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CHAPTER 1

OBJECTIVE, SPECIFIC AIMS, AND SIGNIFICANCE 

Objective 

Cryopreservation of mature adherent nerve cell networks in vitro with 

maintenance of normal network morphology. Although cryopreservation of dissociated 

cells is commonplace, established mature networks undergo severe deterioration using 

the currently employed protocols. 

Specific Aims 

1. To freeze and thaw adherent nerve cell networks, maintaining network 

morphology post-thaw. Network morphology was assessed visually.  Indicators 

of network condition that were used include cell size and shape, process 

condition, cilia activity on ependymal cells, and identification of cell death 

processes. 

2. To determine the temporal stability of network morphology after thawing. 

3. To explore techniques of transition to normal medium that cause a minimum of 

additional network stress and deterioration. 
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Significance 

To date, no laboratory has been able to freeze and successfully thaw established, 

adhered networks. A successful procedure would not only preserve network 

morphology but also restore electrical signaling and normal pharmacological 

sensitivities. The need for progress in this area is acute as in vitro platforms are now 

encouraged to supplement animal experiments in the domains of pharmacology and 

toxicology. Drug development requires rapid pre-screening of compounds for early 

detection of potential toxicity. In addition, it is difficult for the existing methods of 

toxicity determination to keep pace with the high rate of new chemical compound 

production. The U.S. Environmental Protection Agency found that of 3000 high 

production volume organic chemicals (produced at over 1 million pounds per year), only 

7% had received all of the internationally agreed toxicity tests and 43% had no publicly 

available toxicity data (EPA, 1998). The rapid development of nanomaterials is placing 

an additional burden on industry and other agencies that have a responsibility to 

protect the public. It is impossible to perform the enormous toxicity screening task with 

animals.   

There is little doubt that in vitro methods will be employed at an increasing rate. 

One such method that has shown considerable promise is the measurement of electrical 

activity from many cells in a spontaneously active nerve cell network. This activity is 

highly sensitive to the chemical and pharmacological environment of the network and 

changes in such activity can be quantified. In order to capture electrophysiological 
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responses from many neurons simultaneously, one may grow nerve cell networks on 

microelectrode arrays (MEAs). The MEA technology has been pioneered by the Center 

for Network Neuroscience (CNNS). This center was also the first to explore applications 

to toxicology and pharmacology. Although the usefulness of MEAs in these areas has 

been demonstrated by a variety of laboratories, reliable cell culture support is often 

missing, preventing the technology from reaching its full potential. If one company or 

university center could assume the responsibility of generating highly consistent 

neuronal cell cultures on MEAs and was able to freeze those networks, then the supply 

problem would be ameliorated and a new industry would emerge. The same argument 

also holds for the use of this technology as biosensors. A consistent criticism of the 

DARPA-supported research using nerve cell networks on MEAs as broad-band 

biosensors has been the inability to resupply field stations with the key sensor element, 

i.e., the network. Additionally, the ability to cryopreserve cultures would result in higher 

cell culture efficiency and a reduction in cell pool waste. This is an embodiment of the 

“Three R’s” (reduction, replacement, and refinement) concept popularized by Russell 

and Birch in their book The Principles of Humane Experimental Technique (1959). Finally, 

knowledge gained in the attempt to preserve adhered networks is likely to make 

contributions to the cryopreservation of tissues, organs, and even organisms.
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CHAPTER 2

INTRODUCTION AND BACKGROUND 

The field of cryopreservation has been an area of research for over sixty years. It 

is well-understood that variables such as cryoprotectant concentration, cooling and 

thawing rates, end freezing temperature, and post-thaw procedures affect the 

effectiveness of the cryopreservation process. The appropriate level for each of these 

factors is different for various cryopreservation protocols. A 2007 review (Berz et al.) 

discusses the changes and variations in cryopreservation protocols for hematopoietic 

stem cells over the last fifteen years. The review illustrates that specific protocols may 

vary for individual cell types and laboratories, but a general methodology is employed. 

This general methodology is commonly used for cryopreservation of cell suspensions, 

gametes, and embryos. However, it is less successful when applied to tissues and 

adherent cells. For example, a different cryopreservation protocol is required for 

adherent human embryonic stem cells than those in suspension (Lin et al., 2004). The 

same is true for established neuronal networks growing on surfaces in vitro. Following 

cryopreservation in solution, rat cortical cells cultured on microelectrode arrays (MEAs) 

form spontaneously active networks that are electrophysiologically and 

immunocytochemically similar to those formed by newly dissociated cortical cells (Otto 
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et al., 2003). Frozen fetal ovine cortical and cerebellar neurons form cultures that have 

similar culture lifetimes, staining properties, and morphologies, as compared to fresh 

neurons (Kay et al., 2006). However, cortical cells that are cultured and allowed to form 

a mature network prior to cryopreservation do not survive the cryopreservation 

process. A 2006 publication reported successful cryopreservation of adherent spinal 

cord neurons with 65% viability post-thaw, based upon fluorescent live/dead staining. 

The researchers employed a combination of entrapment in collagen gel, dimethyl 

sulfoxide (DMSO), and loading with trehalose. Their failure to report the length of the 

post-thaw survival or to provide post-thaw electrophysiological data suggests that post-

thaw viability was short (Ma et al., 2006). A brief overview of cryopreservation protocols 

utilized by other laboratories can be found in the Appendix. Although their research is a 

step in the right direction, it is evident that an optimal cryopreservation protocol for 

adherent nerve cell networks is still lacking.  

One of the key components of a successful cryopreservation protocol is effective 

use of cryoprotective agents. Penetrating cryoprotectants, such as ethylene glycol, 

dimethyl sulfoxide (DMSO), or glycerol, can be added to reduce intracellular ice 

formation and depress the freezing point (Chi et al., 2002; Meryman, 2007). Sugars such 

as sucrose, glucose, and trehalose can also serve as cryoprotectants, due to their ability 

to stabilize molecular structures and increase intracellular osmolarity, protecting the cell 

from dehydration stress in high osmolarity cryoprotective solutions (Acker, 2006). Many 

sugars and polyols are observed in nature as cryoprotectants, including glucose, 
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ethylene glycol, glycerol, and trehalose (Storey & Storey, 1996).  Studies of the wood 

frog, R. sylvatica, show that urea can also serve as a cryoprotectant and osmoprotectant 

(Costanzo & Lee, 2005). 

Cell membrane condition and ionic regulation are also important considerations 

in cryopreservation. This is especially true in neurons, which are electrically excitable 

cells and therefore heavily reliant upon membrane function and ion transport. 

Trehalose, in addition to proline, has been shown to stabilize cell membranes during 

freezing, preserving both membrane structure and function (Rudolph & Crowe, 1985).    

Hypothermic conditions can result in an increase in intracellular sodium, chloride, and 

water, and a decrease in intracellular potassium. The addition of 10% low-molecular-

weight dextran (LMWD) reduces cellular swelling and the intracellular concentration of 

electrolytes (Enerson & Merola, 1967). These results from various laboratories raise the 

hope that a protocol for the cryopreservation of adherent nerve cell networks can be 

developed.
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CHAPTER 3

METHODS 

Cell cultures on cover slips in small petri dishes were provided by the Center for 

Network Neuroscience (CNNS) culture staff, using routine procedures (Gross, 1994). The 

tissue type used was embryonic day 16 or 17 (E16/17) murine frontal cortex. The age of 

the networks ranged from 19-110 days in vitro (DIV). The emphasis was placed on 

selecting mature networks that had stabilized and were no longer in a development 

stage (21 days minimum) and only 4 experiments were performed with younger 

cultures. Electrophysiologically, development stages have been defined primarily by 

observing spontaneous activity patterns (Gross et al., 1995) and the absence of major 

morphological changes.   

For the research presented here, morphological observations, using phase 

contrast microscopy, were used to assess the condition of the networks at all stages of 

the procedure that allowed microscope observations. Photographs were taken 

throughout the process in a majority of the experiments and used to aid the visual 

assessment of morphological changes. Morphological apoptotic changes include 

rounding and shrinkage of the cell, chromatin condensation and fragmentation, nuclear 

structural rearrangement, blebbing, and a loss of adhesion. Morphological necrotic 
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cytoplasmic swelling , cell membrane disruption, and the spilling of
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Figure 2: Indicators of cell damage and death: dendritic beading and pyknotic nuclei. Experiment 

VWCS113 75 min post-thaw, pyknotic nuclei and beading of neurites are visible. 

A general method for cryopreservation was employed and extensively modified 

as the research progressed. Specific modifications to this general method are discussed 

in Chapter 4. The basic cryopreservation protocol can be divided into five procedural 

phases: (1) transition to freezing solution and equilibration, (2) freezing, (3) 

maintenance in a frozen state, (4) thawing, and (5) return to native medium. 

Phase 1: Transition to Freezing Solution and Equilibration 

After the cover slips were removed from the incubator, a full medium change to 

the freezing solution was made rapidly. The freezing solution composition was modified 

as research progressed (see Tables 2-3 for a full list of solutions). Ethylene glycol was 

used in early experiments; however, it caused a loss of network activity at 

concentrations above 1% (Figure 4) and proved to be an ineffective cryoprotectant at a 

concentration of 1%. For this reason, future experiments dealt with either dimethyl 

sulfoxide (DMSO) or glycerol, often in combination with monosaccharides or 

disaccharides. Glycerol is less toxic than ethylene glycol or DMSO and can prevent cold 

Pyknotic 

nuclei 

Beading of 

processes 
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denaturation of proteins, make it the preferred high-molecular-weight cryoprotectant 

(Meryman, 2007). Following the full medium change, the freezing solution was allowed 

to equilibrate with the network. In later experiments, a partial medium change to the 

freezing solution preceded the full medium change to allow the culture to equilibrate 

more gradually. The length of the equilibration period varied with each experiment, 

because it was dependent upon the freezing solution used and the osmotic reaction of 

the cells. A survey of the literature did not reveal a recommended standard 

equilibration period, however the concentration of cryoprotectant used and the 

equilibration period should be reasonable for the cell’s osmotic tolerance range. 

Glycerol enters cells slowly, so a longer equilibration period may be necessary, as 

compared to DMSO or ethylene glycol (Meryman, 2007). Observation of cellular osmotic 

response following freezing solution addition indicated approximately 15 min was an 

appropriate equilibration period. In some experiments, the medium was poured off of 

the cover slips following the equilibration period (noted where applicable), leaving a 

small residue of freezing solution in the petri dish. 

Phase 2: Freezing 

In preliminary experiments, methods of freezing such as immediate transfer to 

liquid nitrogen (-196˚C) and uncontrolled, slow cooling to -20˚C (in an extruded 

polystyrene foam box on a piece of metal) were attempted but did not produce any 

encouraging results. It is accepted in the literature that high post-thaw viability can be 
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obtained by cooling at a rate of 1°C/min (Meryman, 2007; Berz et al, 2007). This was 

achieved through the use of commercially available NALGENE® “Mr. Frosty” 5100 Cryo 

1˚C Freezing Containers (Nalge Nunc International, Rochester, NY, 

www.nalgenenunc.com)  which cool at an approximate rate of 1˚C/minute when placed 

in a -80˚C freezer. 

Phase 3: Maintenance in a Frozen State 

Frozen networks were maintained in a -80°C freezer. Experiments were carried 

out on networks frozen for 1 day – 4 weeks, but most were frozen for less than 2 weeks. 

Phase 4: Thawing 

After the cover slips were removed from the freezer, they were thawed by one 

of several methods. The earliest thawing method was addition of room temperature 

cryopreservative solution immediately following removal from the freezer. This resulted 

in massive cell deteriorations within 15 min. These observations resulted in the 

employment of separate transitional post-thaw solutions. A greater number of intact 

cells were observed post-thaw when the transitional post-thaw solution was heated to 

37˚C before application to the culture. An even higher level of preservation, including a 

reduction in cell death and greater morphological preservation of the surviving cells, 

were observed in cover slips that were rapidly thawed in a 37˚C water bath. Rapid 

thawing is critical because it prevents the recrystallization of small ice crystals as the 
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temperature rises (Seki & Mazur, 2008). The rapid thawing was frequently followed by 

the addition of 37˚C transitional post-thaw solution. In some experiments, the use of 4˚C 

transitional post-thaw solution also proved to be equally effective; however, this was 

not a consistent outcome. Therefore, a decision was made to return to using warmer 

(room temperature or higher) transitional post-thaw solution. 

Phase 5: Return to Native Medium 

When a culture retained a high level of morphological preservation, an attempt 

was made to transition from post-thaw solution to native cell culture medium. A variety 

of methods were used, including partial medium changes, full medium changes, and 

slow infusions. The slow infusions were accomplished using a customized petri dish lid 

(Figure 3) created for use in the transition from post-thaw solution to culture medium. 

The lid enables the infusion of fresh culture medium and the removal of excess medium 

or transitional post-thaw solution. Excess medium is pumped out using a peristaltic 

pump when the volume reaches a pre-determined level. The lid also has a port for a gas 

line which provides 10% CO2 in air, thereby enabling pH maintenance. The system can 

be assembled on an inverted microscope for observation of the culture during and after 

the medium additions. 

Determination of Cryoprotectant Toxicity 

 The cryoprotectants ethylene glycol, urea, and sucrose/glucose were 

investigated for toxicity using microelectrode array recording. The methods used have 
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been described in many papers (Droge et al., 1986; Gross & Schwalm, 1994; Gross & 

Pancrazio, 2007). Briefly, cells were grown on standard 64-electrode arrays by the CNNS 

culture staff and used for analysis at least 4 weeks after seeding. After the 

establishment of a relatively stable reference activity, the cryoprotectants were added 

(in separate experiments) at concentrations comparable to those projected to be used 

in freezing experiments. The key observation was recovery of activity to approximately 

the reference level. The data were averaged in 1 minute bins and plotted against time 

for the duration of the experiments. Life support during the experiments consisted of 

temperature, osmolarity, and pH maintenance. The temperature of the cultures was 

maintained at 37°C ± 0.5°C. Osmolarity was maintained via an infusion pump to 

compensate for evaporation of water, caused by a dry stream of gas at 10 mL/min 

consisting of 10% CO2 in air. The gas was confined by a heated cap that allowed 

microscope observations and maintained the medium at pH 7.4. Data acquisition and 

initial processing was performed by the Plexon® Multichannel Acquisition Processor 

system (Plexon, Inc., Dallas, TX, www.plexoninc.com). Minute averages and subsequent 

plotting of these values were performed by custom CNNS programs such as NACTAN 

and Autoplots. Osmolarity measurements were performed with a Wescor Vapro® 5500 

vapor pressure osmometer (Wescor, Inc., Logan, UT, www.wescor.com) that uses only 

10 µL per test. The pH of the medium was determined with a unique method using an 

accumet® pH meter with a flexible electrode (Fisher Scientific, Hampton, NH, 
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www.fishersci.com). The latter allowed the attachment of pipette tips containing 100 µL 

of medium. In this manner, even pH measurements did not cause a major disruption of 

the networks situated under 2 mL of a constant-volume medium bath. When DMSO and 

other cryoprotectants were included in the solutions, osmolarity measurements were 

not reliable.  It should be noted that most freezing solutions gave an osmolarity reading 

of over 1000 mOsm.  These readings are surprisingly high and most likely not 

representative.  Therefore, iso-osmotic conditions had to be determined empirically by 

using tonicity, i.e., observation of cell swelling or shrinking. 

  

 

 

 

 

 

Figure 3: (A) Petri dish on inverted microscope stage with a customized lid, containing 3 input lines. This 

allows infusion of medium at a controlled rate, removal of excess medium via a peristaltic pump, and 

maintenance of pH via a gas line providing 10% CO2 in air. These medium changes were performed at 

room temperature. (B) Schematic of Petri dish with fluid removal (left) and fluid addition (right) syringe 

needles.  Fluid addition was in the form of droplets to generate mild turbulence and enhance mixing. 

The gas needle (not shown) was attached tangentially and pointed down by 30 deg. This also helped 

with fluid motion and gentle mixing (confirmed by osmolarity measurements).

A 

B 
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CHAPTER 4

RESULTS 

Optimization of Cryopreservation Protocols 

Prior to any freezing experiments, preliminary studies were performed using 

microelectrode arrays. Toxicity limits for urea and ethylene glycol were established and 

the ability of the culture to withstand ion deprivation was assessed using sucrose 

solutions.  

Ethylene Glycol Toxicity 

Ethylene glycol toxicity was assessed with a stepwise addition of ethylene glycol 

to the native medium, beginning with 1% ethylene glycol. A rapid spontaneous recovery 

was seen after application of 1% ethylene glycol, but activity ceased upon exposure to 

an additional 1% ethylene glycol (final concentration = 2%). The culture was washed 2 

times with Dulbecco’s modified essential medium (DMEM), the native culture medium. 

Bicuculline (40 µM) was also added, but there was no return of activity (Figure 4). Based 

upon these results, 1% ethylene glycol was used in early freezing solutions, but the 

concentration was too low to provide effective cryoprotection.  Thereafter, glycerol or 

dimethyl sulfoxide was used in freezing solutions instead of ethylene glycol. 
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Figure 4: Mean spike rate in one minute bins plotted against time and showing network responses to 

ethylene glycol (EG). A rapid recovery of spontaneous network activity occurred following the addition 

of 1% ethylene glycol. Activity was lost with the addition of another 1% ethylene glycol (total 

concentration = 2%). The culture was washed 2 times with native culture medium (DMEM) and was 

exposed to 40 µM bicuculline (GABAA blocker) in an unsuccessful attempt to regain activity. 

Urea Toxicity 

Prior to including urea in the freezing solutions, urea toxicity was assessed 

(Figure 5). A short reference period (R) under 40 µM bicuculline was followed by a 

medium change to DMEM (no bicuculline) that reduced activity substantially. However, 

upon addition of 5 mM urea, spontaneous activity continued. After 13 min, the 5 mM 

urea was washed from the culture with DMEM. Twelve minutes after the wash, 10 mM 

urea was added to the culture.  Activity decreased but was not eliminated. The culture 
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was washed with the original medium (containing bicuculline). The culture had an 

immediate recovery of spontaneous activity, approximately to the reference level.  High 

activity levels were maintained for 2 days before the experiment was terminated. Figure 

6 shows 8 h of activity the following day. This graph depicts three variables: active 

neurons, bursting neurons, and the burst duration. Active neurons were defined as units 

that had a minimum of ten spikes per minute. Bursting neurons were determined by 

established algorithms using integration to determine the beginning and the end of a 

burst (sudden increase in spike frequencies) (Morefield et al., 2000; Parviz & Gross, 

2007). Average burst duration per minute was included to show that the burst pattern 

did not change appreciably after 1 h 40 min exposure to urea. At a concentration of 10 

mM, urea displayed no evident toxicity and this concentration was used in future 

freezing solutions.
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Figure 5: Mean spike rate in one minute bins plotted against time and showing network responses to 

urea. Spontaneous activity resumed immediately after washing 10 mM urea from the culture and 

continued for two days. MC = medium change, R= reference 

Figure 6: Eight hours of sustained activity following the removal of 10 mM urea (Figure 5). The culture 

showed spontaneous activity for 2 days after the urea was removed. An active neuron is defined as a 

neuron with a minimum of 10 spikes per min.
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Ion Deprivation 

Ion deprivation experiments were performed to assess whether the cultures 

could tolerate ion-free freezing solutions.  The initial experiments using an isotonic (320 

mM) sucrose solution resulted in a loss of spontaneous activity, indicating that a 

sucrose-only solution was not conducive to network survival. It was hypothesized that it 

was necessary to include a small amount of glucose in the sucrose solution as an energy 

source for the cells. This was confirmed in future experiments, when activity returned 

after exposure to a sucrose/glucose/HEPES (SGH) solution, consisting of 320 mM 

sucrose, 30 mM HEPES, and 5.6 mM glucose (Figure 7). The SGH was added to the 

culture gradually via a partial medium change. It was noted that only noise was 

recorded from the first introduction of the sucrose solution during the partial medium 

change. The SGH remained on the culture for 40 min, and during this time the cells were 

observed optically. Slight shrinkage of the neurons was noted, but no cell death. When 

the original medium was returned, there was an immediate return of spiking on a small 

number of channels and coordinated bursting was observed within 6 min. When 40 μM 

bicuculline was added, a sharp increase in coordinated bursting occurred. Within 30 

min, the culture showed steady activity with coordinated bursting. 
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Figure 7: Mean spike rate in one minute bins plotted against time and showing network responses to a 

non-ionic medium containing only sucrose/glucose/HEPES (SGH) at an osmolarity of 366 mOsm and pH 

of 7.41.  All spike activity was lost immediately upon exposure to the SGH solution. A wash with the 

DMEM restored some activity, which was enhanced by the application of 40 µM bicuculline (GABAA 

blocker).  The 40 min exposure to the non-ionic solution did not generate permanent damage. MC = 

medium change 

Once it was established that the networks could regain activity after exposure to 

a low-ion or ion-free solution, the most effective freezing method was selected. In 

preliminary experiments (VWCS001-VWCS009 and earlier), cover slips were frozen in a   

-20°C freezer (slow, uncontrolled freezing), a -80°C freezer (slow, controlled freezing), or 

in liquid nitrogen (-196°C) (rapid freezing), following the addition of cryoprotective 

solution. Immediately post-thaw, the cover slips frozen at -20°C and -196°C displayed 

widespread necrosis and, in some cases, a loss of adhesion. While it is impossible to 
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completely isolate the variables of freezing and thawing, multiple thawing methods 

were used with each freezing method (n=3). The outcome (loss of adhesion and cell 

death) was the same regardless of thawing method, indicating that the freezing method 

was the likely culprit for the damage. For this reason, cover slips were thereafter frozen 

at a rate of 1°C/minute with the Nalgene “Mr. Frosty” unit using the -80°C freezer. 

 Table 1 provides an overview of the experiments performed using slow freezing 

to -80°C. The preliminary experiments using other freezing methods have been omitted 

from the table. It is arranged by freezing solution content rather than chronology, i.e. 

ethylene glycol experiments are all listed followed by all DMSO experiments and so on. 

The components of the freezing solutions are shown in Table 2 and the components of 

the post-thaw solutions are shown in Table 3. In some experiments, further 

manipulations were performed after the addition of the post-thaw solution.  This is 

addressed in the table in the “Further experimental manipulations” column and may 

include a second medium change, incubation, or refrigeration. For example, the 

information presented in the second row (experiment 11) of Table 1 should be broken 

down as follows: the network was frozen on 2/26/07 at the age of 75 days in vitro (DIV). 

Freezing solution 3b was used and was poured off prior to placing the culture in the 

freezer, leaving only a thin layer (approximately 200 µL) of freezing solution on the 

network. The culture was removed from the freezer 3 days after it was frozen and was 

thawed by the addition of 37˚C post-thaw solution 1b. A further medium change was 

performed to 37˚C post-thaw solution 1. All of the experiments shown in Table 1 
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resulted in cell death after the last step listed.  Those experiments which are bolded 

showed the highest levels of post-thaw preservation and extended survival times and 

are presented in more detail later in this chapter. 

Table 1: Summary of experiments. 

Experiment 

# 

Freeze 

Date 
DIV 

Freezing 

solution 

Days 

frozen 

Post-thaw 

solution 

Further experimental 

manipulations 

10 02/26/07 51 3b* 1 37˚C 1a n/a 

11 02/26/07 75 3b* 3 37˚C 1b 37˚C TS1 

12 02/26/07 51 3b 3 37˚C 1b n/a 

13 02/26/07 75 3b 1 37˚C 1a n/a 

14 03/02/07 43 3b* 3 37˚C 2a 37˚C TS2 

15 03/02/07 43 3b* 3 37˚C 2b n/a 

64 07/09/08 84 3c 7 n/a 
Ŧ
 n/a 

66 07/09/08 84 3c 7 n/a 
Ŧ
 n/a 

65 07/09/08 84 3d 7 n/a 
Ŧ
 n/a 

67 07/09/08 84 3d 7 n/a 
Ŧ
 n/a 

16 03/05/07 82 4a* 2 37˚C 2b n/a 

17 03/06/07 83 4a* 2 37˚C 2b 37˚C TS1 

18 03/06/07 83 4b* 2 37˚C 1c n/a 

21 03/16/07 69 4c* 3 37˚C 2d 37˚C TS1 

22 03/16/07 69 4c 7 37˚C 2d n/a 

25 03/23/07 64 4c* 4 37˚C 2e n/a 

26 03/23/07 64 4d* 4 37˚C 2e n/a 

30 04/06/07 36 4e* 3 37˚C 2d
Ŧ
 25˚C TS3 

32 04/06/07 36 4e* 4 37˚C 2d
Ŧ
 37˚C TS3b 

33 04/23/07 32 4e* 1 37˚C 3c
Ŧ
 n/a 

34 04/23/07 32 4g* 1 37˚C 3c
Ŧ
 37˚C TS3 

35 04/23/07 32 4g* 1 37˚C 2d
 Ŧ

 n/a 

36 06/05/07 75 4h* 1 37˚C 2d
 Ŧ

 37˚C TS3 

37 06/05/07 75 4h* 1 37˚C 2d
 Ŧ

 37˚C TS3d 

no # 06/13/07 62 4h n/a n/a n/a 

no # 06/13/07 62 4h n/a n/a n/a 

43 06/20/07 55 4h* 2 37˚C 3e
 Ŧ

 37˚C TS3 

45 06/20/07 55 4h* 6 37˚C 2d
 Ŧ

 37˚C TS3e 

47 07/10/07 75 4h* 1 4˚C 3f 
Ŧ
 Ref 22 h 

50 07/17/07 96 4j* 1 4˚C 2f 
Ŧ
 4˚C TS3g 

51 07/17/07 96 4j* 1 4˚C 3g 
Ŧ
 n/a 

82 10/28/08 55 4k 9 37˚C 3k
 Ŧ

 37˚C TS3 

Continued on next page 
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Table 1: Summary of experiments (continued). 

83 10/28/08 55 4k 9 n/a 
Ŧ
 n/a 

81 10/28/08 55 4k 7 n/a 
Ŧ
 n/a 

19 03/16/07 69 5a* 3 37˚C 2b n/a 

20 03/16/07 69 5a 3 37˚C 2c n/a 

23 03/23/07 64 5a* 3 37˚C 2e 37˚C TS1e 

24 03/23/07 64 5b* 3 37˚C 2e 37˚C TS1e 

27 04/03/07 75 5c* n/a n/a n/a 

28 04/03/07 75 5c* n/a n/a n/a 

29 04/06/07 36 5c* 3 37˚C 3a 37˚C TS3 

31 04/06/07 36 5c* 4 37˚C 3
Ŧ
 n/a 

53 07/31/07 20 5e* 6 4˚C 3i 
Ŧ
 Ref 54 min, 25˚C TS3 

56 08/16/07 22 5e* 5 4˚C 3i 
Ŧ
 n/a 

57 08/16/07 22 5e* 6 37˚C 3i
Ŧ
 Inc 24 min 

58 08/16/07 22 5e* 6 37˚C 3i
 Ŧ

 25˚C TS3 

60 01/16/08 35 5e* 28 37˚C 4b
Ŧ
 25˚C TS3 

61 06/10/08 55 5e* 1 37˚C 3i
 Ŧ

 25˚C TS1 

62 06/10/08 55 5e* 15 25˚C 3i
 Ŧ

 25˚C TS1 

63 06/10/08 55 5e* 15 37˚C 3i
 Ŧ

 25˚C TS1 

71 09/10/08 35 5e 13 37˚C 3i
 Ŧ

 n/a 

72 09/10/08 35 5e 13 37˚C 3
 Ŧ

 n/a 

no # 02/02/09 26 5e n/a n/a n/a 

no # 02/02/09 26 5e n/a n/a n/a 

no # 02/02/09 26 5e n/a n/a n/a 

no # 02/03/09 27 5p/5e n/a n/a n/a 

no # 02/03/09 27 5e n/a n/a n/a 

89 02/05/09 29 5e* 6 4˚C 3j 
Ŧ
 n/a 

107 06/02/09 27 5e* 8 4˚C 3i 
Ŧ
 Ref 52 min 

108 06/02/09 27 5e* 8 4˚C 3i 
Ŧ
 n/a 

54 07/31/07 20 5f* 10 4˚C 3i 
Ŧ
 Ref 24 h 

55 07/31/07 20 5g* 10 4˚C 3i 
Ŧ
 Ref 24 h 

59 01/02/08 35 5h* 12 25˚C 4a
 Ŧ

 25˚C TS3 

no # 01/02/08 35 5h* 13 25˚C 4a
 Ŧ

 25˚C TS3 

68 09/08/08 33 5i 2 37˚C 3
 Ŧ

 n/a 

69 09/08/08 33 5i 16 n/a 
Ŧ
 n/a 

70 09/08/08 33 5i 2 4˚C 3
Ŧ
 n/a 

73 09/30/08 55 5j 7 37˚C 3j
Ŧ
 37˚C TS3 

74 09/30/08 55 5j* 7 37˚C 3
 Ŧ

 n/a 

75 09/30/08 55 5j 7 37˚C 3
 Ŧ

 n/a 

76 10/14/08 41 5k 2 37˚C 3j
Ŧ
 37˚C TS3 

77 10/14/08 41 5k 1 37˚C 3
 Ŧ

 n/a 

78 10/16/08 43 5l 13 37˚C 3
 Ŧ

 n/a 

79 10/16/08 43 5l 13 n/a 
Ŧ
 n/a 

80 10/16/08 43 5l 13 n/a 
Ŧ
 n/a 

Continued on next page 



24 

Table 1: Summary of experiments (continued). 

84 11/04/08 62 5m 2 n/a 
Ŧ
 n/a 

85 11/04/08 62 5m 2 n/a 
Ŧ
 n/a 

86 11/04/08 62 5m 2 37˚C 3k
 Ŧ

 n/a 

87 12/18/08 64 5n 3 37˚C 4c
 Ŧ

 n/a 

88 12/18/08 64 5n 3 n/a 
Ŧ
 n/a 

no # 01/20/09 97 5o n/a n/a n/a 

no # 01/20/09 97 5o n/a n/a n/a 

90 02/12/09 36 5q* 4 4˚C 3j 
Ŧ
 n/a 

91 02/16/09 40 5q* 9 4˚C 3j 
Ŧ
 n/a 

92 02/25/09 28 5r* 6 4˚C 3k 
Ŧ
 n/a 

no # 02/27/09 31 5r* 3 4˚C 3j 
Ŧ
 n/a 

93 03/05/09 36 5s* 19 4˚C 3l 
Ŧ
 n/a 

94 03/11/09 70 5t* 13 4˚C 3l 
Ŧ
 n/a 

95 03/11/09 70 5u* 16 4˚C 3l 
Ŧ
 n/a 

96 03/30/09 33 5v 1 37˚C 3m 
Ŧ
 n/a 

97 03/30/09 33 5v* 1 4˚C 3l 
Ŧ
 n/a 

98 04/01/09 35 5w 2 25˚C 3n 
Ŧ
 37˚C TS3, Inc 25min 

99 04/01/09 35 5w* 2 25˚C 3m
Ŧ
 n/a 

100 04/01/09 35 5w* 2 37˚C 3o
Ŧ
 n/a 

no # 04/06/09 40 5w n/a n/a n/a 

no # 04/06/09 40 5w n/a n/a n/a 

no # 04/06/09 40 5w n/a n/a n/a 

no # 04/06/09 40 5w n/a n/a n/a 

102 04/29/09 35 5x 1 25˚C 3m
Ŧ
 n/a 

103 04/29/09 35 5x 1 25˚C 3m
Ŧ
 n/a 

104 05/04/09 40 5y* 1 25˚C 3p
Ŧ
 n/a 

105 05/04/09 40 5y* 1 25˚C 3p
Ŧ
 Ref 55 min 

106 05/11/09 47 5z* 1 25˚C 3p
Ŧ
 n/a 

38 06/05/07 75 6a 7 37˚C 3e
Ŧ
 n/a 

39 06/05/07 75 6a* 7 37˚C 3e
Ŧ
 37˚C TS3 

42 06/20/07 55 6a* 2 37˚C 3e
 Ŧ

 37˚C TS3 

44 06/20/07 55 6a* 6 37˚C 3h
 Ŧ

 n/a 

46 07/10/07 75 6a* 1 4˚C 3f 
Ŧ
 Ref 20min 

48 07/10/07 75 6a 1 4˚C 3f 
Ŧ
 Ref 22 h 

40 06/13/07 62 6b* 2 37˚C 3e
 Ŧ

 37˚C TS3 

41 06/13/07 62 6c* 2 37˚C 3e
 Ŧ

 n/a 

49 07/17/07 96 6d* 1 4˚C 3g 
Ŧ
 n/a 

52 07/17/07 82 6d* 1 4˚C 2f 
Ŧ
 n/a 

no # 12/30/09 76 6e n/a n/a n/a 

no # 12/30/09 76 6e 25 n/a n/a 

no # 12/30/09 76 6e 25 n/a 
Ŧ
 n/a 

no # 01/21/09 98 4˚C 6f 22 4˚C 3j 
Ŧ
 n/a 

101 04/13/09 19 4˚C 6g 9 37˚C 3
 Ŧ

 n/a 

Continued on next page 
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Table 1: Summary of experiments (continued). 

114 06/23/09 27 7a* 1 4˚C 5a 
Ŧ
 25˚C FS7a 

115 06/23/09 27 7a 1 25˚C 7a
Ŧ
 n/a 

109 06/11/09 36 7a/7b* 4 4˚C 5a 
Ŧ
 25˚C TS3,FS7a,Inc 19h 

110 06/16/09 41 7c/7d* 2 4˚C 5c 
Ŧ
 n/a 

111 06/16/09 41 7c/7d* 1 4˚C 5b 
Ŧ
 25˚C TS5c, Inc 20h 

112 06/18/09 43 7e/7f* 4 37˚C 5d
 Ŧ

 n/a 

113 06/18/09 43 7e/7f* 5 4˚C 5e 
Ŧ
 25˚C TS5d 

116 06/25/09 50 7g 1 25˚C 5f
 Ŧ

 Inc 1h, 37˚C TS5f 

117 06/25/09 50 7g 1 37˚C 5f
 Ŧ

 n/a 

118 06/29/09 54 7h 1 25˚C 5g
 Ŧ

 n/a 

119 06/29/09 54 7h 2 25˚C 5h
 Ŧ

 25˚C TS5i 

120 07/02/09 71 7i 5 n/a 
Ŧ
 n/a 

121 07/02/09 71 7i 12 n/a 
Ŧ
 n/a 

122 07/02/09 71 7i* 5 25˚C 5j
 Ŧ

 n/a 

123 07/02/09 71 7i 5 25˚C 5j
 Ŧ

 n/a 

124 07/07/09 62 TS5j/FS7j 7 25˚C 5j
 Ŧ

 n/a 

125 07/07/09 62 TS5j/FS7j 7 25˚C 5j
 Ŧ

 n/a 

126 07/07/09 76 7j 7 n/a 
Ŧ
 n/a 

DIV =days in vitro, FS = freezing solution, TS = post-thaw solution, *freezing solution was poured off 

prior to freezing, 
Ŧ 

cover slip was first thawed in a 37°C water bath, “Ref, X min” culture was placed in 

the refrigerator for X minutes, “Inc, X min” culture was placed in the incubator for X minutes. Bolded 

experiments are the most promising and are discussed in more detail later in this chapter. 

A wide range of cryopreservative and transitional post-thaw solutions were 

examined over the course of the research. Tables 2-3 display all of these solutions and 

their components. A brief explanation of the purpose of the components is provided at 

the bottom of each table. Protective components (leupeptin, melatonin, DAPV, 

verapamil, MgCl2 and BHB) are discussed in the “Reduction of Cryopreservation-induced 

Damage” section of this chapter. Any time the concentration of a component was 

changed or a component was added or removed, the solution was given a new name to 

avoid confusion. Due to the impossibility of isolating all variables, freezing solutions 

were tested with multiple post-thaw solutions. If they all resulted in poor morphological 

preservation, the freezing solution would be modified and reexamined. Each method 
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was duplicated a minimum of three times (some replication attempts not shown in 

Table 1). Additionally, if the culture displayed little to no preservation post-thaw while 

still in the freezing solution, the freezing solution was deemed ineffective.  

Table 2: Components of freezing solutions used. 
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3b   X   40 6 10 320     1                     

3c X           500     10                     

3d X           500     20                     

4a   X   40 6 10 320       2                   

4b   X   40 6 10 320       2   1               

4c   X   40 6 10 320 35     5                   

4d   X   40 6 10 320 35     8                   

4e   X   40 6 10 100 35     5                   

4f   X   40 6 10 100 35     7                   

4g   X   40 6 10 100 35     5     0.1             

4h   X   40 11 10 100 35 10   5                   

4i   X   40 6 10 100 35 10   5                   

4j   X   40 11 10 100 35 10   5       100           

4k     92               7       100           

5a   X   40 6 10 320 35       5                 

5b   X   40 6 10 320 87       5                 

5c   X   40 6 10 100 35       5                 

5d   X   40 6 10 100 35       7                 

5e X     40 11 10 100 35 10     5                 

5f X     40 11 10 100 35 10     10                 

5g X     40 11 10 100 35 10     15                 

5h   X   40 11 10 100 600       7         12 130 1   

5i X             50       7                 

5j   X   40 22 10 100 35 10     5                 

5k   X   40 11 10 100 35 10     5       100         

5l X   55                 5     100           

5m   X   40 22 10 100 35       10                 

Continued on next page 
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Table 2: Components of freezing solutions used (continued). 

5n X       22   100 35       7                 

5o   X   10 22 10 100 35 10     5         12 100 0.5   

5p X       6 5 50 18 5     2.5                 

5q X     40 11   100 35 10     5                 

5r X     40 11   100 35       5                 

5s X     10 11   100 35       5                 

5t X     40 11 10 100 35 10     4                 

5u X     40 11 10 100 35 10     4     100           

5v X       11   100         4     200           

5w X     40 11 10 100 35 10     4     200           

5x X       11   40 25 6     4     200           

5y X     40 11 10 100 35 10     5     200 25         

5z X     25 11 10 100 35 10     5     200 25         

6a X     40 11 10 100 35 10   7                   

6b X     40 6 10 100 35 10   7                   

6c X     40 6 10 100 35 10   5                   

6d X     40 11 10 100 35 10   7       100           

6e X   55               5                   

6f X           300       5                   

6g X       11   40 25 6   4       200           

7a X                                   6   

7b X     40 11 10 100 35 10     5             6   

7c X       6                           8   

7d X     40 11 10 100  35 10     5             8   

7e X     40                             8 80 

7f X     40 11 10 100 35 10     5 1           8 80 

7g X     40 11   100 35 6     5 1           8 80 

7h X     10 11   100 35 4     5 1     25     8 80 

7i X     10 11   100 35 4     5       25     10 80 

7j X     40 11 10 100 35 10     5       25     10 80 

X = present in the solution; DMEM (Dulbecco’s modified eagle medium), UP H2O (ultra pure water), FBS 

(fetal bovine serum), HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonate) = buffer, glucose = 

cryoprotectant, urea = cryoprotectant, sucrose = cryoprotectant, trehalose = cryoprotectant, LMWD 

(low-molecular-weight dextran) = cryoprotectant, EG (ethylene glycol) = cryoprotectant, DMSO 

(dimethyl sulfoxide) = cryoprotectant, BHB (β-hydroxybutyrate) = antioxidant, DAPV (D-2-amino-5-

phosphonovalerate) = NMDA antagonist, melatonin = antioxidant, leupeptin = protease inhibitor, NaCl 

(sodium chloride) = used in internal ringer solution, KCl (potassium chloride) = used in internal ringer 

solution, MgCl2 (magnesium chloride) = used in internal ringer solution and used as calcium channel 

blocker, verapamil = calcium channel blocker. 
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Table 3: Components of transitional post-thaw solutions used. 
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1 X                                     

1a X         665                           

1b X         1150                           

1c X     40       10 1                     

1d X     40   100 600 10                       

1e X     40     600                         

2 

 

  X                                 

2a     X     1600                           

2b     X         10     100                 

2c     X       600 10                       

2d     X         10                       

2e     X       1400                         

2f     X       600 10     100                 

3 X                                     

3a X     40     300 10                       

3b X     246   150 300 10                       

3c X     246       10                       

3d X     246                       3       

3e X     40                       6       

3f X     40             100         6       

3g X     40     600       100         6       

3h X     40           100           6       

3i X     40   100 600 10     100                 

3j X     40   100 100 10     100                 

3k X     40   100 100       100                 

3l X     40 11 200   10     100                 

3m X                   200                 

3n X     40   400 100 10     200                 

3o X         500                           

3p X     40   100 300 10     100 25               

4a 

 

X   40   100 600           12 130 1         

4b   X   40   100 600 10                       

4c   X       350                     2.2     

5a X     40   100 600 10     100       6         

Continued on next page 
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Table 3: Components of transitional post-thaw solutions used (continued). 

5b X     40   100 600 10     100       8         

5c X                           8         

5d X                           8     80   

5e X     40 11 100 600 10 1   100       8     80   

5f X               1     25     8     80   

5g X       11 200     1   100 25     8     80   

5h X       11 300     1   100 25     8     80 0.02 

5i X       11 200     1   100 25     8     80 0.02 

5j X       11 200         100 25     10     80 0.02 

X = present in the solution; DMEM (Dulbecco’s modified eagle medium), UP H2O (ultra pure water), 

D1SGH (solution containing NaCl, sucrose, glucose, and HEPES), HEPES (2-[4-(2-hydroxyethyl)piperazin-

1-yl] ethanesulfonate) = buffer, glucose = osmoprotectant, sucrose = osmoprotectant, trehalose = 

osmoprotectant, LMWD (low-molecular-weight dextran) = osmoprotectant, BHB (β-hydroxybutyrate) = 

antioxidant, DAPV (D-2-amino-5-phosphonovalerate) = NMDA antagonist, melatonin = antioxidant, 

leupeptin = protease inhibitor, NaCl (sodium chloride) = used in internal ringer solution, KCl (potassium 

chloride) = used in internal ringer solution, MgCl2 (magnesium chloride) = used in internal ringer 

solution and used as calcium channel blocker, EDTA (ethylenediaminetetraacetic acid) = chelator, 

verapamil = calcium channel blocker, NaHCO3 (sodium bicarbonate) = buffer. 

Prolonging Post-thaw Viability 

Once it had been shown that it was possible to maintain cell morphology 

through the freezing and thawing process, the focus turned to prolonging post-thaw 

survival. Many of the cultures were well preserved immediately post-thaw; however, 

they rapidly (within 30 min) deteriorated. An attempt was then made maintain cell 

morphology post-thaw for at least 2 h, a benchmark only the most well preserved 

cultures reached. While all of the cover slip experiments ultimately resulted in cell death 

or a loss of adhesion, the experiments which were morphologically intact longer than 2 

h post-thaw are shown in Table 4 and are examined in more detail below. Additionally, 

in cultures that were well preserved for at least 2 h post-thaw, an attempt was made to 

return the cells to their native medium. This step frequently resulted in widespread 
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necrosis. The data indicate that this phase is perhaps one of the most challenging steps 

in the cryopreservation process.  

Table 4: Overview of the most promising experiments. 

  CS053 CS060 CS109 CS111 CS118 

Maximum post-thaw 

observation time 
3.5 h 2.5 h 2 h 2.8 h 3.2 h 

Transition to native 

medium  
(% of final volume) 

55% 45% 
100% 

(FS7a) 

100% 

(TS5c) 

>75% 

(TS5g) 

Approximate duration 

of transition 
1.25 h 2.3 h 1.6 h 2.5 h 3 h 

Necrosis       X X 

Adhesion loss           

Swelling X X X X X 

Shriveling           

Granularity   X X X X 

Beading/degradation 

of processes 
  X X     

Glial stress X   X   X 

These experiments resulted in high levels of morphological preservation for at least 2 h post-thaw.  A 

slow infusion with medium or medium with Ca
2+

 channel blockers was carried out on all 5 experiments.  

The length of the slow infusion is indicated, as well as what percentage of the final volume was medium 

(or medium with Ca
2+

 channel blockers). At the end of the “Maximum post-thaw observation time”, the 

cultures were either placed into the incubator or infusion was continued overnight. The predominant 

conditions present in the culture at the end of the “Maximum post-thaw observation time” are 

indicated in the table.  None of the cultures survived overnight, with the exception of one neuron in 

VWCS118. 
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Reduction of Cryopreservation-induced Damage 

It has been shown that cell death during cryopreservation is caused by both 

necrosis and apoptosis (Borderie et al., 1998). It is also well-known that calcium ions 

(Ca
2+

) play an integral role in both types of cell death. The cell death process that is 

experienced is dependant upon the severity of Ca
2+

 influx. A slow, extended influx of 

Ca
2+ 

may result in the activation of apoptosis, while a more rapid influx may lead to lysis 

due to necrosis (Berliocchi et al., 2005). Apoptosis appears to be the primary cell death 

mechanism in cryopreserved adherent human embryonic stem cells. This post-thaw 

apoptosis can be temporarily delayed when the post-thaw cultures are washed with 4°C 

medium post-thaw and kept at 4°C (Heng et al., 2006). Furthermore, it can be stopped 

when the use of 4°C medium and incubation post-thaw is combined with caspase 

inhibitors (Heng et al., 2007). 

In the research presented here, both apoptosis and necrosis were observed with 

phase contrast microscopy. In an effort to extend post-thaw viability, 4°C transitional 

post-thaw solution, refrigeration, and the protease inhibitor leupeptin were used in 

several experiments. Inclusion of leupeptin in the freezing and post-thaw solution 

reduces damage caused by proteases liberated during the thawing process (Li et 

al.,1992). Leupeptin also inhibits ischemia-induced neuronal degradation and calcium-

induced proteolysis (Lee et al., 1991). To reduce the influx of Ca
2+

, magnesium (as 

MgCl2) and the L-type Ca
2+ 

channel blocker
 
verapamil were used in several experiments 

in an attempt to extend the post-thaw viability and facilitate the transition to native 
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culture medium. Magnesium serves as a non-competitive, voltage dependent NMDA 

receptor antagonist (Mami et al., 2006) and a non-specific, voltage dependent Ca
2+ 

channel antagonist (Carbone et al., 1997; Shimosawa et al., 2004). The NMDA 

antagonist D-2-amino-5-phosphonovalerate (DAPV) was also used in some experiments. 

At a concentration of 100 μM, DAPV has been shown to protect spinal cord neurons 

from hypothermic injury and reduce neuronal mortality (Lucas et al., 1990). DAPV did 

not increase post-thaw preservation or survival time in the research presented here, so 

its use was discontinued. Other protective agents which were used in the freezing and 

post-thaw solutions include melatonin and β-hydroxybutyrate (BHB). Melatonin has 

been shown to be antioxidative and to protect neurons against ischemia/reperfusion 

trauma (Duan et al., 2006). BHB also serves as an antioxidant and mediates against 

glutamate excitotoxicity (Maalouf et al., 2007). These damage-reducing compounds 

were used in several experiments, resulting in extended post-thaw survival times and 

high levels of preservation. An in-depth examination of those experiments is presented 

here, in an effort to assess what methods led to the greatest post-thaw preservation. 

Experiment VWCS053 

 After 4 min of observation with phase contrast microscopy, 1 mL of freezing 

solution was added incrementally (200 µL every 2 min) to the existing medium (2 mL) in 

the petri dish. The freezing solution was FS5e, which contained DMEM, 40 mM HEPES 

buffer, 11 mM glucose, 10 mM urea, 100 mM sucrose, 35 mM trehalose, 10% low-

molecular-weight dextran (LMWD), and 5% glycerol. Fourteen minutes after the partial 
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medium change was complete, a full medium change was made to FS5e. At this point, 

the culture condition was observed. The cilia on the ependymal cells were very active, 

the neurons had smooth membranes and intact processes, and the glial layer did not 

show signs of stress. Filamentous fungus was also noted in the culture. After 14 min, the 

freezing solution was poured off, leaving a thin layer (approximately 200 µL) of freezing 

solution in the petri dish. Next, the culture was placed in the “Mr. Frosty” unit and then 

placed in the -80°C freezer.  

The culture was removed from the freezer after six days and thawed rapidly in a 

37°C water bath. Over the next 4 min, 1 mL of cold transitional post-thaw solution was 

added in a dropwise fashion. The post-thaw solution that was used was TS3i, which 

contained 40 mM HEPES buffer, 10% LMWD, 100 mM sucrose, 600 mM trehalose, and 

100 µM melatonin. At this point, the culture was still in good morphological condition, 

having smooth membranes, intact processes, and no indication of osmotic stress 

(swelling or shriveling). There was no movement of the ependymal cilia and the 

filamentous fungus was still present. A full medium change was made to cold TS3i 

approximately 11 min after the partial medium change, with no visible change in culture 

condition.  The culture was then dropped on the floor (approximately a 4 foot drop). 

Most of the TS3i spilled, so another full medium change was made to 1 mL room 

temperature TS3i. There was a localized loss of adhesion due to the impact of the drop; 

however, the remaining cells were still in good morphological condition.  
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Two minutes after the second full medium change, the culture was placed in a 

4°C refrigerator for 54 min. Upon removal from the refrigerator, the culture still showed 

smooth and intact cell bodies and processes. Using the customized petri lid shown in 

Figure 1, a gradual partial medium change to DMEM at a rate of 1 mL/h was initiated, 

under 10% CO2 in air. After 35 min (3 h post-thaw) the infusion and the 10% CO2 were 

stopped, with a total of 583 µL added. Over the next 30 min, the culture began to show 

signs of cell swelling (compared to pictures taken before the DMEM was added). Despite 

the swelling, the cells were still intact with smooth cell membranes and no visible 

cytoplasmic granularity. Overnight, the cover slip was placed in a 37°C incubator under 

10% CO2 in air. Upon examination 24 h later, the culture was overgrown with 

filamentous fungus and the cells were not visible for assessment. 

Experiment VWCS053 was the most successful experiment performed and 7 

attempts were made to duplicate it. Additionally, 6 further attempts were made with 

the minor modification of using warm transitional post-thaw solution rather than cold.  

All 13 attempts were unsuccessful and this inability to duplicate the experiment resulted 

in further modifications of the experimental protocol.  Some of these modifications 

included the incorporation of Ca
2+ 

channel blockers (MgCl2 and verapamil), leupeptin, 

and BHB. Some of the experiments performed with these modifications did result in 

extended post-thaw viability (see below), but none of them were as well preserved as 

VWCS053. While those experiments that incorporated the Ca
2+

 channel blockers 

resulted in a slower rate of cell death, degradation of the culture was still the end result. 



It is interesting to note that the fungal contamination 

duplicated in any of the other ex

survival are addressed in Chapter 5.

Figure 8: Post-thaw pictures of e

and processes are preserved (no beading) and cell bodies have smooth membranes

approximately 50% post-thaw solution, 50% 

slight cell swelling.  Culture was placed in incubator ov

contamination the next day. Bar represents 20 µm.

 Experiment VWCS060 used FS5e, the same freezing solution as VWCS053. In a 

dropwise fashion, 1 mL of FS5e was added 

of 6 min. The culture was low density

ependymal cells. Fifteen minutes

was made to 1 mL FS5e. Some shriveling of the cells 

equilibration, excess freezing solution was removed with a transfer pipette, leaving a 

thin layer (approximately 200 

“Mr. Frosty” unit at -80°C. 

A 

35 

interesting to note that the fungal contamination aspect of VWCS053 was not 
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in Chapter 5. 
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The culture was removed from the freezer after 28 days, thawed in a 37°C water 

bath, and 1.5 mL cold TS4b was added in a dropwise fashion. To ensure complete 

removal of the freezing solution, a full medium change to 1.5 mL cold TS4b was 

performed 1 minute later. TS4b was similar in composition to the TS3i used for 

VWCS053, however it contained water instead of DMEM and the melatonin was 

omitted. Post-thaw, the cells were in excellent morphological condition, with smooth 

membranes and processes and no signs of osmotic stress. There was no movement of 

ependymal cilia. 

Eighteen minutes post-thaw, a slow infusion of DMEM was started, at a rate of 1 

mL/h under 10% CO2 in air. After 27 min (approximately 450 µL added), the DMEM 

infusion was paused due to cell swelling and cytoplasmic granularity. After 25 min, the 

DMEM addition was continued at a reduced rate of 500 µL/h. After 1 h 25 min 

(approximately 700 µL added), the culture had numerous smooth, phase bright cells 

that did not shows signs of osmotic stress. Some areas of the culture showed 

degradation of processes. The culture was placed in a 37°C incubator under 10% CO2 in 

air. Upon examination 24 h later, all of the cells had necrosed. 

Experiment VWCS109 

Experiment VWCS109 was designed to test the hypothesis that Ca
2+

 channel 

blockage plays an important role in preventing cryopreservation-induced damage. 

Following observation in the native medium using phase contrast microscopy, a full 
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medium change was made to 1 mL FS7a, which consisted of DMEM and 6 mM MgCl2. 

The culture showed slight cell swelling and the ependymal cilia were moving rapidly. 

Thirteen minutes after the full medium change, a partial medium change was made with 

1 mL FS7b (FS5e with 6 mM MgCl2), adding 200 µL every 2 min. Following the partial 

medium change, microscopic observation revealed the ependymal cilia were still moving 

rapidly, the glial layer showed signs of stress (stress vacuoles), some neurons were 

shriveled with cytoplasmic granularity, but several were still phase bright with smooth 

membranes. Fourteen minutes after the partial medium change was completed, a full 

medium change was made to FS7b. At this point, the neuronal processes were intact, 

the neurons still had smooth cell membranes (but the nuclei were less distinct), and the 

ependymal cilia were still moving. After 15 min, the freezing solution was poured off 

and the culture was placed in the “Mr. Frosty” unit and then into the -80°C freezer. 

The culture was removed from the freezer after 4 days, rapidly thawed in a 37°C 

water bath, and then 1 mL of TS5a (TS3i with 6 mM MgCl2) was added in a dropwise 

fashion. The cells (neurons and glia) were well preserved but the ependymal cilia were 

not moving. Twenty-five minutes post-thaw, slow infusion with DMEM was started at a 

rate of 650 µL/h under 5% CO2 in air. After 38 min, the pump was paused for 10 min due 

to signs of stress in the thin processes and some cytoplasmic granularity in the cells. The 

slow infusion was continued for another 30 min (approximately 725 µL added), and then 

1 mL DMEM with 6 mM MgCl2 was added over a two minute period. Ten minutes later, a 

full medium change was made to DMEM with 6 mM MgCl2 and the culture was placed in 
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a 37°C incubator with 10% CO2 in air. After 19.5 h in the incubator, the culture was 

removed for assessment. Despite widespread necrosis and granularity, ependymal cilia 

were moving rapidly throughout the culture. 

 

 

Figure 9: Pictures of experiment VWCS109. (A) In freezing solution, pre-freeze. (B) 4 min post-thaw in 

post-thaw solution. (C) 11 min post-thaw in post-thaw solution. (D) Cell swelling (bulging) 1 h 49 min 

post-thaw in DMEM + 6 mM MgCl2 (approximately 36% TS5a, 36% DMEM + 6 mM MgCl2, 28% DMEM). 

(E) Cell death 21 h post-thaw. Bar represents 20 µm. 

Experiment VWCS111 

 After a 10 minute observation of baseline morphology using phase contrast 

microscopy, a full medium change was made to 1 mL FS7c, which was composed of 

DMEM, 8 mM MgCl2, and 40 mM HEPES buffer. Thirteen minutes later, 1 mL of FS7d 

(FS5e with 8 mM MgCl2) was added in a dropwise fashion, 200 µL every 2 min. 

Microscopic observation revealed deterioration of the glial layer, cytoplasmic 

granularity, and some cell shriveling. After 12 min, a full medium change was made to 1 

mL FS7d, resulting in continued cell shriveling, cytoplasmic granularity, and some 

movement of ependymal cilia. Eleven minutes after the full medium change, the 

freezing solution was poured off and the culture was placed into “Mr. Frosty” and then 

into the -80°C freezer.  

A B C D E 
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fashion. Observation with the light microscope 

ependymal cilia, but several neurons were in good morph
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membrane deformation. 
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adhesion and widespread necrosis were observed.

 

Figure 10: Post-thaw pictures of experiment VWCS111

granularity. (A) 43 min post-thaw

post-thaw. Bar represents 20 µm.
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was removed from the freezer after 22 h, thawed rapidly in a 37°C 

mL cold TS5b (TS3i with 8 mM MgCl2) was added in a dropwise 

with the light microscope revealed there was no movement of 

ependymal cilia, but several neurons were in good morphological condition (phase 

bright, smooth membranes, and intact processes). Fifteen minutes post-

plus 8 mM MgCl2 was started at a rate of 700 µL/h under 10% CO

(approximately 760 µL added), some cells exhibited cell swel

membrane deformation. At that point, the rate of infusion was reduced to 300 

(approximately 235 µL) at the reduced rate, a full medium change was 

plus 8 mM MgCl2. This resulted in increased granularity, cell swelling, 

and necrosis; however, some cells were still intact, though visibly stressed. Forty 

minutes after the full medium change, the culture was placed into a 37°C incubator with 

 later, the culture was removed from the incubator and a loss of 

and widespread necrosis were observed. 

thaw pictures of experiment VWCS111 showing a very slow increase in cell swelling and 

thaw. (B) 1 h 14 min post-thaw. (C) 2 h 13 min post-thaw

Bar represents 20 µm. 
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Experiment VWCS118 

 The culture was observed for 8 min with phase contrast microscopy, followed by 

a partial medium change to FS7h, adding 200 µL every 2 min, with a total of 1 mL added. 

FS7h was composed of 10 mM HEPES buffer, 11 mM glucose, 100 mM sucrose, 35 mM 

trehalose, 4% LMWD, 5% glycerol, 1 mM BHB, 25 µM leupeptin, 8 mM MgCl2, and 80 

µM verapamil. Fourteen minutes after the partial medium change was completed, a full 

medium change was made to the same solution, with no major changes in morphology. 

After 15 min, the culture was placed in the “Mr. Frosty” unit and then placed in the -

80°C freezer. The freezing solution was not poured off prior to freezing.  

The culture was removed from the freezer after 23 h and thawed in a 37°C water 

bath. Observation with the light microscope revealed ependymal cilia movement, 

granularity, and a few intact, phase bright neurons with smooth membranes. Eight 

minutes post-thaw, slow infusion with TS5g (DMEM, 200 mM sucrose, 11 mM glucose, 8 

mM MgCl2, 80 µM verapamil, 25 µM leupeptin, 100 µM melatonin) was initiated at a 

rate of 750 µL/h under 10% CO2 in air. After 22 min of infusion with TS5g, the glial nuclei 

were very prominent, some cell swelling was present, and a few neurons maintained 

smooth membranes and intact processes. The rate was reduced to 500 µL/h after 69 

min of infusion (approximately 863 µL added), and reduced again to 200 µL/h after 

another 52 min (approximately 173 µL added). At this point, the majority of the cells 

had lysed; however, some glia were still intact, along with a few swollen neurons. The 

infusion rate was again reduced to 100 µL/h and it was left overnight on the microscope 
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stage at room temperature. Approximately 17 h later, the glial carpet was deteriorating, 

the glial nuclei were very prominent, and one neuron that was followed continuously 

was still intact but extremely stressed (swollen). It was also noted that the pH of the 

culture was 6.9. 

 

Figure 11: Post-thaw pictures of experiment VWCS118. (A) 29 min post-thaw. (B) 1 h 38 min post-thaw. 

(C) 3 h 6 min post-thaw. (D) A surviving neuron, 19 h 47 min post-thaw. Bar represents 20 µm.

A B C D 
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CHAPTER 5

DISCUSSION 

 Early experiments established that cellular morphology could be maintained 

throughout the cryopreservation process. Unfortunately, that level of preservation was 

short lived and the cultures experienced widespread cell death within 30 min of 

thawing. This indicated that the cells had experienced irreparable damage at some point 

in the cryopreservation process. Such observations led to an effort to reduce the 

damage incurred during the process. Some possible culprits for cellular damage and 

death are reactive oxygen species, osmotic dysregulation, formation of intracellular ice, 

and severe disruption of ionic gradients. 

 An attempt was made to reduce oxidative damage by incorporating the 

antioxidants melatonin and β-hydroxybutyrate (BHB) into the freezing and post-thaw 

solutions. The addition of these antioxidants to the solutions did not have a measurable 

effect on cell survival (positive or negative), but since they did not reduce post-thaw 

preservation, their use continued and other potential causes of cell damage were 

addressed. Future work may benefit from the incorporation of other antioxidants such 

as superoxide dismutase or catalase (Storey & Storey, 1996). 

In a continued attempt to reduce damage during the cryopreservation process, 

calcium (Ca
2+

) channel blockers were incorporated into the freezing and post-thaw 
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solutions. It was hypothesized that the inclusion of Ca
2+ 

channel blockers in the solutions 

would prevent excess intracellular Ca
2+

, which can lead to both apoptosis and necrosis, 

while giving the cell time to recover from the stresses incurred during cryopreservation. 

While the Ca
2+ 

channel blockers did slow cell death, they did not prevent it. This 

suggests excess intracellular Ca
2+

 may only be part of the problem or that the blockage 

was incomplete. It has been proposed that while excess Ca
2+

 may be a result of plasma 

membrane disruption during the cryopreservation process, it is not the primary 

mechanism of cryopreservation-induced cytotoxicity and reduction of Ca
2+ 

influx does 

not reduce cell death caused by cryopreservation (Rhoads et al., 1993). Calcium 

antagonists alone do not protect spinal cord neurons after physical damage (Shi et al., 

1989) and (Na
+
) and chloride (Cl

-
) also contribute to ultrastructural changes (Emery et 

al., 1991). 

Loss of ion influx regulation can be caused by a loss of plasma membrane 

integrity or ion pump failure. Interruption of plasma membrane integrity may be the 

result of osmotic stress caused by the freezing and/or post-thaw solutions. Plasma 

membrane damage can also be caused by the formation of unwanted ice during the 

freezing process, indicating the cryopreservative solution used was ineffective. Ion 

pump failure can be caused by physical damage to ion pumps and channels . For ATP-

dependent ion pumps, failure can also be caused by a lack of ATP, a sign of 

mitochondrial dysfunction. 
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 Mitochondrial dysfunction can be extremely detrimental to the cell in a number 

of ways. A loss of both ATP and mitochondrial membrane potential can result in 

dendritic beading (Ikegami & Koike, 2003). Beading and degradation of neurites was 

observed in most cultures post-thaw. Ion influx also plays a role in mitochondrial 

impairment, as excess Ca
2+

 may result in mitochondrial dysfunction and render the 

mitochondria susceptible to the effects of typically innocent Na+ influx (Greenwood et 

al., 2007; Kane et al., 2009). Mitochondrial dysfunction results in the reduction of ATP 

levels and is associated with cell death. Because apoptosis is an ATP-dependent process, 

necrosis is initiated if ATP levels are too low to sustain apoptosis (Mattson et al., 2008). 

Cellular transport processes also fail with the loss of intracellular energy stores. This 

results in the accumulation of motor and cytoskeletal proteins, including tubulin, 

kinesin, and microtubule-associated proteins (MAPs), within dendritic beads (Takeuchi 

et al., 2005). Mitochondria play an integral role in the maintenance of cellular processes 

and dendrite condition, and their dysfunction is involved in both apoptosis and necrosis. 

Therefore, it may be beneficial to protect mitochondria during the cryopreservation 

process. 

 There are multiple methods of mitochondrial protection. Induced apoptosis and 

necrosis can be prevented through the use of the intracellular Ca
2+

 chelator BAPTA-AM 

and blockage of mitochondrial Ca
2+

 uptake with ruthenium red (Kruman & Mattson, 

1999).  Mitoquinone, a mitochondria-targeted antioxidant, can be used to reduce cell 

death due to mitochondrial oxidative stress (Kelso et al., 2001). Neurons in vitro can be 
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protected from apoptosis and hypoxic insults through the activation of ATP-sensitive 

potassium channels on the mitochondria (Mito-KATP) using diazoxide (Liu et al., 2002). 

In addition to protecting the mitochondria, it may be worthwhile to protect the 

microtubules, as they are intimately involved in the beading and degradation of 

neurites. The membrane-permeable protein NAPVSIPQ (NAP) binds to tubulin, 

protecting microtubules in neurons and astrocytes and promoting microtubule stability 

(Divinski et al., 2004; Divinski et al., 2006; Gozes et al., 2000).  NAP has also been shown 

to protect microtubules against NMDA-induced excitotoxicity and cyanide-induced cell 

death( Bassan et al., 1999; Zemlyak et al.,2009).  

There are some major differences between immature neurons in suspension and 

mature, adherent neurons. Compared to immature neurons, mature neurons have 

increased cytoskeletal complexity, a greatly increased surface area, and a much larger 

number of ion channels. Perhaps these differences are what make cryopreservation of 

adherent, mature neurons so challenging – the increase in surface area, ion channels, 

and cytoskeletal structures may confer greater vulnerability to the stresses of 

cryopreservation. These differences may also explain the survival of ependymal cells 

(indicated by active cilia) despite extensive destruction of neurons and glia. Ependymal 

cells are physically simpler cells than mature neurons. They are epithelial cells and have 

tight junctions, which may also play a role in protecting them from insult during 

cryopreservation. Unlike the ependymal cells, the glia in the adherent nerve cell 

networks were very susceptible to the traumas of cryopreservation. Glial cells usually 



46 

underwent cell death before many of the neurons. This was evidenced by the rapid 

appearance of pyknotic nuclei in the glia and a visible reduction in the density of the 

glial layer using phase contrast microscopy. 

 Experiment VWCS053 was one of the most successful experiments, with very 

high levels of post-thaw preservation. Seven unsuccessful attempts were made to 

reproduce those results using the same solutions and protocols. However, the fungal 

contamination which was present in experiment VWCS53 was not replicated in any of 

the other experiments. It is unknown what type of filamentous fungus was present in 

VWCS053, but Candida albicans is suspected based upon visual inspection. Perhaps the 

filamentous fungal contamination that was observed on the culture preconditioned the 

cells, increasing their ability to withstand the stresses of cryopreservation.  

Preconditioning is the process whereby exposure to sub-lethal stress reduces the 

cell’s vulnerability to more severe stress in the future (McLaughlin et al., 2003). 

Filamentous fungi are capable of secreting a variety of compounds into their growth 

medium. Secretions are dependent upon the type of fungus and its environment, but 

may include proteins, organic acids, and metabolites (Conesa et al., 2001). Perhaps a 

fungal secretion preconditioned the nerve cell network, or perhaps the cells 

experienced stress in the form of glucose deprivation caused by competition with the 

fungus for resources. Whatever the mechanism, the concept of preconditioning as 

preparation for resisting cryopreservation stress is intriguing and should be pursued in 

further. There are a number of ways to effect preconditioning, including the use of 
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exogenous reactive oxygen species (Furuichi et al., 2005), potassium cyanide (KCN) 

(McLaughlin et al., 2003), or temperature (Duveau et al., 2005). 

The research presented within this thesis is an attempt to optimize the 

cryopreservation of adherent nerve cell networks. It provides a valuable base for further 

research in this field. Future research should include the refinement of freezing 

solutions so as to reduce osmotic stress and ensure adequate cryoprotective action 

while avoiding toxicity. Additionally, rapid freezing with liquid nitrogen was ruled out 

early on due to the resultant rapid cell death, but it may be worth revisiting with refined 

freezing solutions and thawing methods. The effect of preconditioning upon cell survival 

post-thaw should also be examined. Ultimately, the cryopreservation of  adherent nerve 

cell networks should be combined with microelectrode array technology to assess the 

effect of cryopreservation upon spontaneous network activity. 
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APPENDIX 

SUMMARY OF CRYOPRESERVATION PROTOCOLS USED BY OTHER LABORATORIES 
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Gel 

entrapment 
DMSO EG FBS Medium Trehalose 

Freezing 

method 
Thaw method 

Adherent 

spinal cord 

cells  

(Ma et al., 

2006) 

Yes 10% --- 50% 40% 35 mM 

-1°C/min to -

80°C; long-term 

storage in LN2 

Rapid (37°C water 

bath), then added 

fresh medium 

Adherent hES 

cells 

(Ji et al., 2004) 

Yes 10% --- 30% 60% 35 mM 

-1°C/min to -

80°C; long-term 

storage in LN2 

Rapid (37°C water 

bath), then added 

fresh medium 

Ovine neurons 

in suspension 

(Kay et al., 

2006) 

No 8% --- 92% --- --- 

Powdered dry 

ice; long-term 

storage at -

130°C 

Rapid (37°C), 

diluted 10x in 

complete 

DMEM/F12, 

pelleted, 

resuspended in 

fresh medium 

hES cells in 

suspension  

(Ha et al., 

2005) 

No 5% 10% 50% --- --- 

“Mr. Frosty” (-

1°C/min to -

70°C; long-term 

storage in LN2) 

Rapid (37°C water 

bath), dilution with 

ES culture medium, 

pelleted, 

resuspended in 

fresh medium 

DMSO =dimethyl sulfoxide, EG = ethylene glycol, FBS = fetal bovine serum, LN2 = liquid nitrogen, hES = 

human embryonic stem cells 
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