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Histological Characterization of VM-1 Cryoprotected Brains 

 

Introduction 

 

VM-1 is a low toxicity vitrification solution that permits ice-free cryopreservation of the brain. 

This solution was designed and validated by cryobiologist Yuri Pichugin using a rat hippocampal 

slice model. Advanced Neural Biosciences is conducting research to independently validate VM-

1, in particular its ability to suppress ice formation in the brain without sacrificing viability.   

 

An important concern about VM-1 is the lack of electron micrographs that show that VM-1 also 

permits good ultrastructural preservation of the brain. To our knowledge, Pichugin was never 

successful in producing acceptable results and pilot histological studies that our lab has 

conducted show compromised ultrastructure at high magnification.  These results are concerning 

because it is often assumed that good viability implies good ultrastructural preservation. 

 

Concerns about compromised ultrastructure in vitrified brains were also triggered by the 

excellent histological results that have been obtained with an alternative procedure named 

aldehyde-stabilized cryopreservation (ASC), in which brains are chemically fixed by perfusion 

prior to vitrification. Electron micrographs of aldehyde-stabilized cryopreserved brains show 

near-perfect preservation of the fine structure of the brain and are indistinguishable from control 

brains that have not undergone cryopreservation. 

 

A consequence of this finding is that the traditional cryopreservation protocols that are used in 

contemporary cryobiology can no longer lay claim to represent the state of the art – at least not 

as far as ultrastructural preservation is concerned. 

 

We conducted a series of experiments to compare different cryoprotection and fixation protocols 

to determine whether good ultrastructural preservation is possible with VM-1. In our initial 

experiments (Phases 1-3), we restricted ourselves to introducing and unloading the 

cryoprotectant from the brain to prevent other variables such as ice formation or chilling injury 

from affecting our search for the optimal fixation protocol. 

 

Potential causes of poor ultrastructure  

 

To improve the quality of ultrastructural preservation of brains perfused with VM-1, we have 

identified several potential causes of ultrastructural damage and translated them into a number of 

different experimental protocols: 

 

● Osmotic injury 

 

Vitrification agents contain high concentrations of cryoprotectants and need to be introduced in a 
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gradual manner to minimize osmotic damage to cell membranes. The current protocol for 

introducing VM-1 is a 3-step protocol (10% EG, 30% EG, and 70% VM-1). The first step may 

be too aggressive (constituting 6.4x intracellular tonicity). We included one condition (number 8) 

in which we use a more gradual protocol to deliver VM-1 to the brain. 

 

• Cryoprotectant Toxicity 

 

Cryoprotectant toxicity has been mostly discussed as an issue that affects cellular viability (as 

measured by K+/Na+ ratios), but it is reasonable to assume that the toxicity of a cryoprotectant 

also expresses itself on an ultrastructural level.  

 

● Brain shrinking 

 

Rat brains provide a good proxy for the effects on human brains in that the introduction of 

cryoprotectants produces severe dehydration of the brain. This extreme brain shrinking is 

presumed to produce both decreased viability (as found by Yuri Pichugin in his research) and 

poorer ultrastructure. Such dehydration of the brain can be avoided by adding a blood brain 

barrier (BBB) modifier to the perfusate. We compared brains perfused with and without a BBB 

modifier (i.e., sodium deoxycolate (SDC)).  

 

● Temperature 

 

Cryoprotectant toxicity is a function of temperature. If cryoprotectant toxicity also expresses 

itself in the form of ultrastructural changes, it stands to reason that conducting cryoprotective 

perfusion at higher temperatures produces poorer ultrastructure in the brain. In our investigations 

we conducted cryoprotectant perfusion as close to 5° Celsius as possible. We also included a 

condition in which we fixed the brain after only cooling to 5° Celsius by perfusion to see 

whether this preliminary step in the cryoprotection protocol itself produces ultrastructural 

changes.  

 

● Ischemia 

 

Even short interruption of blood flow to the brain can produce ultrastructural changes. 

Cryoprotective perfusion necessarily introduces a period of ischemia equal to the duration of 

perfusion (generally at least 1 hour). This is one of the reasons to conduct cryoprotective 

perfusion at low temperatures.  

 

● Unloading injury 

 

While Pichugin and Fahy (Cryobiology, 2006 Apr;52(2):228-40) have shown good viability of 

hippocampal brain slices after diffusion cryoprotection and subsequent vitrification, there are no 
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corresponding good viability results for the whole brain or brain slices prepared after 

cryoprotective perfusion (as opposed to immersion). There is not much robust experimental 

knowledge about the effects of removing cryoprotectants from the brain. We attempted to 

address this issue by performing several different unloading protocols. In particular, we 

compared unloading the brain after chemically fixing it and chemically fixing the brain after 

unloading the cryoprotectant. We also investigated the ultrastructural effects of a new “hybrid” 

approach in which the cryoprotectant was unloaded down to 20% concentration without a 

fixative and then further unloaded while simultaneously fixing during the steeper osmotic 

unloading steps.  

 

• Choice of fixative agent 

 

A wide variety of fixatives and concentrations are available for the fixation of cryopreserved 

brain tissue. Our preferred protocol utilized 4% paraformaldehyde (PFA) and 2% glutaraldehyde 

(GA) in a 0.1M phosphate buffered saline (PBS) vehicle solution. The only exception to this is in 

the experiments where unloading and fixation take places simultaneously, in which case the 

fixative (4% PFA and 2% GA) is introduced in a HEPES-buffered saline carrier solution. 

 

● Poor processing of (fixed) samples 

 

Poor processing of fixed samples can be another cause of poor ultrastructural results. In 

particular, this can happen when brain slices are prepared from brains still equilibrated with the 

vitrification agent, or when the histologist prepares images from areas with cutting artifacts. To 

assure good chemical fixation of the samples, we used a fixative solution that includes both 

glutaraldehyde and formaldehyde (which penetrates faster than the former).  We also provided 

specific handling and processing instructions for the EM technician. 

 

Experiments 

 

Conditions (3 experiments per condition) 

 

PHASE 1 

 

1. Control: non-ischemic, perfusion fixed  

2. Immersion fixation after loading and unloading of hippocampal slices with 65% VM-1 by 

diffusion. 

3. Perfusion fixation after cooling to 5°C 

 

 

 



4 

 

PHASE 2 

 

4. Perfusion of 70% VM-1 and unloading by perfusion prior to perfusion fixation 

5. Perfusion of 70% VM-1 and unloading by perfusion in CPA-fixative solution 

6. Perfusion of 70% VM-1 and initial unloading by perfusion followed by unloading by 

perfusion in CPA-fixative solution (“hybrid” approach) 

 

PHASE 3 

 

7. Best protocol with BBB opener 

8. Best protocol using a gentler loading protocol 

 

PHASE 4 

 

9. Best protocol with in-situ cryopreservation (cooling to -130°C) 

 

Materials and Methods 

 

Subjects 

 

27 adult (3-6 months) male Sprague Dawley (SD) rats were purchased from Envigo, Inc. 

(Indianapolis, IN). Animals were housed in groups of two or three in standard shoebox cages and 

given ad libitum access to food and water. They were kept on a 12/12 hour light/dark cycle. All 

animals received humane care in compliance with the “Guide for the Care and Use of Laboratory 

Animals” (www.nap.edu/catalog/5140.htm). All experiments were performed in accordance with 

the Animal Welfare Act (7 U.S.C. § 2131).  

 

Methods 

 

Cryoprotective Perfusion 

 

Animals were euthanized by introduction of isoflurane gas anesthesia (SomnoSuite Low-Flow 

Anesthesia System, Kent Scientific). Animals were then packed in ice and cooled to 5°C. 

A thoracotomy was performed to give open access to the heart. Perfusions were started at 5°C 

and performed via transcardial perfusion, in which an 18-g cannula is introduced to the heart 

through the apex of the left ventricle and secured in the ascending aorta. Solutions were perfused 

through the vasculature by means of a peristaltic pump and allowed to flow out of the animal 

through a nick in the right atrium of the heart. The abdominal aorta was clamped to prioritize 

perfusion of the head. Perfusion pressure in the arterial line was not allowed to exceed 100 

mmHg. Temperature of the animal (i.e., the brain) was kept at 5°C or lower. A rectal temperature 

http://www.nap.edu/catalog/5140.htm
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probe was used to measure the animal's temperature and another thermocouple was used to 

measure the arterial line temperature (perfusate temperature). 

 

All cryoprotectant solutions were kept at ≤5°C prior to introduction. 

 

In the protocols where combination cryoprotectant/fixative solutions are utilized, m-RPS-2 was 

replaced with an isotonic HEPES / sodium chloride solution to address compatibility problems 

between THAM and aldehyde fixatives. 

 

In the protocol in which a blood brain barrier opener was used, 0.10% SDC was added to the first 

(or second) cryoprotectant step (i.e., 10% EG). 

 

Cryoprotective Diffusion (Immersion) 

 

In the immersion conditions, experiments were performed using a hippocampal slice preparation. 

Rats were anesthetized with isoflurane and decapitated. After removing the cranial plates, the 

brain was hemisected. The hemispheres were then removed from the cranial cavity and placed in 

separate beakers within 45 seconds of decapitation. Each beaker contains ice-cold (0°-1°C) 

sucrose aCSF [in mM; 124 sucrose; 3 KCl; 1.3 MgSO4; 1.24 NaH2PO4; 2.4 CaCl2; 26 NaHCO3; 

10 d-glucose; pH 7.4]. After the hemispheres were chilled for 4 min, each hemisphere was 

prepared for slicing. Each hemisphere was dissected on a chilled petri dish covered with sucrose 

aCSF saturated filter paper: 1) the hippocampus was identified and the fornix cut to enable the 

gentle removal of the hippocampus from the surrounding tissue. Extraneous tissue was then cut 

away from each hippocampus. The resulting hippocampal tissue was affixed on the McIlwain 

Tissue Chopper slicing platform and 475 µm slices were removed. Slices were then placed in 

29°C normal aCSF1 containing [in mM; 124 NaCl; 3 KCl; 1.3 MgSO4; 1.24 NaH2PO4; 2.4 

CaCl2; 26 NaHCO3; 10 d-glucose; pH 7.4]. Both normal and sucrose aCSF solutions were 

continuously oxygenated (95% O2-5% CO2). Slices were allowed to equilibrate for 60 minutes 

before any experiment was performed. 

 

Cryoprotective solutions were diffused into cells via immersion of the brain slices in 100 ml of 

the experimental solution at cold temperature (i.e., 0°C for lower concentration steps, and              

-17.5°C for the highest concentration steps). Solutions were introduced in a step-wise fashion to 

load or unload the slice with cryoprotectant in this manner. 

 

 

 

 

                                                

1 Aghajanian GK,  Rasmussen K (1989). Intracellular studies in the facial nucleus illustrating a simple new 

method for obtaining viable motoneurons in adult rat brain slices. Synapse 3:331–338  



6 

 

Fixation 

 

The fixative solution consisted of 4% paraformaldehyde (PFA) and 2% glutaraldehyde (GA) in 

0.1M phosphate buffered saline (PBS), or in buffered cryoprotective agent (CPA) in CPA-

fixative conditions. 

 

In controls and perfusion fixation conditions, fixative was introduced via transcardial perfusion. 

After perfusion fixation, the brain of the animal was dissected out and several 1-2 mm3 cortical 

tissue samples were removed and placed in fixative solution at 4°C for 24 hours for additional 

diffusion fixation. After the diffusion period, tissue samples were removed from fixative solution 

and “washed” by agitation in fresh 0.1M PBS 3 times, 1 hour each time. 

 

In immersion conditions, the brain of the animal was dissected out and 475 µm hippocampal 

slices were obtained using a McIlwain Tissue Chopper. The slices were run through the 

experimental protocol and then placed in fixative solution at 4°C for 24 hours for immersion 

fixation. After the immersion period, tissue samples were removed from fixative solution and 

“washed” by agitation in fresh 0.1M PBS 3 times, 1 hour each time.  

 

Electron Microscopy 

 

Samples were post-fixed with 1% osmium tetroxide in PBS for 2 hr. Following post-fixation, 

samples were treated with aqueous 0.5% uranyl acetate for 2 hours, dehydrated in a graded series 

of acetone solutions, and slowly infiltrated with Spurr’s epoxy resin over a period of 2 days. 

Samples were then embedded in BEEM capsules and polymerized at 60°C for 36 hr. Ultra-thin 

70 nm sections were cut on a Leica Ultracut-R-microtome using a diamond knife and the 

sections were collected on a formvar-coated copper slot grits. Sections were post-stained with 

2% uranyl acetate in 50% ethanol followed by Sato’s lead citrate. Images were generated on a 

Philips CM23 TEM operated at 80 kV and micrographs and acquired with a Gatan model 791 

CCD camera. 

 

Protocols (3 experiments per condition) 

 

Condition #1 

 

Control: non-ischemic and whole brain perfusion fixed with 4% PFA + 2% GA 

 

Protocol:  (1) Washout with 100 ml of 0.5% sodium nitrite in 0.1 M PBS 

  (2) Perfusion of 1000 ml fixative in 0.1 M PBS 
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Condition #2 

 

Slice immersion: Hippocampal slices in 65% VM-1; load / unload; diffusion fixation with 4% 

PFA + 2% GA 

 

Protocol: (1) Loading (immersion): 

 

1.  mRPS-2 (100 ml) at 0°C 

2. 5% ethylene glycol (100 ml) at 0°C 

3. 10% ethylene glycol (100 ml) at 0°C 

4. 30% ethylene glycol (100 ml) at 0°C 

5. 65% VM-1 (100 ml) at -17.5°C 

 

(2) Unloading (immersion): 

 

6. 30% ethylene glycol + 300 mOsm mannitol (100 ml) at 0°C 

7. 10% ethylene glycol + 300 mOsm mannitol (100 ml) at 0°C 

8. 5% ethylene glycol + 300 mOsm mannitol (100 ml) at 0°C 

9. mRPS-2 + 300 mOsm mannitol (100 ml) at 0°C 

10. mRPS-2 (100 ml) at 0°C 

 

  (3) Diffusion fixation of slices in 100 ml fixative 

 

 

Condition #3 

 

Cooling to 5°C followed by perfusion fixation with 4% PFA + 2% GA 

 

Protocol: (1) Euthanize and cool animal to 5°C 

  (2) Washout with 100 ml of 0.5% sodium nitrite in 0.1 M PBS 

  (3) Perfusion of 1000 ml fixative in 0.1 M PBS 

 

Condition #4 

 

Perfusion of 70% VM-1; load / unload; perfusion fixation with 4% PFA + 2% GA 

 

Protocol:  (1) Euthanize and cool animal to 5°C 

 

(2) Loading (perfusion): 

 

1. 10% ethylene glycol (50 ml) 

2. 30% ethylene glycol (50 ml) 
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3. 70% VM-1 (500 ml) 

 

(3) Unloading (perfusion): 

 

4. 30% ethylene glycol + 300 mOsm mannitol (500 ml) 

5. 10% ethylene glycol + 300 mOsm mannitol (50 ml) 

6. mRPS-2 + 300 mOsm mannitol (50 ml)  

7. mRPS-2 (100 ml) 

 

(4) Perfusion of 1000 ml fixative in 0.1 M PBS 

 

Condition #5 

 

Perfusion of 70% VM-1; perfusion fixative unloading 

 

Protocol: (1) Euthanize and cool animal to 5°C 

 

(2) Loading (perfusion): 

 

1. 10% ethylene glycol (50 ml) 

2. 30% ethylene glycol (50 ml) 

3. 70% VM-1 (500 ml) 

 

(3) Cryoprotectant-in-fixative unloading (perfusion): 

 

4. 70% VM-1 + 4% PFA + 2% GA in HEPES-NaCl carrier (500 ml) 

5. 30% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (500 ml) 

6. 10% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (50 ml) 

7. HEPES-NaCl carrier + 300 mOsm mannitol + 4% PFA + 2% GA (50 ml) 

8. HEPES-NaCl carrier + 4% PFA + 2% GA (100 ml) 

 

 

Condition #6 

 

Perfusion of 70% VM-1; “hybrid” perfusion fixative unloading 

 

Protocol: (1) Euthanize and cool animal to 5°C 
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(2) Loading (perfusion): 

 

1. 10% ethylene glycol (50 ml) 

2. 30% ethylene glycol (50 ml) 

3. 70% VM-1 (500 ml) 

 

(3) Unloading (perfusion): 

 

4. 30% ethylene glycol + 300 mOsm mannitol (500 ml) 

5. 20% ethylene glycol + 300 mOsm mannitol (50 ml)  

 

(3) Cryoprotectant-in-fixative unloading (perfusion): 

 

6. 10% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (500 ml) 

7. HEPES-NaCl carrier + 300 mOsm mannitol + 4% PFA + 2% GA (50 ml) 

8. HEPES-NaCl carrier + 4% PFA + 2% GA (100 ml) 

 

 

Condition #7 

 

Perfusion of 70% VM-1; perfusion fixative unloading (gentle loading and unloading protocol) 

 

Protocol: (1) Euthanize and cool animal to 5°C 

 

(2) Loading (perfusion): 

 

1. 2.5% ethylene glycol (50 ml) 

2. 5.0% ethylene glycol (50 ml) 

3. 10.0% ethylene glycol (50 ml)  

4. 30% ethylene glycol (50 ml) 

5. 70% VM-1 (500 ml) 

 

Cryoprotectant-in-fixative unloading (perfusion): 

 

6. 70% VM-1 + 4% PFA + 2% GA in HEPES-NaCl carrier (500 ml) 

7. 30% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (500 ml) 

8. 10% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (50 ml) 
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9. 5.0% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (50 ml) 

10. 2.5% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (50 ml) 

11. HEPES-NaCl carrier + 300 mOsm mannitol + 4% PFA + 2% GA (50 ml) 

12. HEPES-NaCl carrier + 4% PFA + 2% GA (100 ml) 

 

Condition #8 

 

Perfusion of 70% VM-1; perfusion fixative unloading (gentle loading and unloading protocol) 

with blood brain barrier modification 

 

Protocol: (1) Euthanize and cool animal to 5°C 

 

(2) Loading (perfusion): 

 

1. 2.5% ethylene glycol (50 ml) 

2. 5.0% ethylene glycol (50 ml) 

3. 10.0% ethylene glycol (50 ml) with 0.10% SDC* (0.05 grams) 

4. 30% ethylene glycol (50 ml) 

5. 70% VM-1 (500 ml) 

 

* Sodium Deoxycholate 

 

Cryoprotectant-in-fixative unloading (perfusion): 

 

6. 70% VM-1 + 4% PFA + 2% GA in HEPES-NaCl carrier (500 ml) 

7. 30% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (500 ml) 

8. 10% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (50 ml) 

9. 5.0% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (50 ml) 

10. 2.5% ethylene glycol + 300 mOsm mannitol + 4% PFA + 2% GA in HEPES-

NaCl carrier (50 ml) 

11. HEPES-NaCl carrier + 300 mOsm mannitol + 4% PFA + 2% GA (50 ml) 

12. HEPES-NaCl carrier + 4% PFA + 2% GA (100 ml) 
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Condition #9 

 

 

Perfusion of 70% VM-1; cryopreservation; perfusion fixative unloading 

 

Protocol: (1) Euthanize and cool animal to 5°C 

 

(2) Loading (perfusion): 

 

1. 10% ethylene glycol (50 ml) 

2. 30% ethylene glycol (50 ml) 

3. 70% VM-1 (600 ml) 

 

Cool rat to -130°C and rewarm to 5°C 

 

(3) Cryoprotectant-in-fixative unloading (perfusion): 

 

4. 70% VM-1 + 4% PFA + 2% GA in HEPES-NaCl carrier (600 ml) 

5. 30% ethylene glycol + 5% PVP K12 + 5% HES+ 4% PFA + 2% GA in 

HEPES-NaCl carrier (600 ml) 

6. 10% ethylene glycol + 5% PVP K12 + 5% HES + 4% PFA + 2% GA in 

HEPES-NaCl carrier (50 ml) 

7. HEPES-NaCl carrier + 5% PVP K12 + 5% HES + 4% PFA + 2% GA (50 ml) 

8. HEPES-NaCl carrier + 4% PFA + 2% GA + 5% HES  (100 ml) 
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Results 

 

PHASE 1 

 

Our first phase was designed to create a series of controls and benchmarks to evaluate the 

subsequent VM-1 cryoprotection electron micrographs: 

 

1. Control: non-ischemic, perfusion fixed  

2. Loading and unloading of hippocampal slices with 65% VM-1 by immersion 

3. Perfusion fixation after cooling to +5° Celsius 

 

In controls, synapses with vesicles, organelles, and myelinated axons can be well identified and 

look normal. There are some “peppering” artifacts due to the phosphate buffer, which can be 

removed by the EM technician at additional cost, but this does not seem to be necessary for this 

project.  

 

The images from the set of samples that were fixed after (passive) cooling to +5° Celsius do not 

look much different from the controls, with perhaps a little more clumping of chromatin (which 

is typical for even short durations of cold ischemia). Obtaining these images allows our lab to 

rule out that major differences from controls in our VM-1 cryoprotection images can be 

attributed to the cryoprotection protocol and not to cold ischemia. 

 

The electron micrographs of the 65% VM-1 hippocampal slices look poor. There are a lot of pale 

areas and large vacuoles in the images, indicative of intracellular and interstitial edema. There is 

hyper-chromatosis in the nuclei and extensive damage to cell membranes (see Figure 1). These 

properties are usually seen after extensive ischemia, but the cell membrane damage may also be 

compatible with an osmotic damage explanation. While it may be the case that VM-1 produces 

these kinds of adverse effects on brain tissue this result is hard to reconcile with the good 

viability results (using the K+/Na+ assay) that can be obtained for this protocol. Ultrastructural 

preservation of cryoprotected brain slices is not the main topic of our investigations but the 

results for the VM-1 slices raise some concerns. 
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Figure 1 Electron micrograph of hippocampal brain slice cryoprotected with 65% VM-1 

 

PHASE 2 

 

Phase 2 was designed to compare three different fixation protocols for VM-1 cryoprotected 

brains. We tested a protocol in which we used perfusion to unload the brain prior to perfusion 

fixation and one in which we perfusion-fixed the brain prior to unloading. In one series of 

experiments we unloaded a portion of the cryoprotectant before adding the fixative (the “hybrid” 

approach). The three protocols were as follows: 
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      3. Perfusion of 70% VM-1 and unloading by perfusion prior to perfusion fixation 

      4. Perfusion of 70% VM-1 and unloading by perfusion in CPA-fixative solution 

      5. Perfusion of 70% VM-1 and initial unloading by perfusion followed by unloading by   

perfusion in CPA-fixative solution (“hybrid” approach)   

 

A detailed breakdown of these experiments and the composition of the solutions can be found in  

the “Methods” section above. 

 

When we prepared the solutions, we discovered that the phosphate buffer of our fixative was not 

compatible with VM-1 and we had to reformulate the carrier solution of VM-1 to resolve this. 

For experiments 4 and 5 (and subsequent experiments) we used an isotonic HEPES-based 

sodium chloride solution to unload the brain while fixing it.  

 

The electron micrographs of the protocol in which we fixed the brain prior to unloading look a 

lot better than the protocols in which we first unloaded the brain or partially unloaded the brain. 

In fact, the electron micrographs of this series constitute the best VM-1 electron micrographs we 

have produced in our lab to date. In many of the images the lack of ground substance and pale 

areas that were present in our prior efforts are mostly absent. 

 

As can be seen in the image below (Figure 2), the overall ultrastructure of the brain appears well-

preserved, albeit evidence of dehydration is present in the form of altered myelin sheaths and 

“denser” packing of fine brain structure. At higher magnification, many images show darker, 

well-defined brain structure, as opposed to the pale, distorted, structure seen in our prior attempts 

to create VM-1 electron micrographs which can be found here: 

 

http://www.oregoncryo.com/electronMicrographsVM1.html 

 

 

http://www.oregoncryo.com/electronMicrographsVM1.html
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Figure 2 Electron Micrograph of VM-1 cryoprotected brain 

 

In our best protocol there remain some images that show the same lack of ground substance in 

cells that was identified in our prior attempt to produce VM-1 electron micrographs. One 

example of this can be seen below (Figure 3). 
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Figure 3 Electron Micrograph of VM-1 cryoprotected brain detail 

 

It is important to recognize here that these observations are part of the same series where the fine 

ultrastructure looks reasonable overall. At this point we do not have a plausible explanation for 

some of the poorer images.  
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Even though our fixation-prior-to-unloading protocol produces superior results, the severely 

dehydrated state of the brain during chemical fixation makes it more challenging to identify 

structures such as synapses. For example, in the image below (Figure 4) several synapses can be 

readily identified despite the pale appearance of brain structure. 

 

 
 Figure 4 Synapses in cryoprotected brain that was fixed after unloading 

 

These results led us to think that a protocol that preserves the kind of synaptic detail in the image 

above without causing unloading artifacts may further improve our results. This protocol would 

open the blood-brain-barrier during cryoprotection but begin chemical fixation prior to unloading 

of the cryoprotectant. We pursued this approach in Phase 3. 
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PHASE 3 

 

The experiments in Phase 3 were designed to refine our best protocol of Phase 2 and study the 

effects of opening the blood brain barrier. 

 

7. Best protocol using a gentler loading and unloading protocol 

8. Best protocol with BBB opener 

 

A detailed breakdown of these experiments and the composition of the solutions can be found in 

the “Methods” section above. 

 

In Phase 2 our best electron micrographs were obtained when we chemically fixed the brain 

prior to unloading with a HEPES-based sodium chloride vehicle solution. In condition number 7 

we repeated this fixation and unloading protocol but used a gentler loading and unloading 

protocol by adding 2.5% and 5.0% ethylene glycol steps to the osmotically rather steep first 10% 

ethylene glycol protocol. The resulting electron micrographs look like our best results obtained 

in condition 5, with perhaps slightly less vacuous white space in the images when a complete set 

of images is compared to another. In some images there appears to be less evidence of 

dehydration and synapses can readily be identified (Figure 5). As in our prior best protocol, there 

remain a few images that show more cells and organelles without ground substance that are not 

consistent with the overall good ultrastructure of the series. 

 

Since the images obtained with the gentler loading protocol seemed a slight improvement to us, 

we used this protocol for condition number 8 in which we used a detergent (0.10% SDC) to open 

the blood brain barrier and eliminate the extreme brain dehydration that is associated with VM-1 

brain cryopreservation. Our expectation was that this approach would further improve our 

images and show less compression and more synaptic detail. This did not turn out to be the case 

and the results looked much worse (Figure 6). The lack of ground substance in many of the cells 

and structures look like our past sub-optimal attempts. Since our fixation and preparation 

protocol was not changed from our best protocol, there are several potential explanations for this. 

The most obvious explanation is that adding the detergent to the vitrification solution caused 

massive cell membrane damage which caused flooding of the cells, rendering them electron 

transparent and producing an “empty” appearance. Another explanation is that our loading and 

unloading protocol is still too osmotically harsh, which was previously rendered unobservable by 

the fact that most of the cryoprotectant remained outside of the brain because of the blood brain 

barrier. Another possible explanation, and a more concerning one, is that VM-1 itself (or at least 

at this concentration) damages cells. Which, again, would not have been observable until we 

opened the blood brain barrier and allowed the high concentration of VM-1 to interact with the 

brain cells. At this stage, our results do not support the use of a detergent to open the blood brain 

barrier but an explanation for these poorer histological results is urgently needed.   
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Figure 5. Visualization of synapses after using the gentler loading and unloading protocol 

 

 

 

 

 

 

 

 

 

 



20 

 

 

 
Figure 6. Empty and swollen structure after cryoprotection with BBB opening 

 

Considering the poorer results obtained after we opened the blood brain barrier to improve 

penetration of VM-1, our best protocol to date was the one in which we chemically fix the brain 

after it has been exposed to full strength VM-1 before unloading. Our gentler protocol may have 

slightly improved on this, but the difference was too marginal to warrant using that protocol for 

our final Phase 4 in which we conducted actual in-situ brain cryopreservation at -130°C.  
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PHASE 4 

 

In our final series of experiments, we used our best cryoprotection protocol (condition 5) but 

cooled the whole rat (in situ brain cryopreservation) to -130°C and rewarmed it prior to fixation 

and unloading for electron microscopy. While this experiment was added later and not part of 

our initial research proposal, we believe that the results obtained from these experiments can 

further inform VM-1 cryopreservation (as opposed to just cryoprotection) experiments in the 

future. 

 

The cryoprotection protocol was identical to condition 5 with two exceptions. We increased the 

volume of cryoprotectant to 600 ml to ensure inhibition of ice formation. We also added 5% PVP 

K12 and 5% HES to the unloading steps to mitigate weight gain (edema) during unloading, a 

successful approach we have identified in our own whole body cryoprotectant unloading 

research. 

 

The electron micrographs of these results look significantly worse than the results obtained in 

our best cryoprotection-only protocol (Figure 7). While there is still some evidence of the 

dehydrated and packed structure of our best protocol, most of the structure more clearly 

resembles the poorer results of the cryoprotection protocols that unloaded or partly unloaded the 

cryoprotectant prior to chemical fixation. There are many distorted and damaged structures with 

lack of ground substance and “ghost cells”.  

 

There are a number of potential explanations for these results. The most obvious explanation is 

ice damage, but we are reasonably confident that this explanation can be ruled out because the 

concentration that was used is usually sufficient to eliminate any kind of ice formation to the 

brain. A related explanation is that there was no ice formation but cooling to -130 Celsius 

increased the permeability of cell membranes and endothelial cells in particular. Despite the 

addition of 5% PVP K12 and 5% HES during unloading, we still observed substantial weight 

gain after unloading. This increase in body weight was absent in our cryoprotection-only 

experiments and suggests that lowering the temperature of the body below zero produces 

increased permeability of vessels. It is possible that exposure to these temperatures also ruptured 

the blood brain barrier which allowed high concentration of cryoprotectant to enter the brain 

during thawing and unloading. Another (remote) possibility is that (brain) tissue was exposed to 

high concentrations of cryoprotectant during the thawing procedure.  
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Figure 7. In situ cryopreservation protocol shows vacuoles and fluid accumulation surrounding vessels 

 

 Discussion 

 

This research project was motivated by the urgent need to produce evidence of good 

ultrastructural preservation after cryoprotection of the brain with VM-1. We decided to confine 

ourselves primarily to examining brain structure after loading the rat brain with VM-1 to isolate 

this issue from the broader issue of examining the brain after cryopreservation (vitrification). We 

screened a number of cryoprotection protocols and identified one protocol that gave us 

reasonably good results, comparable to what 21st Century Medicine has observed for their 

vitrification solution, M22. 
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Our best cryoprotection protocol reflects a procedure in which the brain is chemically fixed in its 

cryoprotected state. The observation that this protocol performs better than protocols in which 

the brain is unloaded prior to chemical fixation indicates that current unloading protocols are 

rather damaging.  

 

One distinct difference between our control images and our best protocol (condition 5) is that the 

structure of the brain shows evidence of severe dehydration. While there is good reason to 

believe that the original structure is retained and can be restored after careful unloading, there is 

a general consensus in the fields of neural cryobiology that it would be preferable if the brain 

could be cryopreserved without this degree of shrinking.  

 

When we added a so called “blood brain barrier modifier” (0.10% sodium deoxycholate) to our 

cryoprotection protocol, dehydration was eliminated but brain ultrastructure looked considerably 

worse. We do not have a coherent explanation for this phenomenon. After completion of this 

project we designed several experiment in which we added 0.10% sodium deoxycholate to just 

our washout solution and the resulting electron micrographs looked similar to controls, which 

seems to rule out SDC itself as the result of our poorer results. 

 

In all our experiments (including our slice work) in which brain tissue was directly exposed to 

VM-1 we have observed poor ultrastructure. This damage can result from either osmotic damage 

(loading and/or unloading protocols are too harsh) or the properties of VM-1 itself.  

 

The results of our best cryoprotection protocol are encouraging and constitute the best VM-1 

cryopreserved brain images to date. Two important issues remain unresolved and require more 

research: (1) The poorer outcome observed in protocols in which the blood brain barrier was 

opened should be further investigated by comparing these results to adding blood brain barrier 

modifying agents to other cryoprotectants such as M22 and glycerol. A complementary approach 

would be to compare the VM-1 BBB modifier protocol to BBB modifier protocols that subject 

the brain to comparable degrees of dehydration without the use of cryoprotectants; and (2) The 

poorer outcome observed in our in-situ cryopreservation protocol (cooling to -130°C) should be 

further investigated by comparing VM-1 cryopreservation to different cryoprotectants (such as 

M22) and further optimizing warming and unloading procedures. 

 

Our research project achieved its most important objective of identifying a cryoprotection (and 

chemical fixation) protocol that allowed us to show good (but dehydrated) ultrastructural 

preservation after loading the brain with VM-1. The effects of BBB opening and vitrification 

were sub-optimal and require additional research.      

 


