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Abstract

Background—Cerebrospinal fluid (CSF) flow dynamics play critical roles in both the immature 

and adult brain, with implications for neurodevelopment and disease processes such as 

hydrocephalus and neurodegeneration. Remarkably, the only reported method to date for 

measuring CSF formation in laboratory rats is the indirect tracer dilution method (a.k.a., 

ventriculocisternal perfusion), which has limitations.

New Method—Anesthetized rats were mounted in a stereotaxic apparatus, both lateral ventricles 

were cannulated, and the Sylvian aqueduct was occluded. Fluid exited one ventricle at a rate equal 

to the rate of CSF formation plus the rate of infusion (if any) into the contralateral ventricle. 

Pharmacological agents infused at a constant known rate into the contralateral ventricle were 

tested for their effect on CSF formation in real-time.

Results—The measured rate of CSF formation was increased by blockade of the Sylvian 

aqueduct but was not changed by increasing the outflow pressure (0–3 cm of H2O). In male Wistar 

rats, CSF formation was age-dependent: 0.39±0.06, 0.74±0.05, 1.02±0.04 and 1.40±0.06 µL/min 

at 8, 9, 10 and 12 weeks, respectively. CSF formation was reduced 57% by intraventricular 

infusion of the carbonic anhydrase inhibitor, acetazolamide.

Comparison with existing methods—Tracer dilution methods do not permit ongoing real-

time determination of the rate of CSF formation, are not readily amenable to pharmacological 

manipulations, and require critical assumptions. Direct measurement of CSF formation overcomes 

these limitations.
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Conclusions—Direct measurement of CSF formation in rats is feasible. Our method should 

prove useful for studying CSF dynamics in normal physiology and disease models.
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1. Introduction

Cerebrospinal fluid (CSF) is a clear fluid found in the ventricular system and in the cranial 

and spinal subarachnoid spaces. CSF plays critical roles in health and disease (Johanson et 

al., 2008). Among its many functions, CSF imparts buoyancy to the brain that prevents its 

weight from distorting its structure or impeding venous outflow; it circulates growth factors 

critical for brain development; and it clears metabolic waste products produced during 

physiological activity (Redzic et al., 2005). There is a growing recognition of the important 

role of CSF dynamics in the maturation of the developing central nervous system (CNS), 

and the function of the mature CNS. For example, impaired CSF dynamics can result in 

disrupted corticogenesis in the developing brain (Feliciano et al., 2014) and may contribute 

to neurodegeneration in older adults (Iliff et al., 2012; Chikly and Quaghebeur, 2013; Iliff et 

al., 2013). In all age groups, disrupted CSF dynamics can manifest as hydrocephalus (Redzic 

et al., 2005).

The classical view of the CSF “circulatory system” is that CSF is formed by the choroid 

plexus (CP), circulates through the ventricular system, enters the subarachnoid space, and is 

reabsorbed into the venous system at the arachnoid granulations and villi (Cushing, 1914). 

However, recent investigations, as well as reassessments of published data, have called into 

question many of these concepts (Chikly and Quaghebeur, 2013; Brinker et al., 2014). While 

the CP is still considered an important source of CSF formation, its relative contribution 

compared to the cerebral endothelium and other pathways is currently being re-evaluated 

(Chikly and Quaghebeur, 2013; Brinker et al., 2014).

Many of the individual ion channels and transporters involved in the end-stages of ion and 

water transport required for CSF formation are known (Praetorius, 2007; Christensen et al., 

2013; Damkier et al., 2013). Less well known are the upstream mechanisms that regulate 

these ion transport molecules to influence the rate of production and the composition of 

CSF. An important impediment to progress in this field is the lack of a suitable method for 

quantifying real-time CSF formation in laboratory rodents in vivo under near-physiological 

conditions.

Oreskovic and Klarica (2010) recently reviewed the most common methods that have been 

used to measure CSF formation. They identified important shortcomings with almost all of 

these methods, many of which provide indirect measures of CSF formation that require 

assumptions that may be difficult to justify. Other methods that provide direct measures of 

CSF formation require the use of non-physiological conditions or have been implemented 

only in larger animals such as sheep and cats. Here, we describe a simple method that 

permits the real-time measurement of the rate of formation of CSF in laboratory rats in vivo 

under near-physiological conditions.
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2. Materials and methods

2.1. Animals

Animal experiments were performed under a protocol approved by the Institutional Animal 

Care and Use Committee (IACUC) of the University of Maryland, and in accordance with 

the guidelines and regulations in the NIH Guide for the Care and Use of Laboratory 

Animals. Male Wistar rats, ages 8–12 weeks (Harlan, Indianapolis, IN, USA), were 

anesthetized (60 mg/kg ketamine plus 7.5 mg/kg xylazine, IP) and allowed to breathe room 

air spontaneously. Body temperature was maintained at 37±1° C (Harvard Apparatus, 

Holliston, MA, USA) throughout the course of the experiments.

2.2. Procedure for measuring CSF formation

Anesthetized rats were mounted in a stereotactic apparatus (Stoelting Co., Wood Dale, IL) 

in the usual manner with an incisor-bar and ear-bars (Fig. 1). A midline scalp incision was 

made to expose the skull. A 1.3-mm burr hole, centered over the left lateral ventricle (x, 

−0.8 mm; y, +1.7 mm relative to bregma), was made using a high-speed drill. The dura and 

underlying arachnoid and pia were opened using a cruciate incision made with the tip of a 

#11 scalpel blade. The wound was irrigated with sterile normal saline (NS) to clear any 

blood.

After completing the burr hole and opening the membranes, the hind end of the animal was 

elevated ~2 cm, the incisor-bar was removed, the rat’s head was rotated on the ear-bars 90°, 

nose-down, and was held in this vertical position using an improvised plastic device 

pressing against the dorsum of the snout. The cisterna magna was exposed by dissecting the 

suboccipital muscles from the occipital bones and exposing the atlanto-occiptal ligament. 

The ligament was partially resected and the underlying dura was punctured in the midline to 

enter the cisterna magna, with the size of the dural puncture being ~1 mm2. A 23 gauge 

flexible catheter (PE-20) loaded with sterile, molecular grade mineral oil (Sigma Aldrich, St. 

Louis MO) pre-warmed to 37° C was advanced gently 5 mm through the foramen of 

Magendie into the 4th ventricle. Mineral oil (100 µl) was infused into the 4th ventricle to 

occlude the aqueduct of Sylvius.

Following occlusion of the aqueduct, with the long axis of the head still positioned 

vertically, the left lateral ventricle was cannulated using a pre-marked glass capillary tube 

(cat # CV8010-300; borosilicate; OD, 1 mm; ID, 0.8 mm; length, 30 cm; VitroCom, 

Mountain Lakes NJ). The capillary tube was held horizontally in the correct “x” and “y” 

planes (now rotated 90°), and was carefully advanced by hand horizontally through the burr 

hole to a “z” coordinate of 4 mm to enter the frontal horn of the lateral ventricle. The 

capillary tube, which often contained brain matter, was withdrawn and was replaced by a 

new capillary tube that was reintroduced into the ventricle.

After entering the ventricle, the capillary tube began to fill with CSF, with the front of fluid 

advancing steadily in the capillary tube as CSF was formed. We measured the distance that 

the front travelled within the capillary tube at precise intervals (5 or 10 min). The volume of 

CSF that formed was calculated as: volume = π × radius2 × distance. The rate of CSF 

formation (µL/min) was calculated as the slope of the volume-time relationship.
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In a separate series of experiments, we examined the effect of collecting CSF at elevated 

outflow pressures (1.5 and 3 cm of H2O). For these experiments, we modified the outflow 

capillary tube by introducing two right-angle bends, 3 cm apart, to create a “Z” shape. 

Rotating the Z-shaped outflow capillary tube allowed measurements at different outflow 

pressures to be made in the same rat – when the plane of the “Z” was oriented horizontally, 

the outflow pressure was 0 cm of H2O; when the plane of the “Z” was rotated 45° from 

horizontal, the outflow pressure was 1.5 cm of H2O; when the plane of the “Z” was rotated 

90° from horizontal, the outflow pressure was 3 cm of H2O.

2.3. Procedure for infusing drugs

In some rats, before rotating the head to a vertical orientation, a second burr hole was made 

over the right lateral ventricle (x: −0.8 mm, y: −1.7 mm relative to bregma) and the 28 gauge 

cannula from an Alzet brain infusion kit (#1; Durect, Cupertino, CA), with a single spacer to 

adjust the depth to 4.5 mm, was stereotactically placed in the ventricle and secured to the 

skull using cyanoacrylate adhesive. The cannula was connected via a PE-20 catheter to a 1 

mL syringe containing an infusion solution (see below). The syringe was loaded into a 

syringe infusion apparatus (Pump elite 11, Harvard Apparatus) and maintained at 37° C. 

Intraventricular infusions were performed at a nominal pump rate of 2 µL/min. The actual 

rate of fluid delivery by the pump was determined empirically in a separate experiment, 

performed in triplicate, in which we measured the volume of fluid delivered over the course 

of 30 min. The actual rate was 1.93±0.03 µL/min. When measuring CSF formation during 

intraventricular drug infusion, the “actual infusion rate” of 1.93 µL/min was subtracted from 

the “measured outflow rate” to obtain the “calculated rate of CSF formation”. When 

measuring the effect of a drug (acetazolamide or mannitol, see below), first the baseline rate 

of CSF formation was determined during spontaneous CSF formation (no infusion), then the 

calculated rate of formation was determined after switching to the test drug. The infusion 

then was stopped, to check for reversibility of the drug effect.

Intraventricular infusion solutions were made using artificial CSF (aCSF), composed as 

follows (in mM): Na 150; K 3.0; Ca 1.4; Mg 0.8; P 1.0; Cl 155, pH 7.19 (Tocris, Bristol 

UK), with a calculated osmolarity of 311.2 mOsmC/L. Two drugs were studied, 

acetazolamide (45 mM; Sigma Aldrich, St. Louis MO) and mannitol (88.2 mM; Sigma 

Aldrich). Since acetazolamide is a weak acid, the high concentration was solubilized in 

aCSF titrated to pH 9.0 (no additional buffer). Acetazolamide (45 mM; pKa, 7.2; 98% 

ionized at pH 9.0) added an excess of 89.1 mOsmC/L; for pH 9.0, the solution of 

acetazolamide required 70 μL/mL of 0.5 N NaOH, which contributed an additional 70 

mOsmC/L. Because of the high osmolarity of the acetazolamide infusion solution, we 

studied the effect of a solution of mannitol (88.2 mM, pH 9.0) in aCSF which, for pH 9.0, 

required 0.66 μL/mL of 0.5 N NaOH.

2.4. Procedure for validating aqueduct occlusion

We used an intraventricular infusion of hematoxylin and eosin (H&E) to check the integrity 

of the block of the aqueduct by mineral oil. In 3 rats, the aqueduct was occluded using 

mineral oil, as described above. In another 3 rats, nothing was placed in the 4th ventricle, 

allowing for CSF outflow from both the cannulated lateral ventricle and from the 4th 
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ventricle. In both groups, CSF exiting the lateral ventricle was measured as above, and in 

both groups, H&E-containing aCSF was infused into the contralateral ventricle as described 

above. H&E-containing aCSF was infused at a nominal rate of 2 µL/min for 30 min. The rat 

then was euthanized by pentobarbital overdose, and was transcardially perfused with saline 

followed by 10% paraformaldehyde. In these cases, transcardial perfusion was performed 

with the rat’s head still held in the vertical orientation, to prevent loss of aqueductal 

occlusion and inadvertent spread of the H&E. These brains were embedded in OCT and 

frozen. The frozen block was photographed in the cryostat as it was cryosectioned to 

document the extent of H&E staining.

2.6. Data analysis

Numerical data are given as mean ± standard error of the mean (SE). Rates (µL/min) were 

calculated as the slope of the volume-time relationship, usually based on data collected over 

30 min or more. Rates were determined for individual animals and were averaged across 

individuals of the same age. Calculations were performed using OriginPro (OriginLab 

Corporation, Northampton, MA).

3. Results

3.1. Aqueduct occlusion

We compared CSF outflow from the cannulated lateral ventricle, without and with block of 

the aqueduct. In the absence of block, the average rate of CSF outflow in 3 rats over the 

course of 1 hr was 0.20 μL/min (Fig. 2A). In the same rats, blocking the aqueduct with 

mineral oil resulted in a 4-fold increase in the rate of outflow to 0.78 μL/min (9 weeks of 

age) (Fig. 2A).

We compared H&E staining of the ventricular system following intraventricular infusion of 

H&E, without and with block of the aqueduct. In the absence of block, prominent staining 

was observed in the lateral ventricles, the aqueduct and 4th ventricle (Fig. 2B). By contrast, 

in rats with mineral oil block of the aqueduct, staining was observed in the lateral ventricles, 

as expected, but the 4th ventricle was unstained (Fig. 2C). This experiment confirmed that 

mineral oil placed in the vertically oriented 4th ventricle was highly effective in blocking the 

aqueduct. All subsequent experiments were carried out with mineral oil occlusion of the 

aqueduct.

We next examined whether the outflow pressure at which CSF was collected would impact 

the measured rate of CSF formation. For each rat, we compared the effect of collecting CSF 

at 0, 1.5 and 3 cm of H2O. Rates of 0.76, 0.74 and 0.73 μL/min (9 weeks of age) were 

observed with outflow pressures of 0, 1.5 and 3 cm of H2O, respectively (Fig. 2D). All 

subsequent experiments were carried out using outflow pressures of 0 cm H2O.

3.2. Pharmacological inhibition of CSF formation

Studying CSF formation in real time during pharmacological inhibition requires 

intraventricular infusion of a drug solution at a known constant rate. We first evaluated this 

method by infusing aCSF. After cannulating the ventricle, the spontaneous rate of CSF 
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formation was measured to be 1.16 μL/min (n=3; 11 weeks of age) (Fig. 3A). Infusion of 

aCSF at the rate of 1.93 μL/min yielded a measured outflow rate of 2.98 μL/min, or a 

calculated rate of CSF formation 1.05 μL/min, which was within 10% of the baseline rate.

CSF formation is dependent on carbonic anhydrase (Praetorius, 2007; Christensen et al., 

2013; Damkier et al., 2013). We thus sought to inhibit CSF formation pharmacologically 

using acetazolamide. Preliminary experiments showed that high concentrations of drug 

would have to be infused intraventricularly, likely due to the fact that active formation of 

CSF not only dilutes the infusate, but more importantly, it continuously washes drug away. 

Since acetazolamide is a weak acid, and since high concentrations of weak acids in aqueous 

solution are best obtained using basic pH, our drug infusion solution was titrated to pH 9.0.

Infusion of acetazolamide (45 mM in aCSF; pH 9.0) decreased the calculated rate of CSF 

formation from 0.95±0.23 to 0.48±0.12 µL/min (n=3; 10 weeks of age) (Fig. 3B). Inhibition 

of CSF formation by acetazolamide was not reversible, with a rate of 0.38±0.10 μL/min 

measured during 30 min after cessation of drug infusion.

The addition to aCSF of acetazolamide (45 mM) plus NaOH for pH 9.0 resulted in a large 

excess of osmols over that in aCSF alone. Because CSF formation depends on the 

osmolarity of the compartment into which CSF is secreted, we used an infusion of mannitol 

(88.2 mM in aCSF; pH 9.0) as a control. Infusion of the mannitol control solution increased 

the calculated rate of CSF formation from 0.96±0.03 to 1.12±0.17 µL/min (n=3; 10 weeks of 

age) (Fig. 3B). The rate of CSF formation returned to 1.00±0.12 µL/min, within 4% of the 

baseline value, after stopping the infusion. The observed increase in rate with mannitol 

likely reflected the increase in osmolarity due to the infusate (Krishnamurthy et al., 2009; 

Krishnamurthy et al., 2012), although additional experiments would be required to 

determine whether pH also had an effect. However, using this mannitol control infusion as 

baseline indicated that acetazolamide inhibited CSF formation by 57%, consistent with the 

overall process of CSF formation being highly dependent on HCO3
− (Vogh et al., 1987).

3.3. CSF formation is age-dependent

In the forgoing experiments, baseline rates of CSF formation were occasionally different 

between groups, likely due to differences in age (Preston, 2001; Chiu et al., 2012). We 

measured spontaneous CSF formation over the course of 60 min in rats of different ages. 

The rates measured were 0.39±0.06, 0.74±0.05, 1.02±0.04 and 1.40±0.06 µL/min at 8, 9, 10 

and 12 weeks, respectively (3 rats/group) (Fig. 4A,B).

4. Discussion

The major finding of the present study is that we have developed a novel technique to 

perform direct real-time measurements of ongoing CSF formation by the brain of the rat in 

vivo. With this technique, it is feasible to study the effect of pharmacological manipulations 

on ongoing CSF formation. Our method is superior to the only other existing method in 

rodents, the tracer dilution method, which does not permit ongoing real-time determination 

of the rate of CSF formation, is not readily amenable to the study of pharmacological 

manipulations, and requires potentially confounding assumptions.
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Many studies on CSF formation are carried out on cultured epithelial cells in vitro (Angelow 

et al., 2004; Hosoya et al., 2004; Baehr et al., 2006). As many as 8 methods have been 

described for measuring CSF formation in vivo (Oreskovic and Klarica, 2010). The indirect 

methods for measuring CSF formation in vivo include tracer dilution, MRI and others. All 

indirect methods require one or more assumption that may be difficult to justify. Some of 

the direct methods require the use of highly non-physiological conditions, such as removing 

brain tissues overlying the choroid plexus and collecting CSF under oil, removing CSF from 

the ventricle and observing the time needed to refill the ventricle, or extracorporeal 

perfusion of the choroid plexus. None of the 8 methods described to date is readily suited for 

directly quantifying CSF formation in laboratory rodents in vivo, in real-time, under near-

physiological conditions. Notably, all of the direct methods described have been 

implemented only in large species such as sheep and cats.

The only method that has been used previously in rats to measure CSF formation is the 

indirect tracer dilution method (a.k.a., ventriculocisternal perfusion). In this method, blue 

dextran 2000 dye is infused into the lateral ventricle, samples of CSF are collected from the 

cisterna magna at fixed time intervals, and the concentration of dye is colorimetrically 

determined. Tracer dilution measurements in rats have yielded values for CSF formation 

rates of 1.2–1.8 μL/min at 3 months of age (Preston, 2001; Chiu et al., 2012). Reported 

values obtained by tracer dilution compare favorably to the value of 1.40±0.06 μL/min at 3 

months of age that we obtained using our direct method.

Central to the classical view of CSF circulation is that CSF is secreted from the CP in the 

lateral ventricles and exits the brain after passing through the aqueduct of Sylvius. With our 

measurements, outflow from the cannulated lateral ventricle was 0.20 μL/min before 

blocking the aqueduct, and was 4-fold greater, 0.78 μL/min (9 weeks of age), after blocking 

the aqueduct, consistent with CSF traversing the aqueduct before occlusion. Most of our 

measurements were made at outflow pressures of 0 cm H2O, but we found that 

measurements of CSF formation differed <5% when made at outflow pressures of 3 cm 

H2O, which approaches the intraventricular pressure of 4–6 cm H2O at which CSF normally 

forms in the rat (Roy et al., 2013). This finding is consistent with the observation that CSF 

formation occurs by way of osmotic forces that are not influenced by the hydrostatic 

pressure of the compartment into which formation occurs (Damkier et al., 2013). 

Measurements of CSF formation at lower than normal intraventricular hydrostatic pressures 

obscure the potential for CSF absorption from within the ventricle, as shown by the work of 

Oreskovic and colleagues (Oreskovic et al., 2002; Klarica et al., 2009; Oreskovic and 

Klarica, 2010).

The method of blocking the aqueduct of Sylvius is important. Flexner and Winters (Flexner 

and Winters, 1932) blocked the aqueduct by inflating a balloon in the 4th ventricle. 

Oreskovic and Klarica (2010) criticized this as follows: “The pressure within the balloon 

was two times higher than the physiological one (about 160 mm H2O) and this non-

physiological pressure, by influencing the sensitive adjacent tissue, probably caused a 

significant disturbance in CSF hydrodynamics and brain blood flow surrounding the 

balloon”. In their work on the cat, Oreskovic and colleagues did not block the aqueduct but 

instead cannulated it using a 1.2 mm O.D. tube plus cyanoacrylate glue on the outside of the 
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tube to prevent CSF from leaking around it (Oreskovic et al., 2002). Dilation of the aqueduct 

by the tube plus exposure of the tissues to irritants in the glue also could harm delicate 

midbrain tissues. In our method, we blocked the aqueduct by placing 100 μL of mineral oil, 

pre-warmed to 37° C, into the 4th ventricle while the long axis of the head of the rat was 

positioned vertically, nose-down. The mineral oil was effective in blocking outflow from the 

aqueduct, as shown by the lack of staining of the 4th ventricle when H&E dye was infused 

into the lateral ventricle (Fig. 2). Importantly, blocking the aqueduct with mineral oil 

precluded anatomical distortion of delicate brainstem tissues by a balloon or by a catheter, 

produced no obvious physical injury to the tissues surrounding the 4th ventricle, and 

produced no obvious physiological disturbance to brainstem structures. Recordings of CSF 

formation could be performed over the course of several hours without disturbances in 

brainstem-controlled vital signs.

Pharmacological studies of CSF formation are complicated due to the effects of osmolarity 

and dilution. First, the increase in osmolarity that arises from adding study drug to aCSF can 

itself increase the production of CSF, since CSF formation is increased by increasing 

osmolarity (Krishnamurthy et al., 2009; Krishnamurthy et al., 2012). We observed a 17% 

increase in the rate of CSF formation when ventricular infusion of aCSH was changed to 

aCSF plus mannitol. Secondly, active CSF formation dilutes intraventricular infusate and 

continuously washes drug away, with both effects reducing the apparent efficacy of the drug 

under study. In our experiments, the concentration of acetazolamide that we used was 

appreciably greater than the EC50 value reported for inhibition of carbonic anhydrase (Ho et 

al., 2003). Given that the mannitol solution was infused at a rate of 1.93 μL/min and mixed 

with CSF that was being formed at a rate of 1.12 μL/min implies a dilution of the infusate to 

63% of its starting concentration. Also, given that the mannitol infusate was at pH 9.0 

(unbuffered) running at 1.93 μL/min, the dilution of OH− ions that occurs when it is mixed 

with a solution of pH 7.2 formed at 1.12 μL/min would yield a pH of 7.6. We found 

empirically that 28 mM acetazolamide (63% dilution) remains in solution at pH 7.6 at 37° 

C, suggesting that the apparent low efficacy of acetazolamide was not due to precipitation of 

drug within the ventricle. Importantly, these calculations involving dilution represent the 

“worst case scenario”, and ignore the fact that the rate of CSF formation is actually reduced 

by the drug – it is evident that, as inhibition takes hold, the degree of dilution is reduced 

accordingly.

Pharmacological manipulation of CSF formation in vivo remains challenging. At present, 

interventions in humans are extremely limited, due in part to the lack of organ specificity of 

candidate drugs that also affect renal function, and to the lack of molecular knowledge about 

the regulation of CSF formation. Parenteral administration of the carbonic anhydrase 

inhibitor, acetazolamide, is commonly used to reduce CSF formation in patients with 

idiopathic intracranial hypertension (pseudotumor cerebri), acute mountain sickness and 

other conditions associated with raised intracranial pressure (Fraser and Plant, 2011; 

Biousse, 2012; Ritchie et al., 2012). In our experiments, intraventricular infusion of 

acetazolamide reduced CSF formation by 57%. Intraventricular infusions of some drugs are 

used in humans, but usually only in an intensive care setting. Our data suggest that 
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intraventricular infusion of acetazolamide or other inhibitors of CSF formation may be 

highly effective and may avoid the lack of organ specificity that limits current treatments.

Having a reliable, assumption-free method to measure the rate of CSF formation in 

laboratory rats will be important for studies on different disease states. For example, 

dysfunction of the CP and of the blood-cerebrospinal fluid barrier are believed to contribute 

to age-related cognitive decline and neurodegenerative disease (Chen et al., 2009). 

Abnormally low rates of CSF formation have been linked to the accumulation of neurotoxic 

substances, including amyloid-β, in aging and in Alzheimer's disease (Serot et al., 2011; 

Serot et al., 2012; Arbel-Ornath et al., 2013). Our data showing age-dependent rates of CSF 

formation accorded with previous work performed in rats studied using ventriculocisternal 

perfusion (Preston, 2001; Chiu et al., 2012), in sheep studied using an in situ perfused 

choroid plexus technique (Chen et al., 2009; Chen et al., 2010), and in humans studied using 

MRI (Bouzerar et al., 2013). The marked age-related changes in the rates of CSF formation 

observed by us and others point to important upstream mechanisms in CSF regulation that 

are only beginning to be explored (Johanson et al., 2008).
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HIGHLIGHTS

• CSF formation is critical for normal brain health

• Abnormalities are implicated in brain maldevelopment, degeneration, 

hydrocephalus

• In rats, CSF formation has only been measured indirectly

• We describe a novel method for direct measurement of CSF formation in rats

• Our method will advance studies on development, aging and hydrocephalus
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Figure 1. The experimental procedure for measuring CSF formation
A–H: Photographs (A–G) and artistic depiction (H) of the procedure for measuring CSF 

formation. An anesthetized rat is mounted in a stereotactic apparatus in the usual manner 

with an incisor-bar and ear-bars (A); a midline scalp incision is made to expose the skull, 

and a 1.3-mm burr hole, centered over the left lateral ventricle (x, −0.8 mm; y, +1.7 mm 

relative to bregma), is made (B, arrow); the hind end of the animal is elevated ~2 cm, the 

incisor-bar is removed, the rat’s head is rotated on the ear-bars 90°, nose-down, and is held 

in this vertical position using an improvised plastic device pressing against the dorsum of 

the snout (C); the suboccipital muscles are bluntly dissected to expose the atlanto-occiptal 

ligament (D, arrow); the ligament is partially resected and the underlying dura is punctured 

in the midline (E, arrow); a 23 gauge flexible catheter (PE-20) loaded with sterile, molecular 

grade mineral oil pre-warmed to 37° C is advanced gently 5 mm through the foramen of 

Magendie into the 4th ventricle for infusion of mineral oil (100 µl) into the 4th ventricle to 

occlude the aqueduct of Sylvius (F, arrows); the left lateral ventricle is cannulated using a 

pre-marked glass capillary tube held horizontally in the correct “x” and “y” planes (now 

rotated 90°), and is carefully advanced by hand horizontally through the burr hole to a “z” 

coordinate of 4 mm to enter the frontal horn of the lateral ventricle, allowing CSF to exit (G, 

arrow); the distance traveled by the advancing front of fluid is used to calculate the rate of 

CSF formation (H).

Karimy et al. Page 13

J Neurosci Methods. Author manuscript; available in PMC 2016 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. The measured rate of CSF formation is increased by blockade of the Sylvian aqueduct 
but is not altered by increasing the outflow pressure
A: CSF outflow from the left lateral ventricle was measured before and after occluding the 

4th ventricle with mineral oil; before occlusion, the CSF outflow rate was 0.20 μL/min; after 

occlusion, the rate was 0.78 μL/min (3 rats; 9 weeks of age). B,C: Hematoxylin and eosin 

(H&E) staining of the ventricular system without (B) and with (C) occlusion of the 4th 

ventricle with mineral oil; H&E dye was infused into the right lateral ventricle; the lateral 

ventricles (LV) were stained in both cases, but the aqueduct (Aq.) and 4th ventricle (4th V) 

were stained only in (B), not in (C); the data shown are representative of findings in 3 rats 

per condition. D: CSF formation was measured at different outflow pressures; successive 

rates of 0.76, 0.74 and 0.73 μL/min (3 rats; 9 weeks of age) were observed with outflow 

pressures of 0, 1.5 and 3 cm of H2O, respectively.
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Figure 3. Pharmacological inhibition of CSF formation by acetazolamide
A: CSF outflow at baseline was 1.16 μL/min; infusion of aCSF (1.93 μL/min) yielded a 

measured outflow rate of 2.98 μL/min, or a calculated rate of CSF formation of 1.05 μL/min, 

within 10% of baseline (3 rats; 11 weeks of age). B: In two different experiments, CSF 

outflow at baseline was 0.95±0.23 μL/min (filled circles) or 0.96±0.03 μL/min (empty 

circles); infusion of acetazolamide (45 mM in aCSF; pH 9.0; 1.93 μL/min) or of mannitol 

(88.2 mM in aCSF; pH 9.0; 1.93 μL/min) yielded calculated rates of CSF formation 

0.48±0.12 μL/min (filled circles) or of 1.12±0.17 μL/min (empty circles); based on these 2 

experiments, inhibition by acetazolamide was calculated to be 57%; note that inhibition by 

acetazolamide was not reversible, with a rate of 0.38±0.10 μL/min observed after stopping 

infusion (3 rats/experiment; 10 weeks of age).
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Figure 4. The effect of age on CSF formation
A: CSF outflow at baseline was 0.39±0.06, 0.74±0.05, 1.02±0.04 and 1.40±0.06 µL/min at 

8, 9, 10 and 12 weeks, respectively (3 rats/group). B: Plot of the rate of CSF formation by 

the choroid plexus of the lateral ventricles as a function of age; data from (A).

Karimy et al. Page 16

J Neurosci Methods. Author manuscript; available in PMC 2016 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


