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Abstract

The purpose of this study was to develop a novel experimental system for the modulation and 

measurement of intracranial pressure (ICP), and to use this system to assess the impact of elevated 

ICP on the optic nerve and retinal ganglion cells (RGCs) in CD1 mice. This system involved 

surgical implantation of an infusion cannula and a radiowave based pressure monitoring probe 

through the skull and into the subarachnoid space. The infusion cannula was used to increase ICP, 

which was measured by the probe and transmitted to a nearby receiver. The system provided 

robust and consistent ICP waveforms, was well tolerated, and was stable over time. ICP was 

elevated to approximately 30 mmHg for one week, after which we assessed changes in optic nerve 

structure with transmission electron microscopy in cross section and RGC numbers with antibody 

staining in retinal flat mounts. ICP elevation resulted in optic nerve axonal loss and 

disorganization, as well as RGC soma loss. We conclude that the controlled manipulation of ICP 

in active, awake mice is possible, despite their small size. Furthermore, ICP elevation results in 

visual system phenotypes of optic nerve and RGC degeneration, suggesting that this model can be 

used to study the impact of ICP on the visual system. Potentially, this model can also be used to 

study the relationship between ICP and IOP, as well diseases impacted by ICP variation such as 

glaucoma, idiopathic intracranial hypertension, and the spaceflight-related visual impairment 

intracranial pressure syndrome.
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1. Introduction

The optic nerve is made of retinal ganglion cell (RGC) axons and is located within the 

subarachnoid space (SAS). The RGC axons are exposed to constant pressure from two 

sources: intraocular pressure (IOP), which is transmitted within the eye posteriorly to the 

optic nerve head, and intracranial pressure (ICP), which is transmitted to the optic nerve at 

multiple points, including anteriorly to the optic nerve head. When either of these two 

pressures is increased in humans, deleterious consequences occur. Increased IOP may cause 

glaucoma, a neurodegenerative disease of the optic nerve and RGCs which is common 

among the elderly and is the second leading cause of blindness in the world (Gordon et al., 

2002; Quigley and Broman, 2006). Increased ICP may result in a variety of conditions 

according to the magnitude of the elevation. At severe elevations, papilledema occurs and 

visual loss can be rapid and significant. At less extreme elevations, diseases such as 

idiopathic intracranial hypertension (IIH) and the spaceflight-related visual impairment 

intracranial pressure (VIIP) syndrome induce moderate, chronic visual changes (Acheson, 

2006; Mader et al., 2011; Wall et al., 2014). In IIH, many patients also show evidence of 

optic nerve axon loss and RGC death (Keltner et al., 2014; Marzoli et al., 2013; Monteiro 

and Afonso, 2014; Padhye et al., 2013). Several reports have suggested that the balance 

between IOP and ICP is an important factor in optic neuropathies in general (Berdahl et al., 

2008a; Berdahl et al., 2008b; Fleischman and Berdahl, 2014; Ren et al., 2010; Ren et al., 

2011; Zhang and Hargens, 2014).

The anatomic effect of elevated IOP on the mouse visual system has been well-studied 

(Chen et al., 2011; Cone et al., 2010; Frankfort et al., 2013; Gross et al., 2003; Grozdanic et 

al., 2003; Ji et al., 2005; McKinnon et al., 2009; Ruiz-Ederra and Verkman, 2006; Samsel et 

al., 2011; Sappington et al., 2010). However, direct testing of the effects of elevated ICP on 

the visual system in mice has not been possible due to the lack of a suitable model for both 

the sustained elevation and accurate measurement of ICP. Thus, our current understanding 

of the effects of ICP in mice is limited to sedated animals in which ICP was elevated only 

for short periods of time, and we currently have no established system with which to 

potentially study the interaction between ICP and IOP in mice (Feiler et al., 2010; Ren et al., 

2013). Fortunately, models of ICP monitoring have been developed in rodents as well as 

primates, so some of these critical relationships are experimentally accessible (Barth et al., 

1992; Kusaka et al., 2004; Lin and Liu, 2010; Chowdhury et al., 2013; Silasi et al., 2009; 

Yang et al., 2014). However, the expansion of this approach into a genetically tractable 

organism such as mice would be beneficial.

We therefore developed a novel experimental system to modulate ICP in living, awake mice 

for an extended period of time. This system includes dual implantation of an infusion 

cannula and a radiowave based pressure monitoring probe through the skull and into the 
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SAS. The infusion cannula is then used to increase ICP, which is measured directly by the 

nearby probe and transmitted to a receiver in real time. We validated this system and then 

used it to chronically increase ICP in wild type CD1 mice and study its effects on optic 

nerve structure and RGC number. We found that ICP elevation results in marked optic nerve 

axonal loss and disorganization, as well as prominent RGC loss. This system indicates that 

controlled manipulation of ICP levels is possible in mice. This method can be used to study 

the effects of ICP change and potentially the ICP – IOP relationship in a variety of 

ophthalmologic and neurologic conditions.

2. Methods

2.1. Animals

All protocols and procedures were approved by the Baylor College of Medicine Animal 

Care and Use Committee and comply with federal guidelines and the ARVO statement for 

animal research. Eight-week-old, female, CD1 mice were maintained according to a 

standard 12 hour light – dark cycle.

2.2. Generation of ICP monitoring and modulation system

Animals were anesthetized with a weight-based intraperitoneal injection of ketamine (80mg/

kg), xylazine (16mg/kg), and acepromazine (1.2mg/kg). Subsequently, the hair on the scalp 

was shaved with a standard pair of clippers. A 1cm midline incision starting at the base of 

the skull and directed anteriorly was fashioned using a #11 scalpel blade to expose the bony 

surface of the skull. A 1mm hole was drilled 1mm lateral and 1mm posterior to bregma on 

the right side of the animal. The dura was nicked with a 30 gauge needle to ensure an egress 

of cerebrospinal fluid (CSF) and entrance into the SAS. A custom cannula made from a 

1.57mm diameter x 2.4mm long nylon screw (Plastics One, Inc.) with a hole drilled through 

the center lengthwise using a 0.4mm drill bit was positioned in the 1mm hole and anchored 

into the skull using 3M ESPE Durelon Carboxylate Luting Cement (3M). The cannula was 

slightly oversized to facilitate a tight seal. The tip of a PA-C10 pressure-monitoring probe 

(Data Sciences International) was fed through the hole in the center of the cannula into the 

SAS to allow for measurement of ICP. The inner diameter of the cannula was chosen to 

allow for a tight seal with the PA-C10 pressure-monitoring probe. A second 1mm hole was 

drilled 1mm lateral and 1mm posterior to bregma on the left side of the animal and the dura 

nicked as above. Prior to the surgery, a custom infusion cannula was made by placing a 23G 

syringe needle through a nylon screw, removing the hub, heat sealing it in place, and filing 

off the bevel was fashioned. This cannula was then positioned in the second 1mm hole and 

anchored into the skull as above. The entire system was held in place with a mound of 

silicone caulk which included both cannulas and the anterior-most segment of the PA-C10 

monitoring probe (Figure 1). Subsequently, a 0.6cm transverse incision was made 2-3mm 

posterior to the base of the skull and a pocket made by blunt dissection subcutaneously over 

the back. The pressure probe transmitter was placed in this pocket between and past the 

scapulae of the animals and onto the mid-back, where it was sutured in place with 6.0 vicryl, 

interrupted sutures.
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To evaluate the telemetry pressure monitoring system for stability, a cohort of animals (n = 

6) was monitored for 3 weeks. These mice had their infusion cannula sealed off to ambient 

air by attaching a small length of PE50 tubing to the cannula and heat-sealing it with a 

soldering iron. ICP measurements were then recorded for 1 hour at 1 day, 1 week, 2 weeks, 

and 3 weeks post-operatively. For ICP elevation experiments, 6 animals were exposed to 

elevated ICP and 6 animals received cannula placement without ICP elevation. In the ICP 

elevation group, the infusion cannulas were attached to a fluid bag filled with artificial CSF 

(124mM NaCl, 2.5mM KCl, 2.0mM MgSO4, 1.25mM KH2PO4, 26mM NaHCO3, 10mM 

glucose, 4mM sucrose, 2.5mM CaCl2) via PE50 tubing. The fluid bag was hung to gravity 

to empirically raise ICP to 30mmHg and remained at the same point for the duration of the 

study. In the control group, the infusion cannula was sealed off as for the stability 

experiments. In both groups, ICP was monitored for one hour each day for seven 

consecutive days. For all animals, sessions of ICP recording lasted one hour, and the mean 

value of each one hour block of time was calculated to get an average of ICP for that time 

point. ICP data for experiments were collected wirelessly by the PhysioTel® Small Animal 

Telemetry system and receivers and outputted to an excel spreadsheet using Ponemah 

Software 5.20 data analysis software (all from Data Sciences International; St. Paul, MN). 

This software automatically uploads raw data into a Microsoft Office Excel file for analysis.

2.3 Measurement of IOP

IOP was recorded using a rebound tonometer optimized for mouse use (Tonolab) under 

isoflurane anesthesia as previously described (Frankfort et al., 2013; Khan et al., 2015; 

Pease et al., 2011).

2.4. Preparation of optic nerves and retinas

Eyes and optic nerves were dissected out according to established protocols (Frankfort et al., 

2013; Gross et al., 2003; Pang and Wu, 2011). Optic nerves were severed from the globe 

and fixed in 3% glutaraldehyde for up to 72 hours. Nerves were then washed with 0.1M 

sodium phosphate (pH = 7.3), post-fixed in 1% phosphate-buffered osmium tetroxide for 2 

hours and dehydrated in a series of graded ethanol washes. Nerves were then infiltrated with 

acetone and embedded in plastic molds with 100% plastic resin (PolyBed 812, Polysciences, 

Inc.; Warrington, PA). Nerves were oriented so that a cross section of the optic nerve could 

be visualized. A Leica Ultracut R ultramicrotome fit with a diamond knife was used to cut 1 

micron sections which were stained with 1% Toluidine Blue for 30 seconds to confirm 

orientation and quality of preparation. Additional 80–90 nanometer ultra-thin sections were 

then cut and enhanced with uranyl acetate followed by lead citrate for 10 minutes each. 

Images of the ultra-thin sections were then taken using a Zeiss EM902 transmission electron 

microscope (Carl Zeiss). Eight random regions equidistant between the center of the nerve 

and the periphery as well as two regions in the center of the nerve were imaged at 3000X 

magnification and captured with an AMT V602 digital camera. The identity of these regions 

was masked and myelinated axons counted manually for all ten regions by a single 

investigator with assistance from ImageJ software. This generated the axon density, which 

was converted to total axons (axons per optic nerve) by multiplying by the cross sectional 

optic nerve area (Levkovitch-Verbin et al., 2002; Mabuchi et al., 2003). The area of each 
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counted region was approximately 625 μm2, such that the ten regions together represented 

about 5–6% of the total optic nerve cross sectional area.

RGCs in retinal flat mounts were stained with primary antibody to beta-III-tubulin (TUJI, 

1:200, mouse; Covance, Emeryville, CA) and visualized with Alexa Fluor® 488 donkey 

anti-mouse secondary antibody (1:300; Life Technologies, Grand Island, NY). Images for 

RGC counting were acquired with a laser confocal microscope at 40x magnification (LSM 

510; Carl Zeiss) and processed with Zeiss LSM-PC software (Carl Zeiss) and Adobe 

Photoshop CS5 (Adobe, Inc.). Four regions equidistant between the optic nerve and the 

peripheral retina as well as four additional regions equidistant between the first four regions 

and the peripheral retina were imaged from each eye as previously described (Frankfort et 

al., 2013). The identity of these regions was masked and tubulin-positive cells counted 

manually from all eight regions by a single investigator, assisted by ImageJ software. Cell 

counts were then converted into RGC density (RGCs/mm2).

2.5. Statistical analysis

To determine if the pressure recordings were stable with time, a one-way analysis of 

variance was performed. To evaluate for a difference in ICP between control and elevated 

ICP groups, a two-way analysis of variance was performed. Students paired t-tests were 

used to evaluate the difference in RGC and optic nerve fiber counts for elevated ICP versus 

control groups. All statistical analysis was performed using Prism Software (GraphPad) or 

SPSS, Version 22 (IBM) with a cutoff of p < 0.05 as statistically significant.

3. Results

3.1. Development and verification of ICP modulation and measurement system

Animal surgery was performed and data collected as described in the Methods. During each 

surgery we first sought to ensure that our system was correctly positioned in the SAS and 

accurately measuring ICP. First, we confirmed that both cannulas were communicating 

directly with the SAS and were collocated in a contiguous fluid compartment. This was done 

during the surgery, after both cannulas were positioned but before the probe was placed, and 

was achieved by injecting artificial CSF through one cannula and watching for immediate 

egress through the other cannula. Second, after the probe was placed, we confirmed that we 

were truly measuring ICP by sampling our data-monitoring stream at high frequency to 

demonstrate a high fidelity ICP waveform with signature respiratory and pulse pressure 

variations (Figure 2A). Measured levels of ICP were in the expected physiologic range. 

Finally, we had additional confirmation once the surgery was complete because introduction 

of fluid to the SAS via artificial CSF injections caused an immediate rise in measured ICP. 

Taken together, these data confirmed that we were accurately measuring ICP in real time.

After mice recovered from surgery and anesthesia, they were not distressed from the 

procedure or from the implanted telemetry probe and the hardware did not appear to 

interfere with normal behaviors (Supplemental Video). There was a small degree of 

fluctuation in the ICP signal with movement around the cage in awake mice (Figure 2B). 

However, these fluctuations were minimal when the animals were at rest or asleep, and 
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respiratory and pulse pressure oscillations were still observable in the data stream (not 

shown).

To assess our system for suitability for long-term monitoring and to evaluate the signal for 

disruption and stability, we measured ICP weekly in six animals for a period of three weeks. 

ICP did not change over this time period (p = 0.56; Figure 2C). This suggests that the signal 

from the pressure monitoring system remains robust over time with stable ICP readings and 

without displacement of the hardware from normal animal activity.

Next, we determined that ICP could be elevated with our system. First, we acutely elevated 

ICP in an anesthetized mouse by raising the height of the artificial CSF infusion system to 

increase flow due to gravity. ICP increased rapidly and had no acute effect on IOP (Figure 

3A). Note the “noise” in the ICP tracing after the elevation to 30 mmHg due to small 

fluctuations detected because of the high acquisition frequency (250 Hz) used in this 

experiment. We next elevated ICP to approximately 30 mmHg in a cohort of six mice and 

measured ICP daily for a period of one week. In two mice, IOP was also measured at daily 

time points under brief isoflurane anesthesia and IOP remained at baseline levels throughout 

(not shown). ICP remained stable across the one week study in both the control and elevated 

ICP group (p = 0.89). ICP was higher in the experimental group than in the control group (p 

< 0.001; Figure 3B).

3.2. Effect of ICP elevation on the visual system

We next sought to determine the impact of ICP elevation on optic nerve and RGC anatomy. 

At the end of the one week experiment, optic nerves and retinas were recovered from 

experimental animals and controls and processed for transmission electron microscopy and 

immunohistochemistry (Methods). Cross sectional images showed obvious disorganization 

of variable severity, and included dysmorphic and swollen appearing axons with vacuoles 

(Figure 4A–C). In many instances there was also decreased axonal staining, suggesting 

demyelination. Optic nerve axons were decreased in the elevated ICP group compared with 

the control group. The average axon count was 58,043 ± 5,048 in the control group, 

consistent with published norms (Fu and Sretavan, 2010; Mabuchi et al., 2003). The average 

axon count was 39,561 ± 1,941 in the elevated ICP group, representing a difference of 

18,482 axons or a 31.8% decrease (p = 0.014; Figure 4D). No obvious nerve sheath dilation 

was detected at this position of the optic nerve.

We also assessed retinal ganglion cells (RGCs) in retinal flat mounts with an antibody to 

beta-III-tubulin, which has been shown to reliably label RGCs in several studies (Cui et al., 

2003; Khan et al., 2014; Welsbie et al., 2013). We observed a marked reduction in RGC 

somas (Figure 5A, B). The average RGC count was 2,977 ± 75/mm2 in the elevated ICP 

group and 3,713 ± 262/mm2 in the control group for an average difference of 736 

RGCs/mm2 or 19.8% loss (p = 0.022; Figure 5C).
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4. Discussion

4.1. A novel mouse model for ICP elevation

Clinical evidence suggests a potential relationship between ICP, IOP, and the visual system 

that may impact several neurological diseases including glaucoma, IIH, and the spaceflight-

related VIIP syndrome. This relationship is thought to focus around pressure gradients 

across the optic nerve head, specifically the difference between ICP and IOP (Berdahl et al., 

2008a; Berdahl et al., 2008b; Fleischman et al., 2012; Mader et al., 2011; Ren et al., 2010; 

Ren et al., 2011; Zhang and Hargens, 2014). Recent evidence from monkeys supports this 

relationship, and suggests that modeling in experimental animal systems is valuable (Yang 

et al., 2014). In this manuscript, we report a novel technique to modulate and measure ICP 

in living, awake mice. The ICP waveforms obtained are robust, and the technique provides 

accurate real-time measurements without noticeable pressure changes over a period of 

several weeks. The system also allows for rapid and accurate elevation of ICP both acutely 

and chronically, via infusion of artificial CSF into the SAS.

Multiple models for ICP measurement (Chavko et al., 2007; Kawoos et al., 2014; Lin and 

Liu, 2010; Silasi et al., 2009) or elevation (Bragin et al., 2013; Morrow et al., 1990; Park et 

al., 2011; Samuels et al., 2012; Xu et al., 2012) have been developed in rats. These studies 

have each been limited by a short duration of ICP elevation, a poorly predictable system for 

ICP elevation, brief ICP monitoring, a need for concurrent anesthesia, or some combination. 

Similar issues have impacted the few studies on ICP in mice as well (Feiler et al., 2010; Ren 

et al., 2013). To date, only one published report (in rats) has combined both ICP monitoring 

and modulation to specific levels, but no visual system phenotype was described 

(Chowdhury et al., 2013). Our model has several advantages over previously published 

attempts at chronic ICP modulation in rodents. First, by establishing this model in mice, the 

vast resources of mouse genetics are available for future mechanistic studies. Second, our 

model works well in active, awake mice. This flexibility potentially allows for the study of 

chronic ICP effects over a long period of time, as well as behavioral testing with mouse-

optimized devices while exposed to altered ICP. Third, our model avoids damage to brain 

structures by cannulating the SAS instead of the lateral ventricle. While it is unlikely that 

surgery to position an infusion system in the lateral ventricle would cause direct damage to 

the visual pathways in the brain, the possibility of indirect events (hemorrhage, etc.) is 

nevertheless reduced. Fourth, our model uses a system in which the pressure sensor is 

closely linked in physical space to the SAS by a short tube within the probe. Previously 

published systems have often used a pressure sensor that is located in a region of the 

pressure monitoring system that is external to the animal. Thus, these systems may measure 

pressures inside the tubing system rather than pressure inside the skull. The two are assumed 

to be equivalent; however, with a small animal such as a mouse or rat, this assumption may 

not be appropriate. Several factors, including the large amount of dead space in the system 

relative to the size of the skull, high compliance of the system tubing, and the potential for 

leak, make these external pressure measurements potentially unreliable. The decreased 

opportunity for confounding factors in our system provides a higher likelihood of a precise 

ICP measurement.
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4.2. Elevated ICP results in optic nerve and retinal ganglion cell degeneration

We used our new surgical system to chronically elevate ICP to a level of approximately 

30mmHg for a period of one week. After this period of exposure, the optic nerve showed a 

prominent reduction in axons, as well as increased disorganization of the remaining axons 

and support structures including dysmorphic appearing cells and vacuoles (Figure 4). Cell 

counts of RGC somas were also similarly reduced, but to a lesser extent (Figure 5). This is 

therefore the first reported instance of visual system phenotypes associated with chronic ICP 

elevation in mice.

There are several possibilities for the observed phenotypes. One possibility is that elevated 

ICP results in global ICP-related effects on the brain and visual system including dilation of 

the optic nerve sheath with secondary axonal death, as is seen in multiple conditions 

associated with elevated ICP. Other possibilities, that the elevation in ICP results in 

ischemic or compressive effects on the optic nerve, are also plausible. A mass effect from a 

local infusion of artificial CSF could also occur. It is also possible that the site of axonal 

injury occurs far distally, even at the level of the lateral geniculate nucleus, which would 

also be exposed to conditions of elevated ICP. Lastly, secondary phenotypes related to 

altered ICP fluctuation due to forced elevation may occur. Additional anatomic, physiologic, 

and visual function experiments at more mild elevations of ICP (to reduce the potential 

impact of ischemia, compression, or mass effect) will help to distinguish among these 

possibilities and to determine the most direct human analog to this experimental model.

Interestingly, mouse models of experimental IOP elevation also show preferential loss of 

optic nerve tissue over RGCs and several groups have identified a time course of disease 

progression that begins with optic nerve injury and proceeds to RGCs (Buckingham et al., 

2008; Chen et al., 2011; Cone et al., 2010; Crish et al., 2010; Sappington et al., 2010; Soto et 

al., 2008). It is therefore possible that increases in either ICP or IOP at the optic nerve head 

in mice result in a shared phenotype of optic nerve damage followed by RGC soma loss. 

This is potentially consistent with a biomechanical hypothesis of optic nerve damage in 

which the opposing forces of IOP and ICP interact to kink or bend the optic nerve fibers and 

surrounding structures (Fleischman and Berdahl, 2014). However, it is unlikely that an optic 

nerve head mechanism explains all the findings that have been observed with either elevated 

ICP or IOP. For example, much as experimental elevations of ICP are likely to impact the 

entire brain, including distal sites of the optic nerve axons and visual pathways, 

experimental elevations of IOP have also been shown to impact non-RGC retinal function in 

a number of reports (Frankfort et al., 2013; Holcombe et al., 2008; Pang et al., 2015). Future 

studies in which ICP and IOP are modulated simultaneously may be required to more fully 

probe this relationship in mice.

The impact of IOP elevation at the optic nerve head in mice is thought to also depend on a 

series of additional factors including age and genetic background (Cone et al., 2010; Cone et 

al., 2012). Our experiments were performed on young CD1 mice, a background that has 

been shown to be more susceptible to IOP-induced optic nerve injury than pigmented strains 

(Cone et al., 2010; Cone et al., 2012). Thus, a combination of ICP magnitude and genetic 

susceptibility may explain the rapidly occurring anatomic changes described in this 
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manuscript. Further study at lower ICP levels and in different genetic strains will therefore 

be helpful.

4.3. Interaction of ICP and IOP

In a limited number of animals, IOP was measured simultaneously with ICP and was shown 

to be unchanged in our model despite experimental manipulation of ICP (Figure 2). There is 

evidence for a common central regulation of ICP and IOP in rodents (Samuels et al., 2012). 

However, the mechanism by which changes in either ICP or IOP impacts the other is less 

clear, and there is conflicting clinical evidence regarding the causal relationship between 

ICP and IOP (Han et al., 2008; Sajjadi et al., 2006). Our data suggest that experimental 

elevation of ICP with our model does not impact IOP in mice, and that it may be possible to 

manipulate ICP and IOP independently. This approach would potentially allow for direct 

testing of ICP – IOP gradient effects on the optic nerve head, which could in turn validate or 

disprove clinical data regarding the ICP – IOP relationship. Such experiments could have 

significant implications for the treatment of several neurologic and ophthalmologic diseases.

5. Conclusions

We have developed a novel system for ICP measurement and modulation that allows for 

ICP elevation in active, awake mice. Using this system we found that one week of sustained 

ICP elevation resulted in both optic nerve and RGC phenotypes. These data suggest that 

experiments which chronically increase ICP in awake, non-sedated mice are possible, and 

provide a new opportunity to study the impact of ICP on the visual system. Potentially, this 

model can also be used to study the relationship between ICP and IOP, as well diseases 

impacted by ICP variation such as glaucoma, idiopathic intracranial hypertension, and the 

spaceflight-related visual impairment intracranial pressure syndrome.
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Highlights

We developed a novel system with which to measure and modulate intracranial 

pressure in mice.

We studied mice exposed to elevated intracranial pressure for one week.

We examined changes in optic nerve appearance and retinal ganglion cell number.

After intacranial pressure elevation, optic nerve axon and retinal ganglion cell soma 

loss were prominent

Nusbaum et al. Page 14

Exp Eye Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Schematic of surgical complex for ICP modulation and measurement
Animal surgery for the elevation and measurement of ICP is described in section 2.2 of the 

Methods. A coronal view of the final surgical complex is shown.
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Figure 2. ICP waveform and stability
A. A two second window of ICP recording at 250 Hz data acquisition frequency. Note the 

pattern of respiratory (#) and pulse pressure (*) variations in the pressure recordings, 

consistent with accurate placement of the pressure catheter and recording of ICP. B. A one 

hour ICP monitoring session of an awake 8 week old CD1 mouse at 4 Hz data acquisition 

frequency. Note the slight variation in ICP with activity just after the 30 minute time point 

(bracket). C. Weekly ICP measurements in six mice for 3 weeks, demonstrating a stable ICP 

signal over time. ICP for each mouse at each time point was calculated as an average of 1 

hour data collection at 4 Hz. Error bars represent one SEM. Note the difference in time scale 

along the X axis in panels A and B. Note the differences in scale of the Y axis among all 

panels.
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Figure 3. ICP elevation is stable and does not impact IOP
A. Acute ICP elevation in an anesthetized mouse. ICP rose to approximately 30 mmHg 

immediately after increasing artificial CSF flow. IOP was measured every 5 minutes before 

and after acute ICP elevation and did not change in either eye. ICP measurements in this 

panel were collected at 250 Hz. B. Daily post-operative (POD = post-operative day) ICP 

measurements in mice exposed to sustained elevated ICP (elevated ICP, squares; n = 6) or 

normal ICP (control, circles; n = 6). ICP was originally at baseline (as in panel A) prior to 

elevation of ICP. Once elevated, ICP was maintained at the same level for the duration of 

the study. ICP was significantly higher in the experimental group. At some time points the 

error bars (one SEM) were so small that they were beyond the resolution of the figure. ICP 

for each mouse at each time point was calculated as an average of 1 hour data collection at 4 

Hz.

Nusbaum et al. Page 17

Exp Eye Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Optic nerve changes following chronic ICP elevation
A–C. 3000x images taken with an electron microscope of sectioned optic nerves at the same 

position located 2 mm posterior to the globe and enhanced with uranyl acetate and lead 

citrate (scale bar = 4 μm). A. Example of a control optic nerve. Axons are tightly packed 

with predominantly small diameters. B. Example of an optic nerve exposed to elevated ICP 

with mild to moderate changes. Some axons are larger in diameter and there is mild 

disorganization of the overall nerve structure including dysmorphic cells, swollen axons, and 

decreased axonal staining. C. Example of an optic nerve exposed to elevated ICP with 

severe changes. Many axons are larger in diameter and there is prominent disorganization of 

the overall nerve structure including gross axon swelling, many dysmorphic cells and further 

decreased axonal staining. D. Bar graph showing axons count per optic nerve. There are 

fewer optic nerve axons in the elevated ICP group (t-test, p = 0.014; n = 4 for each group). 

Error bars represent one SEM.
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Figure 5. RGC changes following chronic ICP elevation
A–B. Images of retinal flat mounts from the same region of the retina labeled with antibody 

to beta-III tubulin taken with a confocal microscope at 40x magnification (scale bar = 20 

μm). A. Example of a control retina. RGCs are confluent in flat mount preparation. B. 

Example of a retina exposed to elevated ICP. There are regions in which RGCs are absent. 

C. Bar graph showing RGC counts per mm2 of flat mount retina. There are fewer RGCs in 

the elevated ICP group (t-test, p = 0.022; n = 6 for each group). Error bars represent one 

SEM.
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