing research visits, data 

collection and analysis and writing the manuscript. 
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4.1. Introduction 

Premenstrual dysphoric disorder (PMDD) is a clinical syndrome characterized by 

significant mood changes, behavioural alterations, and somatic symptoms (1). Classical 

symptoms include sadness, anxiety, irritability and mood swings. Symptoms regularly 

occur in the late luteal phase of the menstrual cycle, begin to remit after the onset of 

menstrual bleeding, and are typically absent in the week following menses. A recent 

epidemiological study suggested that the 12-month prevalence of PMDD is around 5.3% 

in the community (2). The dysregulation of several neurotransmitters including serotonin 

and GAB A (3,4) have been suggested in the pathophysiology of PMDD, but there are no 

data on the potential role of glutamate in the pathophysiology of PMDD. 

GAB A, the major inhibitory neurotransmitter of the mammalian brain, modulates an 

array of behavioural and physiological mechanisms such as mood, anxiety, aggression 

and response to stress, all of which are potentially altered in PMDD. Our previous 

investigations using pharmacological challenges led to strong, but indirect evidence 

favoring a crucial role for the brain GAB A system in the pathophysiology of PMDD (4). 

Glutamate is the major excitatory neurotransmitter in the brain cortex and its action is 

counterbalanced by the inhibitory action of GABA (5). Furthermore, preclinical and 

clinical studies suggest a role of glutamate in anxiety and depressive mood (6,7). 

In vivo magnetic resonance spectroscopy (MRS) is the only noninvasive technique 

that can directly assess levels of certain neurochemicals in localized brain regions (8). 

GABA, glutamate, glutamine, creatine plus phosphocreatine (Cr), N-acetylaspartate 

(NAA), myo-inositol and choline are examples of metabolites that can be measured using 

in vivo proton magnetic resonance spectroscopy (!H-MRS). The ability to selectively 
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measure glutamate and glutamine by MRS is severely hampered by the overlap of their 

resonances in the MR spectrum due to their similar chemical structure (9). This is 

particularly true at the commonly used field strength of 1.5 Tesla, and when data are 

acquired at short echo-times (TE), and by analysis in the -2.35 ppm region of the 

spectrum. As the field strength is increased, the ability to resolve glutamate from 

glutamine is improved (9). However, there remains a significant degree of overlap, 

particularly at short TE. As a result, it is usual for the sum of glutamate and glutamine to 

be reported as Glx. Our methods allow us to interpret Glx measurements as glutamate. 

This is possible by careful selection of inter-pulse sequence timings of TE and mixing 

time (TM) in the STEAM sequence, which maximized signal-to-background from 

glutamate at 2.35 ppm, while reducing overlapping contributions from glutamine and 

virtually eliminating macromolecule baseline contamination. Indeed, the contamination 

of the glutamate signal by both glutamine and GAB A is only 11% with our optimized 

method, as determined by simulations performed in our laboratory (10). The magnitude 

and shape of the signals in the MR spectrum that are derived from glutamate and 

glutamine are sensitive to both the TE and TM selected when acquiring data with the 

STEAM pulse sequence. This results in the evolution of the nuclear spin-spin coupling of 

adjacent protons within such a metabolite during the time frame of the pulse sequence. 

The STEAM pulse sequence timings selected in this study (TE,TM = 240,27 ms) provide 

conditions which result in excellent yield of signal from the glutamate resonance in the 

2.35 ppm region as compared to that from glutamine in the same spectral region. This has 

allowed us to generate data which are more specific for glutamate. Therefore from 

henceforth we will refer to Glx as glutamate. 
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To the best of our knowledge, there are only two published !H-MRS studies on 

PMDD (11,12). The first 'H-MRS study expressed levels as a ratio to Cr and did not 

show differences between PMDD women and healthy controls (HCs) in levels of choline, 

myo-inositol or NAA in the MPFC (11). However, there was a phase effect for NAA in 

the MPFC. Although interesting, this study had a small sample size, especially in the 

PMDD women group (npMDD=5, nnc=7) and was performed with a 1.5 Tesla magnet. 

The second study using a 2.1 Tesla magnet and reporting GABA levels referenced 

to a standardized Cr value, found a diagnosis x phase interaction mostly related to lower 

GABA levels in the occipital cortex in 9 PMDD women compared to 14 HCs during the 

FP. GABA levels decreased across the menstrual cycle for HCs, whereas the opposite 

trend was observed in PMDD women (12). 

The literature indicates a role of glutamate in mood and anxiety disorders, but 

there are no studies examining the role of glutamate in PMDD. This study directly 

investigates central glutamate in women with PMDD. 

We chose to investigate the MPFC, a brain region that is of psychiatric relevance 

in the pathophysiology of PMDD due to its involvement with mood and emotions. 

Sadness induced by recall of unhappy memories has been shown to induce increased 

regional cerebral blood flow in the MPFC in HCs (13). Furthermore, positron emission 

tomography studies show alteration of the activation of the MPFC as a result of 

pharmacological manipulation of female hormones (14) as well as natural fluctuation of 

female hormones during the menstrual cycle (15). It is also particularly interesting to note 

that two SSRIs effective in treatment of PMDD (16-18) have been shown to increase 

glucose metabolism in the MPFC when used as antidepressants (19). Additionally, 
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glutamate receptors are widely expressed in the MPFC. Recent MRS data showing that 

glutamate levels are decreased bilaterally in the MPFC of patients suffering from MD 

also supports our choice of voxel (20). Indeed, a close relationship exists between PMDD 

and MD. Furthermore, a premenstrual worsening of symptoms of MD has been described 

in a substantial number of patients (21). In addition, many women with a history of 

PMDD have a history of MD (22). 

Our hypothesis was that MPFC glutamate levels and more precisely glutamate/Cr 

levels, would decrease from the follicular phase (FP) to the luteal phase (LP) in PMDD 

women but not in HCs. 

4.2. Methods and Materials 

Subjects were recruited through advertisement and compensated for their time and 

expenses. Twelve women who were diagnosed with PMDD and 13 HCs were recruited 

according to the guidelines of the Health Research Ethics Board of the University of 

Alberta. Written informed consent was obtained. 

All participants were administrated the Structured Clinical Interview for DSM-IV 

Axis I disorders while they were in the FP. Both HCs and PMDD women were free of 

other current Axis I psychiatric diagnoses and a lifetime history of bipolar disorder or 

psychotic disorders. Due to the high prevalence of MD and anxiety disorders in women 

with PMDD (23), a history of MD or anxiety disorders was not an exclusion criterion for 

PMDD women, provided that it had remitted at least two years prior to their screening 

visit. Six women with PMDD had a history of MD and none had a history of anxiety 

disorders. Subjects were excluded if they were taking any psychotropic medication in the 

previous year, used street drugs in the previous 6 months, or used recreational drugs 
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during the study. Factors that modify hormonal levels such as having used hormonal 

contraception in the previous 3 months, pregnancy and lactation, giving birth in the 

previous 6 months or having an abortion in the previous 3 months, and irregular 

menstrual cycle were exclusion criteria. Other factors that excluded participants included 

classical contraindications to MRS or potential confounding factors such as brain injury. 

Subjects with medical illnesses that were likely to bias study results were excluded from 

the study. An abnormal thyroid-stimulating hormone blood test or a positive urine sample 

for BZDs or pregnancy were exclusion criteria, but none of the research subjects tested 

positive. 

All subjects were monitored prospectively and daily for at least two full 

consecutive menstrual cycles using the Prospective Record of the Impact and Severity of 

Menstrual Symptomatology (PRISM) and a 100 mm visual analogue scale (VAS) to rate 

the severity of mood and physical symptoms. 

The PRISM is a 24-item daily diary that solicits information regarding the 

severity of mood, cognitive, behavioural and physical symptoms and their level of 

interference in life domains. Each symptom is rated on a scale of 1 to 3; 1 being 

noticeable but not troublesome, 2 being interfering with normal activity and 3 referred to 

as temporarily incapacitating. If the symptom is not present, the corresponding square is 

left blank. 

In order to confirm that the DSM-IV criteria were met, PMDD women had to 

have experienced a minimum of 5 symptoms in the last 5 days of their menstrual cycle, 

with at least one of the symptoms being depressed mood, anxiety, mood swings or 
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irritability. These 5 symptoms had to be rated at least 2 out of 3 (interferes with normal 

activity) in severity for at least 2 of the 5 days before the onset of menses. 

The menstrual cyclicity and severity of "mood symptoms" were objectively 

verified by comparing the VAS ratings during the FP and the LP. The VAS 

measurements for the symptoms during the FP had to be no higher than 

20mm for PMDD women (24). Affected cyclicity was ensured by a within-cycle 

(FP to LP) increase of at least 50% in severity of at least 3 of 5 

menstrually related mood symptoms or a 100% increase in severity of one of 

these symptoms. HCs were confirmed to be lacking a diagnosis of PMDD based on the 

same criteria, but women who presented as complaining of PMDD and did not meet 

PMDD diagnosis criteria were not included in the HC group. 

Subjects were randomly assigned to have the first 'H-MRS session either during 

their LP followed by a second !H-MRS session during their FP, or vice-versa. Scanning 

sessions in the LP were scheduled to occur 1 to 5 days before the menses, when 

premenstrual symptoms typically occur, and scanning sessions in the FP were scheduled 

to occur between days 6 and 12 of the menstrual cycle, when most women do not 

experience any premenstrual symptoms and female hormone levels remain relatively low. 

'H-MRS was performed using a STEAM sequence and a 3 Tesla magnet (Magnex 

Scientific, Concord, Calif.) equipped with a spectrometer (Surrey Medical Imaging 

System, Surrey, U.K.) with a quadrature birdcage resonator. A 2x3x3 cm voxel (for 

segmentation and spectroscopy) was positioned such that the 2 cm dimension was 

centered on, and perpendicular to, the midline, using both transverse and coronal gradient 
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echo image series (TE=20ms, TR=500ms, 5mm slice thickness, 256x256 point 

resolution). 

Shimming to less than 0.05 ppm was accomplished by using both FASTMAP (25) 

and an "in-house" auto shim routine. The optimal in vivo glutamate contrast to 

background used ((TE,TM)=(240,27) ms (10)) gave minimal macromolecule 

contamination, due to its short T2 relaxation time. Spectra were the sum of 512 averages, 

acquired in 16 blocks of 32 averages, each of the 16 subspectra were examined for 

spectral artifacts due to subject movement or hardware fluctuations, and allowed 

registering each subspectrum to the same frequency reference, prior to summing. 

Analysis of the in vivo data was performed using the LCModel (version 6.0-1) analysis 

program (26).The metabolite basis spectra used in the LCModel analysis were derived by 

numerical simulation, and included NAA, creatine, choline, myo-inositol, N-

acetylaspartylglutamate, taurine, lactate, aspartate, glycine, GABA, glutamate, glutamine 

and alanine. It gave acceptable measures of glutamate, NAA and Cr in the MPFC, with 

typical standard deviation of the fit for glutamate < 15%, for NAA < 5% and for Cr < 

10%. Glutamine measures from LCModel analysis typically had a standard deviation of 

the fit > 30%, and were therefore deemed unreliable. A representative spectrum used for 

analysis is shown in Figure 4-1. All measures derived by MRS were expressed as a ratio 

to Cr rather than a ratio to NAA. We made this decision based on only one report that 

suggested that the levels of NAA in the MPFC fluctuate according to the phase of the 

menstrual cycle (11). 

Segmentation of the frontal brain region was performed using a double-inversion 

recovery 1-D projection method (27). The grey matter (GM): white matter (WM): 
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cerebrospinal fluid (CSF) ratio was used to scale for differences in individual brain 

matter compositions. All computations necessary for calculating experimental timings 

prior to acquisition and for data analysis were performed using the MATLAB program 

environment. 

Ovulation was assessed directly using urine lutenizing hormone ovulation kits that 

were given to participants during the initial visit. We had collected blood samples before 

each scan in all patients. Therefore, we also indirectly measured ovulation by measuring 

the fluctuations of allopregnanolone (ALLO), a metabolite of progesterone known to 

increase after ovulation (28). ALLO was analyzed by gas chromatography-mass 

spectroscopy using a modification of the procedure of Kim et al. (2000) (29). 

A 2x2x2 analysis of variance (ANOVA) (diagnosis x order of the MRS x phase of 

cycle) with repeated measures on one of the factors (phase) was used to estimate the 

effects of the phase and diagnosis on glutamate/Cr levels as well as on the tissue 

composition in the MPFC (30) for all women (ovulators and non-ovulators). 

Furthermore, an analysis of covariance (ANCOVA) was performed on glutamate/Cr 

levels with age and tissue composition as covariates to take into consideration possible 

differences in those variables between the two groups of women. Statistical significance 

was set at p<0.05 and all tests were 2-tailed. 

4.3. Results 

The mean age of the PMDD women was 35.0±4.61 years and that for the HCs 

was 30.0±8.14 years. There was no statistically significant age difference between the 

two groups (t(23)=1.87, p=0.07). Behavioral results are shown in Table 4-1. Tissue 

segmentation data for both PMDD women and HCs during the FP and LP are reported in 
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Table 2. There was a statistically significant diagnosis difference for percentage of GM 

and close to significance for percentage of CSF. No other significant difference was 

observed for the tissue composition (Table 4-3). 

In HCs, the glutamate/Cr levels were 5.86±2.30 and 4.85±1.34 in the FP and LP 

respectively. In PMDD women, glutamate/Cr levels were 6.14±1.49 and 4.51±1.15 in the 

FP and LP, respectively. We found a phase effect but there was no diagnosis effect and 

there was no diagnosis x phase interaction (Table 4-2 and Figure 4-2). The order of the 

scans had no significant effect on the results (Table 4-2). Hence, both groups of women 

had significantly lower levels of glutamate/Cr in the LP than in the FP (estimated mean 

difference: 1.31; 95% C.I.: 0.29,2.33). Results of the statistical analysis were similar 

using a ratio of glutamate to NAA, but the results are not reported here. Note that with a 

sample size of 12 subjects per diagnosis, the power to detect a difference of 1.3 in 

glutamate/Cr levels between FP and LP was 72%. The power to detect the same 

difference between HCs and PMDD women (diagnosis effect) was 80%. 
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Figure 4-1.STEAM localized MRS data acquired from the medial 

prefrontal cortex, and with sequence timings optimized for recovering signal from 

glutamate (STEAM{TE,TM} = {240,27} ms). The spectra in (a) illustrate the 

unfiltered data superimposed with the LCModel fit in red. The residual noise is 

shown in (b). (c) Voxel position shown of medial prefrontal cortex in sagittal, 

coronal and transverse views. Abbreviations: Choline (Ch), N-acetylaspartate plus 

N-acetyl aspartylglutamate (NAA+NAAG), creatine plus phosphocreatine 

(PCr+Cr). 
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Figure 4-2. Glutamate plus glutamine/creatine plus phosphocreatine (Glx/Cr) levels 

± standard deviation in the Medial Prefrontal Cortex (MPFC) in women with 

Premenstrual Dysphoric Disorder (PMDD) (N=12) and Healthy Controls (HC) 

(N=13) across the Menstrual Cycle. A phase effect was observed (F(l,21)=7.115, 

P=0.014). Abbreviations: FP= follicular phase, LP=luteal phase, PMDD = 

Premenstrual Dysphoric Disorder patients, HC=healthy controls. 
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Table 4-1 Means and standard deviations for phase and diagnosis specific results of 
behavioral ratings for the FP (Day 6-10) and LP (last 5 days 
of the cycle) 
Behavioral 

outcome 

PRISM-

Depressed 

mood 

PRISM-

Anxiety 

PRISM-

Mood swings 

PRISM-

Irritability 

VAS-

Depression 

VAS-

Irritability 

VAS-Tension 

VAS- Mood 

lability 

VAS- Mood 

swings 

Abbreviations: F 

FP - HCs 

0.04±0.08 

0.02±0.03 

0.02±0.07 

0.05±0.10 

1.92±3.72 

2.51±3.55 

0.67±1.77 

1.11±3.13 

0.82±2.28 

5 = follicular phas 

LP -HCs 

0.05±0.09 

0.05±0.08 

0.03±0.06 

0.05±0.13 

2.18±4.46 

2.17±2.75 

2.95±4.42 

1.62±3.92 

1.22±3.35 

s, LP = luteal phas 

FP - PMDD 

0.09±0.16 

0.06±0.13 

0.04±0.10 

0.12±0.20 

1.29±2.06 

1.41*2.10 

1.83±2.70 

0.66±1.26 

0.76±1.49 

e, PMDD = Preme 

LP - PMDD 

1.51±0.62 

1.59±0.81 

1.34±0.68 

1.94±0.49 

54.85±19.51 

65.49±13.88 

63.68±16.51 

55.0+17.11 

59.27±19.44 

nstrual 
Dysphoric Disorder, HCs = healthy controls, PRISM= Prospective Record of the Impact 
and Severity of Menstrual Symptomatology, VAS= visual analogue scale. 
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Table 4-2. Descriptive Statistics (Mean ± Standard Deviation) for Glx/Cr in 

the Medial Prefrontal Cortex (MPFC) and Tissue Composition in the MPFC. 

PMDD women (n=12) 

FP LP 

HCs (n=13) 

FP LP 

%GM 56.66 ± 7.07 54.54 ±6.51 61.77 ±5.79 61.27 ±5.18 

%WM 23.80 ±5.33 26.28 ±8.35 24.64 ± 4.76 24.85 ±4.61 

% CSF 19.55 ±11.02 19.18 ±9.61 13.59 ±5.21 13.88 ±4.03 

(GM+WM):CSF 5.52±3.38 5.17±2.25 7.73±4.16 6.92±2.77 

GM:WM 2.45±0.40 2.33±0.91 2.62±0.65 2.56±0.55 

Abbreviations: Glutmate/Cr = glutamate plus glutamine/ creatine plus phosphocreatine, 

MPFC = medial prefrontal cortex, FP = follicular phase, LP = luteal phase, PMDD = 

Premenstrual Dysphoric Disorder, HC = healthy controls, GM = Grey matter, WM = 

white matter, CSF = cerebrospinal fluid. 
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Table 4-3 - Results of A> 
menstrual cycle for PME 

Source of Variation 

Within-subjects effects 

Phase 

Phase x diagnosis 

Phase x order of scan 

Phase x order x 

diagnosis 

Between-subjects effects 

Diagnosis 

Order of scan 

Diagnosis x order of 

scan 

fOVA and ANCOVA tables for Glx/Cr levels 
>D women and HCs. 

ANOVA 

Glutamate 

/Cr 
%GM %WM % CSF 

F(l,21) 

F=7.115 

p=0.014* 

F-0.711 

p=0.409 

F-1.037 

p=0.320 

F=0.001 

p=0.974 

F=l . l l l 

p=0.304 

F=0.121 

p=0.731 

F=0.985 

p=0.332 

F=0.336 

p=0.568 

F=1.002 

p=0.328 

F=0.808 

p=0.379 

F=0.052 

p=0.821 

F=0.249 

p-0.623 

F=0.077 

p-0.784 

F=0.335 

p=0.569 

F=1.216 

p=0.283 

F=1.932 

p=0.179 

F(l,21) 

F=0.000 

p=0.995 

F=0.441 

p=0.514 

F=3.965 

p=0.086 

F=9.299 

p-0.006 

* 

F=1.224 

p=0.281 

F=0.136 

p=0.716 

F=0.015 

p=0.902 

F=0.003 

p=0.959 

F=0.014 

p=0.908 

F=3.815 

p=0.064 

F=0.603 

p=0.446 

F=0.027 

p=0.870 

across the 

ANCOVA' 

Glutamate/Cr 

F-statistic 

F(l,20)=9.529 

p=0.006* 

F(l,20)=1.065 

p=0.314 

F(l,20)=0.731 

p=0.402 

F(l,20)=0.012 

p=0.914 

F-statistic 

F(l,20)=0.230 

p=0.636 

F(l,18)=0.348 

p=0.562 

F(l,18)=2.354 

p=0.142 

* : p-value < 0.05 
1 : The covariates in the model are age [F(l,18)=0.349; p=0.562], % GM [F(l,26)=4.373; 

p=0.046] and % CSF [F(l,22)=0.738; p=0.399]. A mixed effects linear model with 
time varying covariates (% GM and % CSF) was used with an unstructured 
covariance matrix to model Glutamate/Cr. 

Abbreviations: ANOVA = analysis of variance, ANCOVA= analysis of covariance, 
PMDD = premenstrual dysphoric disorder, HC = healthy control, Glutamate/Cr = 
glutamate plus glutamine/ creatine plus phosphocreatine, GM = Gray matter, WM = 
white matter, CSF = cerebrospinal fluid. 
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Adding age, percentage of GM and percentage of CSF as covariates to the model 

did not change the conclusions, i.e. only the phase effect for glutamate/Cr was 

statistically significant (F(l,21)=9.529, p=0.006; estimated mean difference between FP 

and LP, adjusted for the covariates: 1.44; 95% C.I.: 0.47,2.42). 

Although every woman was provided with a lutenizing hormone kit, only 9 out of 

the 13 and 8 out of the 12 PMDD women provided valid data to interpret whether 

ovulation occurred. Therefore, ALLO was analyzed. By combining these two methods, 

we found that 12 of the 13 HCs and 10 of the 12 PMDD women ovulated prior to their 

LP MRS scan. The analysis was repeated with only 22 ovulators. The results were very 

similar, with a phase effect slightly larger (ANOVA: F(l,18)=9.995, p=0.005; estimated 

mean difference between FP and LP: 1.67; 95% C.I.:0.56,2.78; ANCOVA: 

F(l,18)=12.696, p=0.002; estimated mean difference between FP and LP, adjusted for the 

covariates: 1.81; 95% C.I.:0.74, 2.87). 

4.4. Discussion 

This study indicates that glutamate/Cr levels in the MPFC were lower in the LP 

than during the FP in both PMDD women and HCs. 

The majority of glutamate is synthesized from glutamine by the action of 

phosphate-activated glutaminase. A substantial amount of glutamate is also synthesized 

from a-ketoglutarate in a reaction using the enzyme aspartate aminotransferase. Although 

slower than the above mentioned processes, glutamate can be synthesized from a-

ketoglutarate in a reaction catalyzed by GABA transaminase. Subsequently, GABA is 

synthesized from glutamate in a reaction catalyzed by L-glutamic acid decarboxylase 

(GAD). Although the link between GAD activity and glutamate levels is relatively weak, 
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greater activity or greater concentrations of GAD with consequent lower glutamatergic 

activity may be considered a possible explanation for our observation of lower glutamate 

levels during the LP. Indeed, Mishuna (31) has shown greater activity of GAD in healthy 

women during the LP of the menstrual cycle compared to FP. This proposed explanation 

however, is not suggested by Epperson et al's (12) study which found lower GABA 

levels across the menstrual cycle in HCs; on the contrary, this suggests a potential 

decrease of GAD activity across the menstrual cycle. 

Glutamate is the major excitatory neurotransmitter in the brain cortex and its 

action is counterbalanced by the inhibitory action of GABA. The 'H-MRS study of 

Epperson et al. (12) demonstrated that GABA levels decreased across the menstrual cycle 

in HCs in the occipital cortex whereas in our study glutamate levels decreased across the 

menstrual cycle in the MPFC. Although it remains to be shown that GABA levels 

fluctuate in a similar fashion in the MPFC, such a parallel variation of GABA and 

glutamate could be conceptualized as a mechanism aimed to maintain a homeostatic 

balance between these two functionally antagonistic neurotransmitters. On the contrary, 

in women with PMDD, this balance between GABA and glutamate would be 

compromised, with glutamate levels decreasing and GABA levels increasing from the FP 

to the LP. 

A larger phase effect was observed when non-ovulators were excluded from the 

analysis, which suggests at least a reduction in phase effect in non-ovulators, providing 

further support that the decrease in glutamate seen across the menstrual cycle both in 

PMDD women and HCs is the result of the hormonal fluctuations associated with 

ovulation. 

61 



We are not aware of any segmentation data in PMDD patients to which we could 

compare decreased percentage of GM and increased percentage of CSF observed in the 

MPFC of PMDD women. PMDD has been associated with an increased vulnerability to 

MD and MD is arguably one of the psychiatric disorders that is most closely related to 

PMDD. Indeed, about 25%-65% of women who suffer from PMDD have a history of 

major depressive episode(s) (22). In this context, the decreased percentage of GM in 

PMDD women is not surprising considering the close relationship between PMDD and 

MD. Indeed, several investigations have suggested decreased percentage of GM in 

various areas of the MPFC in MD patients (20,32). Classical interpretation of this 

decrease in GM content encompasses the neurotoxic effects of stress as well as the 

deficits in neurotrophic factors associated with MD (33,34). 

There are some limitations to our study. Although the sample size of our study is 

the greatest of any published PMDD MRS investigation, the absolute small sample size 

of our PMDD group should lead to a cautious interpretation of our results despite 

suggestion of a sufficient power of our statistical analysis. The MRS technique has often 

been criticized because, although it is able to detect the concentration of metabolites, it is 

unable to identify whether their source is intra-neuronal, extra-neuronal or synaptic. The 

extent to which the lowering of glutamate levels within the MPFC across the menstrual 

cycle relates to glutamatergic function remains to be determined. However, MRS is 

currently the only non-invasive in vivo technique capable of measuring glutamate in the 

human brain directly. Finally, our glutamate values presented above are referenced to Cr, 

and not to intracellular water, which is often used to provide an estimate of intracellular 

concentration. The assumption being made in those studies is that the water signal is 
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expected to be a more stable denominator than Cr. However, a small error in the 

estimation of the intracellular water peak, which is an MRS signal several orders of 

magnitude larger than that from glutamate, needs to be corrected for T2 relaxation losses, 

and has to take into account segmentation information, can have a substantial 

compounding error effect on the resulting data, and consequently may result in loss of 

any significant changes from the noise. Using Cr as a reference has also been criticized 

due to the possible variations in Cr levels in various disorders (35). However, our main 

finding of a phase effect could not have been contaminated by disorder-inherent 

alterations in Cr. There are no data on the fluctuation of Cr in PMDD women. 

Considering the close relationship between PMDD and MD, it is worth noting that a 

recent review (36) of spectroscopy investigations in MD reviewed five MRS 

investigations in drug-free adults with MD and only one of the studies showed an 

increase in Cr levels in patients while the other four studies showed no significant 

changes in levels of Cr in various brain regions. The lack of consistent dysregulation in 

Cr levels in MD indirectly supports the validity of the expression of our results in 

reference to Cr. Another potential issue of referencing to Cr is that Cr content has been 

shown to differ in GM and WM. Glutamate/Cr levels are therefore susceptible to 

GM:WM fluctuations. However, carefully controlling for GM:WM mix as we have done 

allows this effect to be minimized. Although we have interpreted a decrease in 

glutamate/Cr as a decrease in glutamate, we cannot be completely certain that this 

interpretation is correct until a systematic investigation demonstrates that Cr levels do not 

fluctuate during the menstrual cycle. The reproducibility of our data, and the conclusions 
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drawn, are supported by the fact that we obtained similar results when glutamate values 

were examined as a ratio to NAA. 

This decrease in glutamate across the menstrual cycle may have implications for 

the pathophysiology of many other neuropsychiatric disorders. Many studies based on 

pharmacological challenge, postmortem studies, and neuroimaging studies have 

suggested that an alteration in glutamatergic activity in the brain may play a role in the 

pathophysiology of schizophrenia (37). Bergeman et al. (38) showed that there was a 

significant increase in acute psychiatric admissions during the perimenstrual phase 

(defined as 3 days before and 3 days after the first day of the menses) in 285 women who 

suffered from schizophrenia. Similarly, there are reports of reduced glutamate levels in 

patients suffering from migraines (39), which sometimes increase during the LP (40). 

Therefore, our findings of decreased glutamate levels across the menstrual cycle may 

have implications far beyond the realm of PMDD. 

In conclusion, this is the first report of alterations of glutamate levels across the 

menstrual cycle. Hormonal fluctuations associated with the menstrual cycle likely 

contribute to these changes, and the precise involvement of ovarian sex hormones on 

glutamate levels should be investigated with specifically designed MRS studies. Despite 

undergoing a similar decrease in glutamate levels during the LP as HCs, PMDD women 

may display an increased behavioural sensitivity to those phase-related alterations. These 

menstrual cycle-related variations of glutamate levels may also contribute to the 

influence of the phase of the menstrual cycle on the symptomatology of other 

neuropsychiatric disorders. 
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CHAPTER 5 

General Discussion and Conclusion 
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5.1. Discussion and Conclusion 

This study indicates that glutamate/Cr levels in the MPFC decrease across the 

menstrual cycle in both PMDD women and HCs. GABA synthesis from glutamate is 

catalyzed by the enzyme L-glutamic acid decarboxylase (GAD). The absolute 

relationship between GAD activity and glutamate levels is still unclear but greater 

activity or greater concentrations of GAD with resulting lower glutamate activity is a 

probable explanation for the decrease in glutamate across the menstrual cycle. In fact, 

Mishuna (1) has shown greater GAD activity in healthy women across the menstrual 

cycle. Our proposed explanation is not supported by the Epperson et al. (2) study where 

GABA levels were found to be decreased across the menstrual cycle in HCs, which 

suggests a potential decrease of GAD activity across the menstrual cycle. 

Our results showed a decrease in glutamate in the MPFC in both HCs and PMDD 

women in the LP compared to the FP while the Epperson et al. study (2) showed a 

decrease in GABA levels across the menstrual cycle in the occipital cortex in HCs, but an 

increase in PMDD women. Although no study has shown that GABA levels fluctuate in a 

similar manner in the MPFC, such a parallel variation of glutamate and GABA in HCs 

could be thought as a mechanism which maintains a homeostatic balance between the 

two functionally antagonistic neurotransmitters. However, in PMDD women the balance 

between glutamate and GABA is absent, with glutamate decreasing across the menstrual 

cycle and GABA increasing across the menstrual cycle. 

A larger phase effect was observed when only ovulators were included in the 

analysis, suggesting that the decrease in glutamate across the menstrual cycle in HCs and 

PMDD women is the result of hormonal fluctuations associated with ovulation. 
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Our unpublished pilot data indicates that there are no differences in glutamate 

levels between PMDD women and HCs throughout the menstrual cycle in the right 

dorsolateral prefronatal cortex or left dorsolateral prefrontal cortex (Batra-Garga, Mailo, 

Hanstock, Seres, Allen, Khudabux, Bellavance, Baker, Hui, Le Melledo). Another set of 

our pilot data from 9 gravid subjects at 2-3 weeks before their due date and from 12 non

pregnant healthy controls during their follicular phase demonstrated that water-quantified 

glutamate levels were lower in gravid subjects in comparison to non-pregnant healthy 

controls (Khalili, Batra, Hanstock, Seres, Khudabux, Ma, Newman, Allen, Le Melledo, 

submitted for publication). Hormonal changes that occur during pregnancy likely 

contribute to the observed lower glutamate levels in gravid women. 

Our study has several strengths. The sample size is the greatest of any published 

PMDD MRS investigation. However, the small absolute sample size of our PMDD group 

should lead to a cautious interpretation of our results despite suggestion of a sufficient 

power of our statistical analysis. Further, we are the only PMDD spectroscopy 

investigation to control for the phase of the menstrual cycle. Also, we had a longitudinal 

study design which reduced individual variability between patients. 

However, there are several limitations to our study. !HMRS measurements of 

glutamate do not allow direct inference regarding glutamatergic neurotransmission. First, 

the origin of glutamate can be neuronal or glial. Second, alterations of glutamate may be 

metabolic or neurotransmission-related. Third, the alteration of glutamate levels may take 

place in glutamate neurons or GABA neurons. Increases in neurotransmission-related 

glutamate could also reflect an increased rate of recycling/production which could lead to 

an increased neurotransmission. However, MRS is the only non-invasive technique that 
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can directly assess brain glutamate levels. Further, our glutamate levels are not expressed 

as absolute concentrations but are expressed as ratios to Cr. Ratios of metabolites are not 

ideal, as discussed in Chapter 2. 

This is the first report of alterations of glutamate levels across the menstrual 

cycle. Hormonal fluctuations associated with the menstrual cycle likely contribute to 

these changes, and the precise involvement of ovarian sex hormones on glutamate levels 

should be investigated with specifically designed MRS studies. Despite undergoing a 

similar decrease in glutamate levels during the luteal phase as HCs, PMDD women may 

display an increased behavioural sensitivity to those phase-related alterations. These 

menstrual cycle-related variations of glutamate levels may also contribute to the 

influence of the phase of the menstrual cycle on the symptomatology of other 

neuropsychiatric disorders. 

Despite the fact that great progress has been made in PMDD research 

methodology and that PMDD itself is becoming better recognized as a genuine disorder, 

PMDD women have still to fully benefit from this progress. Indeed, many PMDD women 

still do not respond to available medications or do not tolerate their side effects. Better 

therapeutic management will depend on further research in this area. This decrease in 

glutamate levels across the menstrual cycle in both PMDD women and HCs implies that 

hormonal fluctuations associated with the menstrual cycle likely contribute to these 

glutamate level variations. Although PMDD women undergo a similar decrease in 

glutamate during the LP as the HCs, PMDD women may display an increased 

behavioural sensitivity to those phase-related alterations. 
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Expanding our knowledge of the neurobiological factors surrounding PMDD is 

critical to ensure the development of new treatments for numerous women suffering from 

PMDD. It may also help us to understand other psychiatric illnesses often associated with 

PMDD and/or influenced by hormonal life events like menstrual cycle, puberty, 

pregnancy and menopause. 
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