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Abstract

Background: The management of idiopathic intracranial hypertension focuses on reducing intracranial pressure to
preserve vision and reduce headaches. There is sparse evidence to support the use of some of the drugs commonly used
to manage idiopathic intracranial hypertension, therefore we propose to evaluate the efficacy of these drugs at lowering
intracranial pressure in healthy rats.

Methods: We measured intracranial pressure in female rats before and after subcutaneous administration of acetazo-
lamide, topiramate, furosemide, amiloride and octreotide at clinical doses (equivalent to a single human dose) and high
doses (equivalent to a human daily dose). In addition, we measured intracranial pressure after oral administration of
acetazolamide and topiramate.

Results: At clinical and high doses, subcutaneous administration of topiramate lowered intracranial pressure by 32%
(p=0.0009) and 21% (p =0.015) respectively. There was no significant reduction in intracranial pressure noted with
acetazolamide, furosemide, amiloride or octreotide at any dose. Oral administration of topiramate significantly lowered
intracranial pressure by 22% (p =0.018), compared to 5% reduction with acetazolamide (p =>0.999).

Conclusion: Our in vivo studies demonstrated that both subcutaneous and oral administration of topiramate
significantly lowers intracranial pressure. Other drugs tested, including acetazolamide, did not significantly reduce intra-
cranial pressure. Future clinical trials evaluating the efficacy and side effects of topiramate in idiopathic intracranial
hypertension patients would be of interest.
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majority of patients receive pharmacological therapy
with the aim of reducing cerebrospinal fluid (CSF)
secretion and consequently ICP. For those with fulmin-
ant IIH and rapidly declining vision, CSF diversion
surgery may be necessary (4).

Acetazolamide is the most commonly used drug in
IIH. Class 1 evidence has demonstrated modest improve-
ment in visual field function in patients with ITH with
mild visual loss (5,6). However, the 2015 Cochrane
review (7) has summarised that there is currently insuffi-
cient evidence to recommend or reject the efficacy of
acetazolamide for treating IIH. Between 19-48% of
patients will not tolerate acetazolamide due to side effects
(5,6) and consequently alternative drugs maybe pre-
scribed such as topiramate, furosemide, amiloride and
octreotide. However, there is extremely limited mechan-
istic and clinical data to support their use. The purpose of
this study was to determine which drug currently used to
treat ITH has the greatest effect at lowering ICP in rats to
provide pre-clinical evidence for its use in ITH.

Materials and methods
Experimental animals

Female Sprague-Dawley (SD) rats (Taconic, Denmark)
weighing 150-250 g were used in this study. The rats
were maintained in cages kept under a 12-hour light/
dark cycle with free access to food and water. All experi-
mental procedures were approved by the Danish Animal
Experiments Inspectorate (license number 2014-15-0201-
00256) and comply with the ARRIVE guidelines.

Table I. Human and rat equivalent doses™.

After treatments and surgical procedures, the rats were
monitored daily for any adverse effects.

Drugs

The dose of the drug was determined using the 2005
FDA guidance for industry, which describes how to
estimate the maximum safe starting dose in healthy vol-
unteers (8): Human equivalent dose (mg/kg) =rat drug
concentration (mg/kg)/6.2. Therefore, to convert the
human dose to an equivalent rat dose we used the equa-
tion: rat drug concentration (mg/kg)=06.2 x human
dose (mg/kg based on a 60 kg human). The rat clinical
dose was calculated using the human single dose, and
the rat high dose was equivalent to the human daily
dose (Table 1).

Previous studies investigating the effects of drugs on
ICP administered them via various routes; however, in
this study we standardised the delivery route to sub-
cutaneous injection before going on to assess the most
promising drugs via their usual route of administration
(oral). Acetazolamide (A6011, Sigma-Aldrich), fur-
osemide (F4381, Sigma-Aldrich) and topiramate
(13623, Cayman Chemical) were initially dissolved in
NaOH and then the pH lowered to 8.7, 7.7 and 7.8
respectively, with hydrochloric acid (HCI). Amiloride
HCI1 (129876-100, Merck Millipore) and Octreotide
acetate salt (H-5972, Bachem) were dissolved in sterile
water. The stock solutions were further diluted in 0.9%
sodium chloride (NaCl) to their final concentrations for
subcutaneous injection. Hyperosmolar solutions are
known to have ICP lowering effects (9), therefore we

Human single  Human daily  Rat clinical Rat high Rat Tmax
Drug (clinical) dose  (high) dose dose dose (T%2) hours Reference
Subcutaneous
Topiramate 50 mg 200 mg 5.2 mglkg 20.6 mg/kg 0.7+0.5 (2.5) (1)
20 mg/kg oral
Acetazolamide |g 4g 103.3mg/kg 413.4mg/kg 1-3 (6) (12)
oral
Amiloride 5mg 20 mg 516.7 pg/lkg  2.0mglkg 4 (21.7y%* (13)
10 mg/kg oral
Octreotide 350 g 2mg 36.2 uglkg 206.6 nglkg 1 (0.7 £0.1) (14)
500 pg/kg SC
Furosemide 40 mg 240 mg 4.1 mg/kg 24.8 mg/kg 1 (0.5) (15)
40 mg/kg oral
Oral
Topiramate - 200 mg - 6.25 mg/rat
Acetazolamide - 4g - 125 mg/rat

*Rat drug concentration (mg/kg) = 6.2 x human dose (mg/kg based on a 60 kg human).
**Tmax for subcutaneous amiloride is not known but is expected to be less than the oral Tmax.
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measured the sodium and chloride concentrations of
each drug in solution. The osmolarity of the clinical
dose acetazolamide solution was equivalent to 2%
NaCl, and the high dose acetazolamide solution was
equivalent to 4% NaCl. The topiramate, amiloride,
octreotide and furosemide solutions’ osmolarity were
equivalent to 0.9% NaCl. For this reason, we compared
the clinical and high dose acetazolamide against controls
of 2% and 4% NaCl respectively. All other drugs were
compared against a 0.9% NaCl control. Acetazolamide
tablets (250mg) and topiramate tablets (25mg) were
purchased from the Danish pharmacy supply and split
into half and a quarter respectively for oral dosing. The
drug was ground into a powder and mixed with
Nutella®, and Nutella® by itself was used as the placebo.

Epidural ICP probe implantation

Implantation of an epidural ICP probe is described in
full elsewhere (10). Briefly, the rats were anaesthetised
(2.7ml/kg subcutaneous injection containing 1.25mg/
ml midazolam, 2.5mg/ml fluanisone and 0.079 mg/ml
fentanylcitrate) and placed in a stereotactic frame
(David Kopf Instruments) and the bone was exposed
by retracting the skin and soft tissue. A large burr hole
was carefully drilled to expose the dura mater to enable
placement of the epidural ICP probe (PlasticsOne).
Three other small burr holes were made to fit anchoring
screws to the skull and the epidural ICP probe was
secured using dental resin-cement (Clearfil SA
Cement, RH Dental). The epidural ICP probe and
the transducer (DTX-Plus™, Argon Medical Devices)
were then connected by a polyethylene tube filled with
sterile water. The pressure signal was visualised and
recorded using Perisoft v.2.5.5 (Perimed). Correct ICP
signal was confirmed by the transient elevation of ICP
after jugular vein compression. When the ICP record-
ing procedure was completed, the epidural ICP probe
was closed with a bite proof cap (PlasticsOne) and the
rat allowed to recover.

Drug administration

Subcutaneous drug administration: On day 0, the epi-
dural ICP probe was implanted and the rat allowed to
recover. On days 3, 6, 9, 12, 15, 18 and 21, ICP
recordings with drug treatments were conducted
while the rats were sedated with midazolam (2.5mg/
kg subcutaneous injection) in an infusion cage (Instech
Laboratories), which had a swirl lever arm to ensure
unhindered movement. A stable baseline ICP reading
was recorded for around 30 minutes, before the rats
received a subcutaneous injection of the drug. ICP was
recorded for a further 120 minutes, after which the rat
was returned to its normal cage (this includes the peak

plasma concentration (Tmax) for the majority of the
drugs; Table 1 (11-15)). A randomised cross over
block design was used to allocate the order of drug
treatment and the dose. Towards the end of the
experiment it was increasingly difficult to measure
ICP in some of the rats, possibly due to blockage or
scarring of the epidural ICP probe, and these meas-
urements were excluded from analysis. The final num-
bers for each group are included in the figure legend
(a minimum of n=35 in each treatment group and
n=4 in control groups).

Oral drug administration: On day 0, the epidural
ICP probe was implanted and the animal allowed to
recover followed by 12-hour ICP recordings (to include
the Tmax) on day 3 (conducted as above). Rats were
randomly allocated to receive placebo, 125 mg acetazo-
lamide tablet or 6.25mg topiramate (high doses),
crushed in Nutella®. This resulted in n =5 in each treat-
ment group. Water intake was measured over the
course of the experiment, and at 12 hours the animals
were sacrificed, with blood and CSF samples taken for
pH measurement.

Statistical analysis

Sample numbers were calculated using a power
calculation based on our previous results with acetazo-
lamide (16). The data was assessed for normality and
the values were represented as mean and standard
error of the mean (SEM). The data was analysed
using GraphPad Prism software (v.7). For comparison
of ICP area under the curve (AUC) for NaCl 0.9%
versus clinical and high drug doses (topiramate,
furosemide, amiloride and octreotide), one-way
ANOVA (followed by post-hoc Tukey test to
correct for multiple comparisons) was used. For
comparison of ICP AUC for NaCl 2% versus acetazo-
lamide clinical dose, and NaCl 4% versus acetazola-
mide high dose, unpaired T-tests were used. Values
were considered statistically significant when p values
were less than 0.05.

Results
Subcutaneous dosing and effect on ICP

At clinical and high doses, subcutaneous administra-
tion of topiramate significantly lowered ICP over 2
hours to 68.6+2.0% of baseline (32% reduction,
p<0.001) and 79.2 +7.5% of baseline (21% reduction,
p <0.05) respectively compared to 0.9% NaCl control
(Figure 1(a) and (b), and Table 2). Subcutancous
administration of acetazolamide showed a trend
towards a reduction in ICP at clinical (19% reduction)
and high doses (20% reduction); however, it was not
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Figure |. Effect of subcutaneous administration of clinical or high dose drugs on ICP. Rats received a subcutaneous injection of
topiramate ((a) and (b)), acetazolamide ((c) and (d)), amiloride ((e) and (f)), octreotide ((g) and (h)) and furosemide ((i) and (j)).
((a), (c), (e), (g), (i)) Line graphs showing the change in ICP from baseline (mmHg) & SEM, after subcutaneous injection with either high
or clinical dose of drug measured every |5 minutes for 120 minutes. ((b), (d), (f), (h), (j)) Bar graphs showing percentage of control ICP
AUC over 120 minutes &= SEM, with clinical or high dose of drug. Controls: 2% NaCl for acetazolamide clinical dose, 4% Na CI for
acetazolamide high dose, and 0.9% NaCl for all other drugs tested.
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Table 2. Summary of results.

Clinical dose High dose
Drug % change p value % change p value
Subcutaneous
Topiramate  —32% 0.0009 (¥**) —21% 0.015 (*)
Acetazolamide —19% 0.08 (ns) —20% 0.18 (ns)
Amiloride —10% 051 (ns) —27% 0.08 (ns)
Octreotide —1% >099 (ns) —18% 0.19 (ns)
Furosemide —1% 099 (ns) —13% 0.28 (ns)
Oral
Topiramate  — - —22% 0.018 (*)
Acetazolamide — - —=5%  >0.999 (ns)

All results analysed with |-way ANOVA, except 2% NaCl vs. acetazolamide
clinical dose, and 4% NaCl vs. acetazolamide high dose, which were ana-
lysed with unpaired T-tests. All statistical analysis and graphs performed in
Graph Prism. Values were considered statistically significant when p values
were *p < 0.05, ¥*p < 0.001.

significantly different compared to the 2% and 4%
NaCl controls respectively (Figure 1(c) and (d), and
Table 2). At both clinical and high doses the other
drugs, amiloride (10% and 27% reduction respect-
ively), octreotide (1% and 18% reduction respectively),
and furosemide (1% and 13% reduction respectively),
did not significantly reduce ICP compared to 0.9%
NaCl control (Figure 1(e)-(j), and Table 2).

Oral dosing and effect on ICP

Oral administration of topiramate lowered ICP, reach-
ing a maximum after 1 hour (1.0 0.4 mmHg reduction
in ICP) and returning to baseline at 11 hours
(0.1 £ 0.3 mmHg reduction in ICP) (Figure 2(a)). Over
the first two hours, topiramate significantly reduced
ICP to 77.8+£6.0% of baseline AUC (22% reduction,
p <0.05), compared to placebo. Acetazolamide did not
significantly lower ICP over this period (95.0 £ 3.5% of
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Figure 2. Effect of oral dosing of acetazolamide or topiramate on ICP, CSF pH, blood pH and water intake. (a) Line graph showing
the change in ICP from baseline (mmHg) £ SEM, measured every 30 minutes for |2 hours after treatment; (b) line graph showing the
change in ICP from baseline (mmHg) £ SEM, measured every |5 minutes for 120 minutes after treatment; (c) bar graph showing

percentage of control ICP AUC over 120 minutes & SEM after treatment. Bar graphs showing blood pH (d), CSF pH (e) and water

intake, (f) at 12 hours after treatment.
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baseline AUC, 5% reduction) (Figure 2(a)-(c), and
Table 2).

Oral dosing and effect on blood pH, water intake
and CSF pH

Acetazolamide significantly lowered blood pH (7.08 £
0.04 pH, p<0.01), and led to increased water intake
(19.0+3.7g, p<0.05), but had no effect on CSF pH
(7.40 £ 0.04 pH) compared to placebo (7.36 +0.02 pH,
42+1.7g, 7.33+£0.08 pH respectively). Topiramate
had no significant effect on blood pH (7.25+0.03 pH),
water intake (6.6+2.1g) or CSF pH (7.45£0.08 pH)

(Figure 2(d)—(f)).

Discussion

The aim of the present study was to ascertain which
drug — acetazolamide, topiramate, furosemide, amilor-
ide or octreotide — had the greatest effect on lowering
ICP in healthy rats, and so provide pre-clinical evidence
to support their use in the pharmacological treatment
of ITH. We were able to demonstrate that both subcuta-
neous and oral administration of topiramate signifi-
cantly reduced ICP. In addition, our results suggest
that acetazolamide, the current first line oral therapy
in ITH, does not significantly lower ICP. Amiloride,
octreotide, and furosemide also had no effect on ICP
when administered subcutaneously.

The management of ITH is focused on reducing ICP
to try to both preserve visual function, as well as reduce
long-term headache disability. Pharmacological man-
agement is one option to reduce ICP, and current medi-
cations used are thought to principally work by
reducing CSF secretion. CSF secretion involves numer-
ous enzymes, ion channels and transporters that pro-
duce a net movement of ions across the choroid plexus
epithelium, thus creating an osmotic gradient that
drives water from the blood stream into the ventricles
(17). The proposed mechanisms of action of the differ-
ent drugs investigated in this study involve inhibition of
these enzymes or transporters at various stages in this
process (Figure 3).

Acetazolamide is the most commonly used first line
drug for the treatment of IIH. It is a carbonic anhy-
drase (CA) inhibitor, which reduces ion transport and
consequently water across choroid plexus epithelial
cells (17) and can decrease CSF secretion by 57-64%
(16,18). However, the evidence that acetazolamide
reduces ICP and is an effective treatment for ITH is
inconclusive. Intravenous infusion (19) and intraperito-
neal injection (16) of acetazolamide in rats causes a
reduction in ICP; however, intraventricular administra-
tion has no effect on ICP (20). In addition, hydroceph-
alic infants treated with intravenous acetazolamide

showed a transient increase in ICP, while those treated
with oral acetazolamide demonstrated no change in
ICP (21). Our studies suggest that when compared to
an appropriate vehicle control (4% NaCl), acetazola-
mide does not significantly reduce ICP in our model.
We suggest that part of the ICP lowering effect of acet-
azolamide seen in previous animal studies may be due
to the solution it is dissolved in, as hypertonic solutions
can lower ICP (9). Furthermore, in this study oral
administration of acetazolamide, the most clinically
relevant delivery route as the drug is given orally in
IIH patients, lowered blood pH and induced diuresis
but did not lower ICP. We do acknowledge, however,
that the diuresis noted in the rodents on acetazolamide
is the result of inhibition of renal carbonic anhydrase,
reflecting systemic absorption, and cannot be extrapo-
lated to infer the extent of inhibition of carbonic anhy-
drase at the choroid plexus. There are currently only
two randomised control trials in ITH comparing acet-
azolamide to placebo (5,6). They demonstrate modest
improvements in IIH symptoms; however, many
patients are unable to tolerate high doses of acetazola-
mide due to a plethora of side effects including fatigue,
paraesthesia, and gastrointestinal symptoms. As such,
a Cochrane review (2015) concluded that there is insuf-
ficient evidence to recommend acetazolamide as a first
line intervention for ITH (7).

We are the first to demonstrate that topiramate sig-
nificantly reduces ICP after subcutaneous and oral
administration in a rat model. Originally used as a treat-
ment for epilepsy, it has many mechanisms of action
within the CNS including being an effective CA inhibi-
tor, with a similar inhibitory activity of CAIl and CAXII
isoforms to acetazolamide (inhibition constants CAIIl —
10nM topiramate vs. 12nM acetazolamide; CAXII —
3.8nM topiramate vs. 5.7nM acetazolamide) (22). In
addition, it is more lipophilic than acetazolamide and
therefore is likely to have higher intracellular concentra-
tions. Topiramate also has additional properties that
make it of particular interest in the treatment of ITH.
Class 1 evidence shows that topiramate is an effective
prophylactic treatment for both episodic and chronic
migraine (23-25), and given the prevalence of headache
in ITH patients, this prophylactic action may be benefi-
cial. Another well-documented effect of topiramate is
weight loss (22,26,27), which would be of particular
interest in the treatment of ITH as weight loss has already
been shown to significantly reduce ICP, headaches and
papilloedema (3). Several case studies have demon-
strated improvements in ITH symptoms with topiramate
(28-30). However, the putative benefits of topiramate
over acetazolamide would need to be weighed up in rela-
tion to its well-documented side effects, which include
paraesthesia, cognitive impairment, fatigue, insomnia,
anxiety and  nephrolithiasis. =~ However, the
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Figure 3. CSF formation in the choroid plexus and potential sites of action of the commonly used drugs in lIH. (a) Hydrostatic
pressure drives the passive filtration of fluid from the blood through the fenestrated capillaries into the choroidal interstitial fluid.
(b) At the basolateral membrane, ion exchangers substitute H" and HCO;~ for Na™ and CI~ respectively. (c) The carbonic anhydrase
enzyme catalyses the conversion of H,O and CO, to HCO;~ and H*. (d) On the apical surface, the Na* K ATPase actively pumps
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causing the movement of water in the same direction. Water moves mainly via a transcellular route, with aquaporin | at the
basolateral and apical membrane facilitating water transport along this osmotic gradient.

CAH: carbonic anhydrase; SST: somatostatin receptor (*location in the choroid plexus unknown); AQPI: aquaporin |; NKKCI: Na-K-
CL cotransporter |; NHE-I: Na-H antiporter |; AE2: anion exchange protein 2; ENaC: epithelial Na channel.

discontinuation rate of topiramate was only 20-30% in
the treatment arm of a chronic migraine randomised
clinical trial (31), which compares favourably with the
discontinuation rates seen with acetazolamide in the ITH
RCT by Ball et al. (5).

Furosemide inhibits the Na™-K*-2CI~ cotransporter
(NKCCI1) on choroid plexus epithelial cells, and in
animal studies reduces CSF secretion by 20-50%
(32,33). Amiloride blocks the Na™/H™ exchanger and/
or Na* channels (ENaC) on choroid plexus epithelial
cells and may also act upon blood vessels of the choroid
plexus to alter CSF secretion. In animal models,
amiloride has been shown to reduce CSF secretion
by up to 50%, though only when administered into
the carotid artery (34,35). Although previous studies
demonstrate furosemide and amiloride alter CSF

secretion, our study suggests neither drug significantly
reduces ICP.

Octreotide, a somatostatin analogue, is predom-
inantly used to manage growth hormone-releasing
pituitary tumours. Recently, two uncontrolled studies
conducted in ITH patients have shown an improvement
in IIH symptoms with octreotide treatment (36,37).
As somatostatin receptors are highly expressed in
the arachnoid villi and choroid plexus, it was proposed
that octreotide could directly influence CSF dynamics
and thus ICP (38). Our studies do not support
this hypothesis, instead showing that subcutaneous
administration of octreotide does not alter
ICP. However, the beneficial effects of octreotide
observed in ITH patients could be due to its anti-obesity
properties (39).
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There are several limitations to our study that
need to be addressed. Firstly, we only assessed the
effect of each of the drugs on ICP after one admin-
istration and cannot exclude that the effects of the
drugs on ICP may alter with repeated dosing.
However, we have monitored the ICP over the dur-
ation of the peak plasma concentrations (Tmax) and
consequently would predict an effect within this time
frame, as is seen with other therapeutic agents that
alter ICP (40). Secondly, these studies were conducted
in rats and we do not know whether these results will
directly translate to humans. However, both mannitol
and hypertonic saline have been shown to reduce ICP
in rats and humans (40,41). The high dose used for
acetazolamide was based on the clinically relevant
highest dose of 4g that 40% of the patients were
on in the Idiopathic Intracranial Hypertension
Treatment Trial (IIHTT), which equated to roughly
80mg per rat, significantly less than doses used in
previous animal studies (16). It is possible that if
higher doses were used (although these would be
less clinically relevant), a greater effect could have

been seen as noted in other papers. In addition, if
a repeated dosing regimen was used, as in the IIHTT
study, a higher steady state concentration of acetazo-
lamide would likely have been reached, compared to
our model where only a single dose was used. This is
obviously also true of the other drugs, however,
including topiramate. The final limitation is that we
used healthy rats, rather than a disease model of
raised ICP. There are reports that CSF secretion
may change in raised ICP models (42); however,
our previous studies investigating the GLP-1 R agon-
ist exendin-4 demonstrate that drug-induced reduc-
tions in ICP seen in healthy rats are replicated in a
model of hydrocephalus (43).

In summary, out of all the drugs we tested that are
currently used to treat ITH, only topiramate signifi-
cantly reduced ICP. Topiramate may have additional
advantages in IIH, including its migraine prevention
properties and weight loss effects; however, the side
effects can be considerable. Future studies comparing
the physiological effects of these drugs to reduce ICP in
ITH patients would be of interest.

Article highlights

intracranial hypertension.

pressure.

e There is limited evidence to support the use of some of the drugs commonly used to manage idiopathic

e We demonstrate that topiramate reduces intracranial pressure at clinically relevant doses.
e At clinically relevant doses, acetazolamide, furosemide, amiloride and octreotide do not lower intracranial

Acknowledgements

Peter Nightingale (statistician, Wellcome Trust Clinical Research
Facility, Queen Elizabeth Hospital, Birmingham, UK). Input
and advice on design, statistical analysis and interpretation.

Declaration of conflicting interests

The authors declared no potential conflicts of interest
with respect to the research, authorship, and/or publication
of this article.

Funding

The authors disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
A.S. is funded by an NIHR Clinician Scientist Fellowship
(NIHR-CS-011-028) and by the Medical Research Council,
UK (MR/KO015184/1). This work was supported by the West
Midlands Neuroscience Teaching and Research Fund, and car-
ried out at the National Institute for Health Research (NIHR)/
Wellcome Trust Birmingham Clinical Research Facility. The
views expressed are those of the authors, and not necessarily
those of the NHS, NIHR or the Department of Health.

ORCID iD

Hannah F Botfield
Connar SJ Westgate

http://orcid.org/0000-0003-4564-0282
http://orcid.org/0000-0001-5066-8306

References

1. Corbett JJ, Savino PJ, Thompson HS, et al. Visual
loss in pseudotumor cerebri. Follow-up of 57 patients
from five to 41 years and a profile of 14 patients with
permanent severe visual loss. Arch Neurol 1982; 39:
461-474.

2. Markey KA, Mollan SP, Jensen RH, et al. Understanding
idiopathic intracranial hypertension: Mechanisms, manage-
ment, and future directions. Lancet Neurol 2016; 15: 78-91.

3. Sinclair AJ, Burdon MA, Nightingale PG, et al. Low
energy diet and intracranial pressure in women with idio-
pathic intracranial hypertension: Prospective cohort study.
BMJ 2010; 341: c2701.

4. Mollan SP, Ali F, Hassan-Smith G, et al. Evolving evi-
dence in adult idiopathic intracranial hypertension: Patho-
physiology and management. J Neurol Neurosurg
Psychiatry 2016; 87: 982-992.


http://orcid.org/0000-0003-4564-0282
http://orcid.org/0000-0003-4564-0282
http://orcid.org/0000-0001-5066-8306
http://orcid.org/0000-0001-5066-8306

Scotton et al.

217

12.

13.

14.

15.

16.

19.

20.

21.

. Ball AK, Howman A, Wheatley K, et al. A randomised

controlled trial of treatment for idiopathic intracranial
hypertension. J Neurol 2011; 258: 874-881.

. Wall M, McDermott MP, Kieburtz KD, et al. Effect

of acetazolamide on visual function in patients with
idiopathic intracranial hypertension and mild visual
loss: The idiopathic intracranial hypertension treatment
trial. Jama 2014; 311: 1641-1651.

. Piper RJ, Kalyvas AV, Young AM, et al. Interventions

for idiopathic intracranial hypertension. Cochrane

Database Syst Rev 2015; 8: CD003434.

. FDA. Guidance for industry. Estimating the maximum

safe starting dose in initial clinical trials for therapeutics
in adult healthy volunteers, https://www.fda.gov/down-
loads/drugs/guidancecomplianceregulatoryinformation/
guidances/ucm078932.pdf (2005, accessed 22 August
2016).

. Mortazavi MM, Romeo AK, Deep A, et al. Hypertonic

saline for treating raised intracranial pressure: Literature
review with meta-analysis. J Neurosurg 2012; 116: 210-221.

. Uldall M, Juhler M, Skjolding AD, et al. A novel method

for long-term monitoring of intracranial pressure in rats.
J Neurosci Methods 2014; 227: 1-9.

. Matar KM and Tayem YI. Effect of experimentally

induced hepatic and renal failure on the pharmacokinet-
ics of topiramate in rats. BioMed Res Int 2014; 2014:
570910.

Wang JD, Shi YP, Yin J, et al. Bioavailability, tissue
distribution, and excretion characteristics of the novel
carbonic anhydrase inhibitor tolsultazolamide in rats.
Acta Pharmacol Sin 2014; 35: 275-282.

Segre G, Cerretani D, Bruni G, et al. Amiloride pharma-
cokinetics in rat. Eur J Drug Metab Pharmacokinet 1998;
23: 218-222.

Schmid HA and Brueggen J. Effects of somatostatin ana-
logs on glucose homeostasis in rats. J Endocrinol 2012;
212: 49-60.

Hammarlund MM and Paalzow LK. Dose-dependent
pharmacokinetics of furosemide in the rat. Biopharm
Drug Dis 1982; 3: 345-359.

Uldall M, Botfield H, Jansen-Olesen I, et al. Acetazola-
mide lowers intracranial pressure and modulates the cere-
brospinal fluid secretion pathway in healthy rats.
Neurosci Lett 2017; 645: 33-39.

. Damkier HH, Brown PD and Praetorius J. Cerebrospinal

fluid secretion by the choroid plexus. Physiol Rev 2013;
93: 1847-1892.

. Ames A 3rd, Higashi K and Nesbett FB. Effects of Pco2

acetazolamide and ouabain on volume and composition
of choroid-plexus fluid. J Physiol 1965; 181: 516-524.
Malkinson TJ, Cooper KE and Veale WL. Induced
changes in intracranial pressure in the anesthetized rat
and rabbit. Brain Res Bull 1985; 15: 321-328.

Senay LC Jr and Tolbert DL. Effect of arginine vasopres-
sin, acetazolamide, and angiotensin II on CSF pressure at
simulated altitude. Aviat Space Environ Med 1984; 55:
370-376.

Cowan F and Whitelaw A. Acute effects of acetazolamide
on cerebral blood flow velocity and pCO2 in the newborn
infant. Acta Paediatr Scand 1991; 80: 22-27.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

Supuran CT. Carbonic anhydrases: Novel therapeutic
applications for inhibitors and activators. Nat Rev Drug
Discov 2008; 7: 168—181.

Wenzel RG, Schwarz K and Padiyara RS. Topiramate
for migraine prevention. Pharmacotherapy 2006; 26:
375-387.

Diener HC, Bussone G, Van Oene JC, et al. Topiramate
reduces headache days in chronic migraine: A rando-
mized, double-blind, placebo-controlled study.
Cephalalgia 2007; 27: 814-823.

Silberstein SD. Topiramate in migraine prevention:
A 2016 perspective. Headache 2017; 57: 165-178.
Celebisoy N, Gokcay F, Sirin H, et al. Treatment of idio-
pathic intracranial hypertension: Topiramate vs acetazo-
lamide, an open-label study. Acta Neurol Scand 2007,
116: 322-327.

Picard F, Deshaies Y, Lalonde J, et al
Topiramate reduces energy and fat gains in lean
(Fa/?) and obese (fa/fa) Zucker rats. Obes Res 2000; 8:
656-663.

Palacio E, Rodero L and Pascual J. Topiramate-
responsive headache due to idiopathic intracranial
hypertension in Behcet syndrome. Headache 2004; 44:
436-437.

Finsterer J, Foldy D and Fertl E. Topiramate resolves
headache from pseudotumor cerebri. J Pain Symptom
Manage 2006; 32: 401-402.

Pagan FL, Restrepo L, Balish M, et al. A new drug for an
old condition? Headache 2002; 42: 695-696.

Silberstein S, Lipton R, Dodick D, et al. Topiramate
treatment of chronic migraine: A randomized, placebo-
controlled trial of quality of life and other efficacy meas-
ures. Headache 2009; 49: 1153-1162.

Melby JM, Miner LC and Reed DJ. Effect of acetazola-
mide and furosemide on the production and composition
of cerebrospinal fluid from the cat choroid plexus. Can J
Physiol Pharmacol 1982; 60: 405—409.

. Vogh BP and Langham MR Jr. The effect of furosemide

and bumetanide on cerebrospinal fluid formation. Brain
Res 1981; 221: 171-183.

Davson H and Segal MB. The effects of some inhibitors
and accelerators of sodium transport on the turnover of
22Na in the cerebrospinal fluid and the brain. J Physiol
1970; 209: 131-153.

Murphy VA and Johanson CE. Alteration of sodium
transport by the choroid plexus with amiloride. Biochim
Biophys Acta 1989; 979: 187-192.

Panagopoulos GN, Deftereos SN, Tagaris GA, et al.
Octreotide: A therapeutic option for idiopathic
intracranial hypertension. Neurol Neurophysiol Neurosci
2007; 10: 1.

House PM and Stodieck SR. Octreotide: The IIH therapy
beyond weight loss, carbonic anhydrase inhibitors,
lumbar punctures and surgical/interventional treatments.
Clin Neurol Neurosurg 2016; 150: 181-184.

Katz SE, Klisovic DD, O’Dorisio MS, et al. Expression
of somatostatin receptors 1 and 2 in human choroid
plexus and arachnoid granulations: Implications for idio-
pathic intracranial hypertension. Arch Ophthalmol 2002;
120: 1540-1543.


https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm078932.pdf
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm078932.pdf
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm078932.pdf

218

Cephalalgia 39(2)

39.

40.

41.

Boehm BO. The therapeutic potential of somatosta-
tin receptor ligands in the treatment of obesity and dia-
betes. Expert Opin Investig Drugs 2003; 12: 1501-1509.
Mirski AM, Denchev ID, Schnitzer SM, et al. Compar-
ison between hypertonic saline and mannitol in the reduc-
tion of elevated intracranial pressure in a rodent model of
acute cerebral injury. J Neurosurg Anesthesiol 2000; 12:
334-344.

Kerwin AJ, Schinco MA, Tepas JJ 3rd, et al. The use
of 23.4% hypertonic saline for the management of
elevated intracranial pressure in patients with severe

42.

43.

traumatic brain injury: A pilot study. J Trauma 2009;
67: 277-282.

Karimy JK, Zhang J, Kurland DB, et al. Inflammation-
dependent cerebrospinal fluid hypersecretion by the
choroid plexus epithelium in posthemorrhagic hydro-
cephalus. Nat Med 2017; 23: 997-1003.

Botfield HF, Uldall MS, Westgate CSJ, et al. A glucagon-
like peptide-1 receptor agonist reduces intracranial pres-
sure in a rat model of hydrocephalus. Transl Med 2017, 9.
doi: 10.1126/scitranslmed.aan0972.



