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Pseudotumor cerebri syndrome (PTCS) is defined by the 
presence of elevated intracranial pressure (ICP) in the setting 
of normal brain parenchyma and cerebrospinal fluid (CSF). 
Headache, vision changes, and papilledema are common pre-
senting features. Up to 10% of appropriately treated patients 
may experience permanent visual loss. The mechanism(s) 
underlying PTCS is unknown. PTCS occurs in association with 
a variety of conditions, including kidney disease, obesity, and 
adrenal insufficiency, suggesting endocrine and/or metabolic 
derangements may occur. Recent studies suggest that fluid 
and electrolyte balance in renal epithelia is regulated by a 
complex interaction of metabolic and hormonal factors; these 
cells share many of the same features as the choroid plexus 
cells in the central nervous system (CNS) responsible for regu-
lation of CSF dynamics. Thus, we posit that similar factors may 
influence CSF dynamics in both types of fluid-sensitive tissues. 
Specifically, we hypothesize that, in patients with PTCS, mito-
chondrial metabolites (glutamate, succinate) and steroid hor-
mones (cortisol, aldosterone) regulate CSF production and/or 
absorption. In this integrated mechanism review, we consider 
the clinical and molecular evidence for each metabolite and 
hormone in turn. We illustrate how related intracellular signal-
ing cascades may converge in the choroid plexus, drawing on 
evidence from functionally similar tissues.

Pseudotumor cerebri syndrome (PTCS) is defined by the 
presence of elevated intracranial pressure (ICP) in the set-

ting of normal brain parenchyma and normal cytological and 
chemical analyses of the cerebrospinal fluid (CSF). Presenting 
signs and symptoms are varied, particularly in the pediatric 
population, but commonly include headache, visual distur-
bances (i.e., vision loss or double vision), and papilledema. 
Patients typically recover with appropriate medical or sur-
gical treatments, but up to 10% of patients may experience 
permanent visual loss (1). Estimated annual incidence rates 
of PTCS are 0.9 per 100,000 in both the symptomatic pedi-
atric and general adult populations (2,3). The classification 
and diagnostic criteria of PTCS have recently been revised in 
an effort to improve consistency in nomenclature, including 

distinguishing between apparently primary and secondary 
(e.g., medication-related) causes (4).

The mechanisms underlying PTCS are poorly understood 
(see reviews (5–7)); however, the central pathological fea-
ture of PTCS is the presence of elevated ICP. Occurring in an 
enclosed compartment, in the absence of a space-occupying 
mass, an increase in ICP may be the result of either increased 
CSF production and/or reduced CSF outflow. Many studies 
have used advanced neuro-imaging techniques to examine 
CSF dynamics in PTCS. Many have demonstrated an increased 
resistance to CSF absorption within the cerebral venous system 
(8,9), related to increased cerebral sinus pressure or increased 
central systemic venous pressure (9), for example. However, 
questions remain about the relative contributions, and regula-
tion, of accessory CSF outflow routes and the specific site of 
resistance. Impaired CSF absorption is not likely to explain the 
pathogenesis of PTCS in its entirety. Rather, there is evidence 
that primary (obesity-associated) and secondary PTCS may 
have differing CSF flux disturbances (8). Relevant to focus of 
the current review, PTCS occurring in the setting of associ-
ated endocrinopathies appears to be related to increased CSF 
production and secondarily raised resistance to CSF absorp-
tion (8). As many cases of pediatric PTCS are associated with 
endocrine or metabolic disorders, this observation may be 
particularly relevant to this population. An altered balance 
of CSF production and absorption is further supported when 
considering the actions of pharmacologic agents used to lower 
ICP. Acetazolamide and furosemide reduce CSF production 
(10). Prednisone is a steroid medication used to lower ICP and 
manage PTCS at elevated ICPs, prednisone limits CSF produc-
tion and absorption (11).

A PROPOSED INTEGRATED MECHANISM
We propose that a range of metabolic and hormonal signals 
regulates CSF dynamics not only by influencing the resistance 
to CSF absorption but also by acting at the level of the choroid 
plexus epithelial cells to regulate CSF secretion. The choroid 
plexus and its constituent epithelial cells are the key site of CSF 
production and many of the secretory regulatory mechanisms 
in the choroid plexus are analogous to those within the renal 
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medullary epithelial cells (12). Thus, we further suggest that 
one way to gain additional novel insights into the mechanisms 
of PTCS is to translate new insights from renal physiology. 
PTCS does occur in adult and pediatric patients with renal 
disease (13) and may complicate management of post-renal-
transplant patients, although this observation historically has 
not been felt to be a direct association but rather attributed to 
medication effects or secondary changes in body weight and/
or hypercoagulability (14).

Recent laboratory investigations demonstrate that comple-
mentary transporters regulate fluid balance in the kidney and 
central nervous system (CNS) (see Figure 1). For example, 
electro-neutral Na+-HCO3

− cotransporters are expressed in the 
medullary collecting duct epithelial cells of the kidney, as well 
as the epithelial cells of the choroid plexus in the CNS (12). 
Studies in animals engineered to lack these key transporters 
(15) lend additional support to this contention. Knock-out of 
the SCL4 family of bicarbonate transporter leads to reduced 
brain ventricle size, perhaps due to decreased CSF produc-
tion (15). Carbonic anhydrase inhibitors influence the activity 
of this transporter system (see Figure 1) and are effective in 
the treatment of patients with PTCS (10). Finally, mice lack-
ing aquaporin-1 (AQP, see Figure 1), another important water 
transport channel, also had reduced ICP and CSF production 
(15). Specifically, we hypothesize that in patients with PTCS, 
mitochondrial metabolites (glutamate and succinate), along 
with insulin, and steroid hormones (cortisol, 11-deoxycortisol, 
aldosterone, 11-deoxycorticosterone; see below), regulate CSF 
production, by the choroid plexus, and CSF absorption, at the 
arachnoid villi, ultimately leading to raised ICP. Together, these 
factors represent components of an integrated neuroendocrine 
pathophysiology that underlies PTCS. Our summary mecha-
nistic model is shown in the Figure 1 (16). Where evidence is 
available, we have focused our discussion on pediatric PTCS.

ROLE OF METABOLIC METABOLITES IN PTCS: 
GLUTAMATE/α-KETOGLUTARATE AND SUCCINATE
Although the details remain unclear, at least a few studies in 
humans have supported the contention that global metabolic 
changes may be involved in the pathophysiology of PTCS. In 
a study of adult patients (17), CSF metabolomics revealed ele-
vated lactate and evidence of tricarboxylic acid cycle disrup-
tion; these initial findings deserve follow-up study. Preliminary 
metabolomics studies have also generated hypotheses about 
the metabolic contributions to other neuro-ophthalmologic 
conditions related to PTCS (18).

In the mitochondria, nutrients from the diet are processed 
through the tricarboxylic acid cycle to generate reducing 
equivalents. These reducing equivalents are ultimately used 
to produce ATP, the energy “currency” of the cell. Glutamate 
and succinate are two important tricarboxylic acid cycle 
intermediates. In the kidney, these metabolites act via specific 
cellular receptors to affect fluid balance; this may reflect a 
homeostatic response to changes in energy balance, although 
the significance of this signaling system is just beginning to 
be explored.

Glutamate is in equilibrium with α-ketoglutarate, a metabo-
lite that has many important functions. It is a component of 
the tricarboxylic acid cycle, and so contributes to the genera-
tion of energy from nutrients. α-ketoglutarate is also a cofactor 
for enzymatic reactions, influenced by the metabolic status of 
the cell. The α-ketoglutarate receptor (OXGR1) is expressed in 
the kidney, and in the setting of increased glutamate, stimu-
lates chloride-dependent bicarbonate secretion as shown in 
Figure 1 (19). Variation in blood levels of glutamate have been 
seen in PTCS-associated conditions, including obesity, and 
may be related to altered cellular redox balance in the setting 
of chronic overnutrition and inactivity (20). For example, we 
have previously found that in children, BMI is associated with 
higher circulating concentrations of glutamate (21). Markedly 
elevated blood glutamate levels are also found in obese adults 
(22). Outlined in Figure 1, we suggest that when glutamate/α-
ketoglutarate levels are elevated in the blood, this leads to 
activation of chloride-dependent bicarbonate secretion, and 
an influx of sodium into the choroid plexus cell. This influx of 
sodium is expected to be accompanied by inflow of water. The 
sodium and water that enter the cell support ongoing CSF pro-
duction (via AQP and Na+/K+-dependent ATPases, as shown). 
This is the same process that is inhibited by carbonic anhy-
drase inhibitors also used in the treatment of PTCS.

Succinate is another important metabolic signal that may 
affect CSF balance. When infused into mice, it leads to hyper-
tension, via paracrine release of vascular factors including 
nitric oxide and prostaglandin E2 that, in the kidney, lead to 
activation of the rennin-angiotensin-aldosterone axis (23). 
Higher concentrations also have been found in rodent mod-
els of metabolic syndrome; that these levels have not been 
consistently demonstrated in humans may be evidence for 
negative feedback mechanisms that alter its production. These 
and other tissue-specific activities of the succinate receptor 
(SUCNR1) are reviewed in ref. (23). In addition, succinate 
acting on succinate receptors located in retinal ganglion neu-
rons is increased in ischemic stress, and modulates associated 
retinal neovascularization (24). This study also suggests that 
succinate may also mediate iron-dependent effects on CSF 
pressure, which could provide a mechanism for the connec-
tion between anemia and PTCS.

ASSOCIATION OF PTCS AND ENDOCRINOPATHIES
The Hypothalamic Pituitary-Adrenal Axis
Multiple lines of evidence provide support for the hypothesis 
that the pathophysiology of PTCS involves aberrant glucocor-
ticoid metabolism. Case reports have illustrated that PTCS 
can occur following surgical resection of the pituitary tumors 
for Cushing’s disease (16,25), as an initial presentation of 
Addison’s disease (26) or after withdrawal/tapering of chronic 
steroid medications (27). In a large retrospective review of over 
700 adults and 200 children who underwent surgical resection 
of adrenocorticotropic hormone-secreting pituitary tumors, 
no adult developed PTCS following resection while 3% of the 
pediatric group did (25). No difference was found in the pre-
operative, absolute 24 h urine-free cortisol, adjusted for body 
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surface area, between those individuals that did and did not 
develop PTCS (25). Thus, in the pediatric population, rela-
tive reductions in cortisol levels may be an inciting factor for 
PTCS, at least some vulnerable populations, a suggestion that 
is further supported by the fact that, in the acute management 
of vision-threatening PTCS, a short-course of high-dose meth-
ylprednisolone is a treatment option (28).

In the absence of steroid withdrawal or a surgical interven-
tion, how could relative cortisol deficiency occur in PTCS? 
Recent studies have suggested that this may involve the 
enzyme complex of 11-β-hydroxysteroid dehydrogenase type 
1 (HSD1) and type 2 (HSD2) that, together, modulate the local, 
tissue availability of cortisol. HSD1 catalyzes the conversion 

of cortisone to cortisol, thus increasing local cortisol avail-
ability while HSD2 catalyzes the reverse reaction, inactivat-
ing cortisol to its inert counterpart, cortisone. In some tissues, 
including liver and adipose tissue, increased HSD1 activity 
(29) may contribute to metabolic disease (e.g., insulin resis-
tance, dyslipidemia, and hypertension), while, in other tissues, 
such as insulin-producing pancreatic β cells (30) and airway 
smooth muscle (31), increased HSD1 activity may be an adap-
tive response to preserve local cortisol levels. The role of this 
system in the dynamics of CSF production and absorption is 
incompletely understood; however, we suggest that propor-
tional upregulation of HSD1 is a compensatory measure to 
limit existing cortisol deficiencies. Through its actions at the 

Figure 1. Proposed metabolic and hormonal mechanisms underlying pediatric PTCS demonstrate some of the potential mechanisms underlying 
pediatric PTCS related to CSF dynamics. Of note, much of this remains to be tested. CSF production and absorption are illustrated. At the choroid plexus 
epithelium, the site of CSF production, apical Na+-dependent transporters, apical Na+ channels, and the basolateral Na+/K+ ATPase allow transcellular Na+ 
flow, in turn, facilitating water movement and CSF production. For example, carbonic anhydrase activity (gray box) produces intracellular H+ and HCO3

−, 
the former of which exits the cell via the Na+/H+ exchanger (blue circle), allowing Na+ flux into the cell. Acetazolamide blocks carbonic anhydrase and 
limits this capacity. Cortisol (unless inactivated by 11βHSD2) acts at the mineralocorticoid response element (MRE) to promote Na+/K+ ATPase activity, as 
well as Na+ flux into the cell by ENaC. Growth hormone (GH) may also stimulate Na+ flux into the cell by ENaC. Both of these facilitate ongoing Na+ move-
ment into CSF. Insulin has an antinatriuretic effect, which may exacerbate this in the setting of obesity-related insulin resistance and hyperinsulinemia. (Of 
note, initiation of insulin therapy can be associated with fluid retention, so-called “insulin edema.” This may be mediated by serum- and glucocorticoid-
inducible kinase, SGK-1, which has been posited to integrate the various endocrine signals that affect sodium and water balance.) Na+ and Ca++ transport 
are closely related in the kidney, and may also be important in the choroid, which could account for the association of PTCS with hypoparathyroidism 
(not shown). Cortisol and thyroid hormone may also affect anti-diuretic hormone related free water clearance. Metabolites reflecting energy balance and 
acid-bases status (postulated from the renal literature, as a result of similarities between medullary collecting duct epithelial cells of the kidney and the 
epithelial cells of the choroid plexus) are also shown. The TCA cycle intermediate α-ketoglutarate is in equilibrium with glutamate. Acting at its receptor, 
OXGR1, glutamate stimulates Cl−-dependent HCO3

– secretion, which allows movement of Na+ into the cell. Succinate acts to stimulate vasoactive factors 
that may also affect both blood flow and ultimately salt and water balance. CSF absorption: The role of altered CSF absorption is less well-understood  
(see review (7)). Mechanical factors, including, for example, venous sinus thrombosis, would be expected to impair CSF absorption and lead to increase 
pressure. Historically, CSF absorption has been viewed as a “passive” process, although it may be that there are regulatory aspects that remain to 
be explained. Net osmotic flow of Na+ and water is indicated by dashed lines. Red lines indicate inhibitory effects, black arrows, stimulatory effects. 
11βHSD1/2, 11β-hydroxysteroid dehydrogenases, type 1 and 2; ADH, antidiuretic hormone or vasopressin; AQP, aquaporin; CA, carbonic anhydrase; CSF, 
cerebrospinal fluid; ENaC, epithelial sodium channel; GH, growth hormone; MRE, mineralocorticoid response element; NO, nitric oxide; OXGR1, glutamate 
receptor; PGE2, prostaglandin E2; PTCS, pseudotumor cerebri syndrome; SUCNR1, succinate receptor; TCA, citrate cycle; V1oR, vasopressin receptor, type 
V1. Adapted with permission from ref. (16). Copyright @ 2010, The Endocrine Society.
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mineralcorticoid receptor and possible down-stream effects 
on aquaporin water channels or sodium-dependent trans-
port mechanisms, cortisol is well-poised to regulate brain 
edema and CSF production (32). In support of this contention, 
Sinclair et al. (33) illustrated that, in adult patients with PTCS, 
urinary HSD1 activity was elevated at the time of diagnosis and 
declined as ICP fell with weight loss. In the CSF, as weight fell, 
CSF cortisone rose, while cortisol remained constant, which 
could indirectly reflect decreased HSD1 activity, although the 
balance of cortisol metabolites were not measured in CSF in 
this study.

Renin-Angiotensin-Aldosterone
After the association was first identified in 2002 (ref. (34)), 
a recent retrospective series and literature review described 
12 patients with PTCS and hyperaldosteronism (35). Two 
demographic groups emerged: (i) middle-aged, overweight 
adult patients with primary aldosteronism and (ii) pediatric 
patients with secondary aldosteronism. In cases of primary 
PTCS, activation of the renin-aldosterone system may be 
enhanced by PTCS-associated risk factors, including obesity, 
hypervitaminosis A and corticosteroids (36). Pediatric cases 
of PTCS involved subjects with secondary aldosteronism, 
and PTCS related to renal structural or transport dysfunction 
(e.g., SLC12A3 gene mutation, renal congenital hypoplasia or 
genetic renal tubular disorders). Providing further support for 
the role of aldosterone in these conditions, spironolactone, an 
aldosterone receptor antagonist, can assist in the management 
of PTCS (35).

With its actions on the renal tubular cells, aldosterone is 
a mineralcorticoid that promotes sodium resorption while 
simultaneously promoting potassium, magnesium, and cal-
cium excretion. Many questions remain unanswered about 
aldosterone’s actions within the CNS; however, it is generally 
accepted that aldosterone is present within the CSF in con-
centrations that correlate with plasma levels, and bind high-
affinity aldosterone, mineralcorticoid receptor-binding sites 
within the choroid plexus and other central nuclei (ref. (37); 
see Figure 1). In a manner analogous to its actions at the level 
of kidney, aldosterone appears to augment the activities of epi-
thelial sodium channels and Na+/K+ ATPase transporters (38), 
to reduce CSF potassium concentrations while increasing CSF 
sodium concentrations. This response will create an osmotic 
gradient and encourage CSF production.

The cellular receptors and signaling pathways mediating the 
downstream effects of glucocorticoid and aldosterone must 
reconcile the observations that mineralcorticoid receptors 
within the CNS are high-affinity binding sites for both gluco-
corticoids and mineralocorticoids. Salpietro et al. (39) have 
suggested that mineralcorticoid signaling, activated by aldo-
sterone, may help explain how hypervitaminosis A, pediatric 
obesity, and recombinant GH (see below) trigger PTCS. This 
model must also reconcile the possible increase in HSD1 activ-
ity in PTCS (see above) and apparent lack of HSD2 activity 
in the choroid plexus (40), both of which would act to limit 
the aldosterone-mediated MR activation. HSD2, as discussed 

above, inactivates cortisol to the inactive metabolite corti-
sone, permitting aldosterone’s action at the mineralocorticoid 
receptor.

Growth Hormone and Insulin-Like Growth Factor 1
The first reports of recombinant growth hormone (rGH) 
or IGF-1 therapy causing PTCS were published in the early 
1990s (41). Since then, a number of studies have suggested 
a causal relationship between administration of rGH and 
PTCS (42,43). Specifically, these cases support a temporal 
relationship between GH treatment and features consistent 
with PTCS: signs and symptoms are seen after the start of 
treatment, are relieved after discontinuing the medication 
and, in many cases, return with its rechallenge (41). Genetech 
and Pfizer have both compiled the frequency of PTCS in 
children being treated with rGH (Nutropin and Genotropin, 
respectively) and have illustrated that the frequency of PTCS 
is increased by 23–100 times above that seen in the general 
pediatric population (42,44). Patients with Turner syndrome 
and renal disease were clearly at increased risk of developing 
PTCS with rGH treatment (42,44) while those with organic 
growth hormone deficiency or Prader-Willi syndrome may 
also be at increased risk (44).

The presentation of PTCS seen following rGH treatment may 
differ from the idiopathic form seen in adults and postpuber-
tal children. Obesity and female gender are less convincingly 
risk factors. For example, obesity appears not to be a global 
risk-factor and only appears associated with an increased 
risk of rGH-related PTCS in children with renal failure and 
Prader-Willi syndrome. These differences may reflect, in part, 
the wide range of pediatric ages being treated with rGH, from 
pre- to postpubertal. In a younger population, < 12 y old,  
obesity is not a significant risk factor for PTCS and there is no 
gender predilection (45). Thus, unless the important effects of 
age, size, and/or pubertal stage are accounted for, significant 
relationships may be missed. In addition, multiple contribut-
ing factors may be at play. For example, while renal disease  
per se may predispose to PTCS, a retrospective review of PTCS 
seen in children following renal transplant identified other risk 
factors in the majority of cases (14), including the effects of 
immunosuppressant medications, tetracycline antibiotics and 
weight gain.

How rGH leads to PTCS is unclear but the answer will 
likely provide insights into the pathophysiology of pediatric 
PTCS, in particular. Both IGF-1 and rGH are able to gain 
access to the CSF and receptors are present in diverse CNS 
locations, including the choroid plexus and arachnoid villi. 
In a study involving prepubertal children with short stat-
ure, a 4-wk challenge with GH caused reproducible changes 
in body fluid handling: there was a decrease in fractional 
excretion of water and increase in serum aldosterone (46), 
an intriguing observation given the relationship between 
secondary aldosteronism and pediatric PTCS (see above). 
Another study illustrated that GH therapy suppressed basal 
and glucocorticoid-stimulated HSD1 activity which may 
directly induce a relative cortisol deficiency (47).

Volume 77  |  Number 2  |  February 2015      Pediatric ReSeARCH 285



Copyright © 2015 International Pediatric Research Foundation, Inc.

Integrated Mechanism Review         Sheldon et al.

Hypothalamic-Pituitary-Thyroid Axis
A number of cases describe the potential relationship between 
thyroid dysfunction and PTCS. The majority describe a new 
presentation of PTCS as an initial presentation of hyperthy-
roidism (e.g., seropositive Grave’s disease, Hashimoto’s thy-
roiditis) (48,49) or in the early stages of L-thyroxine therapy 
in the management of primary hypothyroidism and hypotha-
lamic hypothyroidism (50,51).

Both hyper- and hypothyroidism are associated with abnor-
mal renal fluid handling, effects mediated by reduced protein 
abundance of renal sodium-dependent transporters and water 
channels (52). As discussed above, many analogous transport-
ers are expressed in the renal tubules and choroid plexus. In 
this way, thyroid dysfunction may lead to dysregulation of 
CSF dynamics (Figure 1). While hyperthyroidism leads to 
decreased activities of apical Na-dependent transporters, 
hypothyroidism leads to the opposite, a finding which, on 
its own, cannot account for an increase in ICP. Alternatively, 
a common complication of hypothyroidism, hyponatremia, 
under these conditions may be, in part, related to nonosmotic 
arginine vasopressin release or ability to clear free water (52); 
these mechanisms remain incompletely understood, and stud-
ies have discrepant findings. Indeed arginine vasopressin lev-
els may be elevated in patients in PTCS (see below). Thyroid 
hormone has further effects as a prothrombotic agent, which 
increases the risk of venous thrombosis secondary cause 
of PTCS (53,54) (Figure 1). Thus, although not completely 
understood, through a combination of actions, both hypo- and 
hyperthyroidism may contribute to the development of PTCS.

Hypothalamic-Pituitary-Gonadal Axis
Androgens and estrogens have diverse metabolic, influences 
on the CNS. In patients with PTCS, characteristic changes in 
sex hormones may occur. Indeed, there are clear demographic 
and anthropometric differences in the young, presumably pre-
pubertal, pediatric population with PTCS compared with the 
adolescent with pediatric PTCS (45). However, studies aimed 
at clarifying the role of sex hormones involved have been 
limited to the adult population. In the CSF of both male and 
female adult patients with PTCS, estrone levels are increased 
while androstenedione levels are decreased (ref. (55,56) but 
see (57), differences not seen in plasma (55) and suggestive 
of a localized increase in aromatase activity. Indeed, exposure 
to exogenous (Levonorgestrel (58) and emergency contracep-
tives (59)) and endogenous (pregnancy (60,61) and polycys-
tic ovarian syndrome (62)) estrogens have all been associated 
with PTCS. Increased androgens, namely basal testosterone 
and androstenedione, have been linked with a younger age 
at presentation of PTCS, in an adult, female population (63). 
It was speculated that increased levels of these sex hormones 
not only act as precipitating factors to trigger PTCS expres-
sion but that this hyperandrogenism may be the more direct 
link between tetracycline-derivatives and PTCS by promoting 
acne development and medication usage (63).

No clear pathophysiologic pathway has been identified for 
the effects of sex steroids. It has been speculated that estrogens 

may promote venous sinus thrombosis, impairing CSF resorp-
tion (e.g., ref. (64); Figure 1). Adding to this, it is becom-
ing increasingly recognized that estrogen steroid hormones 
influence the expression and activity of variety of epithelial 
transport mechanisms and, in particular, promote sodium 
reabsorption and water retention in the distal nephron (ref. 
(65); Figure 1). It is interesting to suggest that the differential 
effects of sex hormones on CSF dynamics may, in part, explain 
the clear gender bias of PTCS in the older adolescent and adult 
patients.

The Posterior Pituitary and Antidiuretic Hormone/Vasopressin
Vasopressin is a hormone secreted from the posterior pituitary 
and other extra-pituitary sites whose function is to regulate 
extracellular fluid volume in the periphery and CNS. In renal 
collecting tubule cells, vasopressin’s primary action is to traf-
fic aquaporins to the apical membrane and, in turn, facilitate 
water permeability. Studies agree that CSF vasopressin levels 
(66,67) are increased in patients with PTCS. Clinically, patients 
with PTCS demonstrate abnormal urine water excretion, in 
a manner analogous to that seen in patients with idiopathic 
orthostatic edema, a condition in which there is abnormal 
peripheral water retention (68). However, it is not clear if 
elevations in vasopressin contribute to the pathophysiology 
of PTCS. On the one hand, volume receptors within the walls 
of the cerebral ventricles respond to changes in ICP by alter-
ing vasopressin excretion (69), suggesting that elevations in 
vasopressin may simply reflect the fact that ICP is elevated. 
Moreover, intraventricular infusion of vasopressin decreased 
production of CSF by 35% in one animal study (70). On the 
other hand, this observation must be reconciled with further 
observations that intraventricular infusions of vasopressin 
induce elevations in ICP in other animal studies (71), through 
mechanism that may involve an increased resistance to CSF 
outflow (72) (Figure 1).

Leptin and Other Adipokines
Leptin was first cloned 15 years ago, in studies using geneti-
cally-obese mice whose phenotype is related to homozygous 
mutations of the obese (ob) gene (73). Leptin, the hormone 
product of the ob gene, functions to regulate energy balance, 
body weight, and hypothalamic hormones (74). By its absence, 
leptin communicates to the brain that the body is starving, 
triggering the sense of hunger, reducing energy expenditure, 
and limiting reproductive capacity. Human obesity conditions 
associated with a relative leptin deficiency include congenital 
leptin deficiency and hypothalamic amenorrhea while, con-
versely, hyperleptinemia is seen in patients with diet-induced 
obesity.

It is well-established that PTCS, in the adult and older 
pediatric populations, is associated with obesity (45). Given 
that the pathophysiology of endogenous obesity may involve 
abnormal leptin levels, impaired access of leptin to its effector 
sites in the CNS, and/or impaired downstream leptin signal-
ing cascades (75), studies have evaluated the possibility that 
leptin dysregulation is involved in the mechanism of disease 
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in PTCS, with variable results. The first study measured fast-
ing serum leptin levels in three cohorts of age-matched adult 
women: obese women with PTCS, obese women and nonobese 
women (76). As expected, leptin levels were elevated in both 
obese cohorts when compared with measurements made in 
nonobese women, however, there was a further elevation in 
leptin levels seen in the cohort of obese women with PTCS, 
compared with the unaffected obese women (76). These find-
ings were not reproduced by two subsequent studies (77,78) 
where, in the first, fasting leptin levels were measured in a 
mixed cohort of adult obese and overweight men and women 
with PTCS and compared values to those obtained from an 
obese cohort (77). In the second, two cohorts were again com-
pared: obese women with PTCS and a heterogeneous group 
of participants (78). Multivariable regression analysis was used 
to correct for the confounding effects of age, BMI, or gender. 
After accounting for leptin variability with BMI and gender, 
neither study illustrated a significant difference in serum leptin 
in patients with PTCS.

Peripheral leptin gains access to the CSF via a saturable high-
affinity transport mechanism at the choroid plexus and blood–
brain barrier (79). As an extension of one of the above studies, 
Ball and colleagues illustrated nonelevated serum levels cou-
pled with elevated CSF levels, arguing that patients with PTCS 
have a relative leptin resistance (78). Others have not illus-
trated elevated levels of leptin within the CSF (e.g., ref. (80)).

Thus, whether serum or CSF leptin levels are altered in 
PTCS remain contentious. From the studies completed so 
far, we have learned that careful selection of the comparative 
cohorts remains critical. Potential cofounds include adiposity, 
age, BMI, and gender of the subjects. Leptin secretion also var-
ies with menstrual phase and renal disease (74). These factors 
most certainly contribute to the variable results seen to date. 
Furthermore, measuring leptin levels in isolation may be too 
simplistic. Leptin functions in concert with other satiety hor-
mones, including neuropeptide Y, ghrelin, kisspeptin, and adi-
ponectin, and it may be that the dysregulation of this balance 
contributes to the pathogenesis of PTCS. However, plasma 
ghrelin levels measured in patients with PTCS were not differ-
ent compared to an obese cohort (77), although measurements 
of ghrelin levels are influenced by anticoagulants used dur-
ing sample collection and storage conditions. Questions also 
remain about the potential implications of a relative hyperlep-
tinemia in obesity-associated PTCS and it is unclear if altera-
tions in satiety hormones, if they exist, reflect an associated 
epiphenomenon or not. Nevertheless, chronically elevated 
levels of leptin in obesity have the capacity to increase renal 
salt retention (81), thus hyperleptinemia may achieve a simi-
lar result in the choroid (not shown). Further study into the 
relationship between leptin and PTCS is certainly needed to 
address these complex issues.

Conclusion
We present a comprehensive discussion of the hypothesis that 
pediatric PTCS is a neuroendocrine disorder. We illustrate 
that many metabolic and hormonal derangements have been 

associated with PTCS and, in this way, may present an opportu-
nity to identify a unifying pathophysiology. Further, we suggest 
that understanding the different ways in which specific metabo-
lites and hormones regulate choroid plexus water and ion trans-
port will implicate final common cellular pathways by which a 
diverse range of conditions produces clinically similar elevations 
in ICP.
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