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ABSTRACT 

A method is described for the culture of fetal, newborn, and adult rat 

dorsal root ganglia (DRG). Newborn DRG's in culture were exposed to 

acrylamide and its analogues and examined morphologically and biochemically. 

All compounds exhibited a dose-response effect on morphology. According to 

morphology, the neurotoxicity of compounds were ranked: N-methylacrylamide 

(ML) > N-isopropylacrylamide (IP) > N,N'-methylene-bis-acrylamide (MB) > 

acrylamide (AC) > N-hydroxymethylacrylamide (HM) > methacrylamide (MA). 

Cultures dosed with IP exhibited the greatest acid phosphatase and (3 -

glucuronidase activity while those dosed with AC, HM, or MB showed less 

activity. MA and ML had the least enzyme activity although they were 

significantly (p < 0.05) greater than control. No biochemical dose-response 

effect was exhibited by any compound. Percent release of lysosomal enzymes 

was found to be greater in cells dosed with AC compared to MB. 
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INTRODUCTION 

Statement of the Problem 

Manufacturers wishing to introduce a new drug, food additive, or 

pesticide must submit toxicological data to the government. The only guidance 

offered them is to perform certain acute, subacute, and sometimes chronic 

safety tests. With regard to neurotoxicity, they are simply instructed to watch 

for signs of neurological and behavioral abnormalities in the test animals and to 

investigate further if these are observed. Regulatory agencies are aware that 

the use of neurotoxicological data as a basis for regulatory decisions is hampered 

by a shortage of properly validated procedures that can be economically applied 

to significant numbers of materials. Consequently, the identification or 

development of such procedures is of great interest. 

Tissue culture is an excellent means of investigating effects of toxic 

agents on either the centred or peripheral nervous system. The investigations 

can either be acute or chronic while the living tissue is available for continuous 

microscopic observation. The ample population of cells that can be harvested 

from one animal make testing large numbers of chemicals and chemical 

combinations both economically and ethically attractive. 

The aims of this investigation were to produce a tissue culture model 

for distal axonopathy, to describe the pattern of intoxication using acrylamide as 

an example of a distal neurotoxin, and to correlate in vivo observations of 

neurotoxicity of acrylamide and its analogues with their in vitro effects. 

1 
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Peripheral System as a Neurotoxin Target 

Vulnerability of a tissue to damage is sometimes a function of its 

individual metabolic and structural characteristics. This section will discuss the 

vulnerability of the peripheral nervous system (PNS) to damage by neurotoxic 

substances. 

Structurally, neurons are specialized to transmit impulses to specific 

locations, usually over long distances. Consequently, neurons have extremely 

long cell processes sometimes exceeding a meter in length. The energy 

producing mechanisms of the neuron reside largely in their cell bodies, and their 

products must be transported down the axon to its terminal. This structural 

characteristic indicates that axons, compared to their cell bodies, may be 

exposed to different influences. Cavanagh (1964) investigated organophosphate 

intoxication in the cat and found that the earliest change was a degeneration of 

the terminals associated with long and large diameter sensory fibers. These 

distal effects were also observed by Prineas (1969). 

Unlike the central nervous system, the PNS has no blood-brain barrier. 

Although the role of this barrier is unclear at this time, its deficiency in the 

dorsal root and autonomic ganglia (Jacobs et al., 1976; Jacobs, 1977) may render 

these portions of the PNS predisposed to damage by toxic substances. The 

peripheral system is protected by the perinurium which is composed of several 

layers of cells with intervening layers of collagen. Although the perinurium 

surrounds the dorsal root and autonomic ganglia, it is open-ended at the 

neuromuscular junctions, free nerve endings, and where roots emerge from the 

spinal cord (Thomas, 1980). 
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Schwann cells and myelin are believed to be essential for the 

maintenance of axonal integrity. Some toxins are known to specifically attack 

these structures. Diptheria toxin produced a neuropathy characteristic of 

increased Schwann cell cytoplasm, detachment of the terminal myelin loops from 

the axolemma at the nodes, widening of the nodal gap or complete breakdown of 

whole internodal myelin segments (Weller, 1965; Weller and Nester, 1972). 

The energy requirements of the neuron are met largely by glucose. 

Therefore, the cell is more susceptible to hypoglycemic damage than other cell 

types in the body that can rely on other food sources. A number of known 

neurotoxins, such as acrylamide, 2,5-hexanedione, methyl N-butyl ketone, and 

carbon disulfide (Sabre and Spencer, 1980), have been shown to inhibit a number 

of glycolytic enzymes. 

Hypothetical Mechanisms of Distal Axonopathy 

The "dying-back" disease associated with distal axonopathies has three 

purported mechanisms of action: neuron somal (cell body) compromise, abnormal 

axonal transport, and direct axonal damage. All of these mechanisms have been 

implicated with acrylamide neuropathy and are discussed below. 

Somal compromise was originally hypothesised by Cavanagh (1964). 

Disagreements to this theory were later provided by Schaumburg and others 

(Schaumburg et al., 1974; Spencer and Schaumburg, 1977). They found that 

pathological changes were first apparent at sites distal to the soma. However, 

the unusual architecture of the neuron limited synthesis to the cell body and 

created demands for metabolic support to long axonal processes which produced 

a situation of metabolic vulnerability that should not be ignored. 
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Neurotoxins may also interfere with mechanisms by which materials are 

transported to and from the cell body and distal sites. Bradley and Williams 

(1973) observed decreases in fast axoplasmic flow by vincristine, acrylamide, and 

thiorthocresyl phosphate. These findings were later supported by Griffin et al. 

(1977). Since axonal transport is necessary for maintenance of axonal integrity, 

disruptions in this mechanism would effect changes at distal sites along the axon. 

Many authors have supported the theory of direct axonal damage 

(Prineas, 1969; Lowndes et al., 1974; Spencer and Schaumburg, 1974b; Schoental 

and Cavanagh, 1977). These authors agreed that the axon had vulnerabilities 

which differed from those of the cell body. Inhibition of enzymes in the axon by 

neurotoxins would cause increased demands for resupply from the soma and, 

without an increase in transport, the axon integrity would be destroyed. This 

could explain the increased vulnerability of distal sites or of longer axons. 

Enzyme changes during neuropathological episodes have been shown in 

several studies. Hollinger et al. (1952) showed increases of 300% in acid 

phosphatase activity in cat sciatic nerve after sectioning or crushing. Acid 

phosphatase activity has been studied biochemically and histochemically during 

the early stages of diphtheritic neuropathy and Wallerian degeneration in the 

young chick by Weller et al. (1966). In diphtheritic neuropathy, biochemical 

measurements showed a rise in the enzyme activity during the first week of the 

diphtheritic lesion which preceded the onset of myelin breakdown. By contrast, 

in Wallerian degeneration, the increase of enzyme followed myelin 

fragmentation and was most marked during the second week when chemical 

breakdown of myelin occured. Histochemical studies of Wallerian degeneration 

showed primary lysosomes, which contained acid phosphatase, accumulated in 
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Schwann cells during the first week of diptheritic neuropathy. It should be noted 

that Schwann cells were associated with the intact myelin sheath. Weller et al. 

(1966) concluded that myelin breakdown was initiated by lysosomal acitivty. 

It has been demonstrated that (3 -glucuronidase activity was 

significantly increased in the sciatic nerve of rats suffering from acrylamide 

neuropathy (Kaplan and Murphy, 1972). Hollinger and Rossiter (1952) found 

actitivies of (3-glucuronidase and acid phosphatase increased over 3000% and 

300%, respectively, in cat sciatic nerve. Dewar et al. (1977) measured lysosomal 

enzyme activities in the peripheral nerves of 12-week old Wistar rats dosed with 

acrylamide (12.5 to 75 mg/kg/day IP for 5 days). Functional impairment was 

produced 5 to 7 days after the first dose. The degree of impairment was related 

to the dose of acrylamide administered. (3-glucuronidase activity increased 

significantly in 2 weeks. Maximal levels were observed after functional recovery 

had taken place (3 to k weeks after dosing) and was most pronounced in the most 

distal sections of the posterior tibial nerve (>200% of control). With increasing 

doses of acrylamide, the proportion of the nerve showing a significant increase in 

lysosomal enzyme activity increased. In addition, the increase in /3-

glucuronidase activity in the distal section of the posterior tibial nerve was 

clearly related to the dose of acrylamide administered. 

These data suggest that increases in lysosomal enzyme levels relate to 

an alteration in the functional state of the nerve. The measurement of (3-

glucuronidase and acid phosphatase appears, therefore, to offer a useful method 

for detecting chemically-induced degeneration in the peripheral nerve. 
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Acrylamide 

A detailed summary of the biological effects of acrylamide is available 

in the DHEW publication No. 77-112. Highlights of these data are given below. 

General Toxicology 

Acrylamide was easily absorbed following all routes of administration 

(Kuperman, 1958). Following intravenous administration to rats, acrylamide was 

rapidly distributed throughout total body water. However, the serum 

concentration decreased exponentially with a half-life of less than two hours 

(Hashimoto and Aldridge, 1970; Edwards, 1975b). Acrylamide was primarily 

excreted in the urine although it persisted in the nervous tissue for more than 14 

days. 

The toxicity of acrylamide analogues has been studied by Edwards 

(1975a and 1975b) and Hashimoto et al. (1981). Edwards rated ataxia by 

observing rat movement and found N-hydroxymethylacrylamide and N-

methylacrylamide to be 30% and 13%, respectively, as potent as acrylamide. 

However, Hashimoto et al. (1981) measured rotorod performance and ranked 

analogue potency relative to acrylamide at: 59% for N-isopropylacrylamide, 

17% for N-methylacrylamide, 16% for methacrylamide, and 11% for N-

hydroxymethylacrylamide. N,N'-methylene-bis-acrylamide was found to be non-

neurotoxic. Schotman et al. (1978) examined non-neural toxic effects and found 

acrylamide and N,N'-methylene-bis-acrylamide produced similar depressions in 

weight, food and water intake, and feces production. 
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Human Exposure and Disease 

Exposure of workers in acrylamide synthesis plants is the earliest and 

most prevalent known source of the disease (Fullerton and Barnes, 1966; Garland 

and Patterson, 1967), although one reported case involved exposure to a family in 

Japan who developed acute toxicity from a contaminated well (Igisu et al., 1975). 

Except for the family in 3apan, Spencer and Schaumburg (1974a) have concluded 

that, in most instances, toxicity resulted from dermal absorption rather than 

from inhalation or ingestion. 

Symptoms typical of acute acrylamide intoxication in humans included 

numbness in lower limbs (Igisu et al., 1975; Auld and Bedwell, 1967; Garland and 

Patterson, 1967) tingling of the fingers (Igisu et al., 1975), tenderness to the 

touch and coldness (Auld and Bedwell, 1967), excessive sweating of hands and 

feet, bluish-red skin, and peeling of the skin of the hands and sometimes the feet 

(Auld and Bedwell, 1967; Garland and Patterson, 1967; Igisu et al., 1975). Later 

symptoms were weight loss (Garland and Patterson, 1967) and sleepiness (Igisu et 

al., 1975; Garland and Patterson, 1967) followed by emotional changes (Igisu et 

al., 1975). Finally, symptoms of overt peripheral neuropathy occurred including 

positive Romberg's sign, loss of vibration and position senses, foot drop, urine 

retention (Garland and Patterson, 1967), weak or absent tendon reflexes and 

ataxic gait (Auld and Bedwell, 1967; Garland and Patterson, 1967). There is no 

known cure for acrylamide poisoning, but affected patients were given 

symptomatic and supportive therapy while eliminating further exposure. The 

length of time required for recovery was proportionail to the severity of the 

reactions (Auld and Bedwell, 1967). 
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Animal Exposures 

General Acute and Subacute Effects. The acute oral LD^Q in rats has 

been determined (McCallister et al., 1964; Fullerton and Barnes, 1966) and 

ranged from 180-277 mg/kg. Information on rat age, strain or weight was not 

provided. Toxic signs included slight tremors, convulsions, labored respiration, 

and ataxia. Repeated oral doses of 50 mg/kg for 15 days produced severe 

weakness in rats and death within a few days of the final dose (Fullerton and 

Barnes, 1966). Daily doses of 25 mg/kg produced weakness after four weeks, but 

female rats dosed daily for five months at 10 mg/kg showed no signs of toxicity. 

Acrylamide-Induced Axonopathy. Fullerton and Barnes (1966) were the 

first to document the peripheral effects of acrylamide, both 

electrophysiologically and pathologically. Prineas (1969) confirmed their 

findings, observing early alterations in the distal intramuscular nerves and axon 

terminals. The earliest change noted was the accumulation of neurofilaments. 

Large myelinated fibers were the most severely affected. Schaumburg et al. 

(1974) found concurrent changes at preterminal nodes of Ranvier which consisted 

of swelling of nodal and paranodal regions due to accumulations of masses of 

neurofilaments, mitochandria, and membranous dense bodies. Spencer and 

Schaumburg (1974b) found, as with hexacarbon neuropathies, the proximal side of 

a given node of Ranvier was the first to be affected. The sequence of events 

was found to be similar for acrylamide and hexacarbons but were less severe for 

acrylamide. Evidence of regeneration has been observed even during continuing 

intoxication (Schaumburg et al., 1974; Fullerton and Barnes, 1966), however, it is 

more noticeable in young animals (Suzuki and Pfaff, 1973). 
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Tissue Culture in Toxicology 

In the past fifty years, consumers have been exposed to numerous 

chemicals. At the same time, there has been increasing awareness of their 

possible toxicity to man. Toxicity involves many aspects since it can be lethal or 

sublethal, acute or chronic, direct or indirect. Furthermore, the toxicity of a 

given chemical may be the result of its combination with several other 

chemicals. To evaluate the safety of chemicals, whole-animal tests of acute and 

chronic toxicity, allergy, mutagenicity, carcinogenicity, and teratogenicity have 

been used. These tests are not only time consuming and expensive but are of 

questionable ethics. They may be somewhat adequate for testing limited 

numbers of chemicals to be marketed but are insufficient for testing the large 

number of unevaluated chemicals already in use, the newly synthesized 

chemicals considered for distribution, and the large number of chemical 

combinations. This situation has led to recent interest in the possibility of using 

tissue culture to screen the toxicity of chemicals. 

About thirty years ago, tissue culture matured from an exclusive art to 

a common research tool. These strides were promoted by research in synthetic 

cell media as well as by the availability of antibiotics and the need for mass 

cultures of cells for expanding virological studies (Elkwall, 1980). Since then, 

cultures reflecting a wide variety of cell differentiation have been used in the 

fields of virology, biochemistry, cancer research, genetics, pharmacology, and 

toxicology. Although tissue culture has the potential for a wide variety of uses, 

the technique has been primarily applied in the areas of xenobiotic metabolism 

and toxicity. 
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Animal toxicologists have had a recurrent problem trying to satisfy 

regulatory agencies that their animal data provide reliable information in regard 

to human risk. Now with cultured cells, the problem is further compounded by 

those who would also span the in vitro-in vivo gap. We cannot eliminate animal 

studies and completely embrace the use of tissue culture without careful 

interpretation of existing data. 

Tissue culture work has specific problems which must be met with 

specific measures. One such problem is the diversity of tissue culture techniques 

and experimental end-points that are commonly employed. This has a direct 

effect upon the inability to compare one in vitro test with another. The lack of 

standardization in tissue culture work means that individual studies may not 

contribute effectively to the common pool of knowledge. In contrast, whole-

animal studies are generally standardized by such parameters as animal species 

and strain, route of administration, and length of study. 

The value of tissue culture in screening depends upon the applicability 

of in vitro cytotoxicity testing for the modeling of human systemic toxicity. In 

one group of studies, Ekwal and Sandstrom (1980) compared hi vitro cytotoxicity 

toward HeLa cells in the MIT-24 system with in vivo LD^'s (iv) for 25 randomly 

chosen drugs. All drugs but one were found to have an equivalent in vitro-in vivo 

toxicity. Another study compared HeLa cell toxicity in the MIT-24 system, the 

mouse iv LD^Q, and available human iv lethal dosage for 52 drugs. Only seven 

drugs known to interfere lethally with human neurotransmission showed a clear 

discrepancy between in vitro-in vivo toxic dosage while for the remaining drugs 

these dosages were similar. Styles and Garner (197^) has shown that in vitro 

Chang, HeLa, L, Hak, and Don cell exposure to a fungicide produced mitotic 



11 

abnormalities that were closely related to those seen in the bone marrow cells of 

rats that had been orally or intraperitoneally treated with the fungicide. 

Differentiated fetal or adult mammal cells in organ cultures or in 

systems of isolated (reaggregated) cells have been used in toxicity screening, and 

new culture systems of organ-specific cells are continuously being proposed for 

screening purposes. Primary cultures of adult competent cells and subcultures of 

fetal cells may be made from practically all mammal organs (Nardon, 1977; 

Tardiff, 1978; Rowan and Stratman, 1980). Besides hepatocytes, which have 

been cultured for miriad uses, there are muscle cells (Nelson, 1975), human adult 

skin (Flaxman, 1972), respiratory epithelium (Bucknall, 1980), pulmonary 

macrophages (Bailey et al., 1980; Adkins, et al., 1980; Castranova et al., 1980), 

bone marrow (Renshaw, 1975), and nervous tissue (Goldberg, et al., 1980; Imura 

et al., 1980; Hooisma et al., 1980; Yonezawa et al., 1980). The reason for using 

such differentiated tissue for screening purposes is to screen cardiotoxicity, skin 

irritancy, neurotoxicity, etc., of chemicals in vitro by using the relevant target 

cells. In organ cultures, only one target tissue per test is screened. 

Whole-animal distribution of the screened toxicants must be known to 

make the test relevant. One should always keep in mind that many drugs and 

chemicals are known to be toxic to man by noncytotoxic mechanisms and also 

that absorption, distribution, metabolism, and elimination of a substance will 

naturally influence any comparison between in vitro and in vivo results. 



METHODS 

Cell Culture 

Previously published methods (Kruse and Patterson, 1973; Ransome, 

1977; Yonezawa, 1980) for the preparation and maintenance of dorsal root 

ganglia cell cultures have been modified and our current methodology will be 

described in detail. 

Preparation and Sterilization of Glassware 

All glassware used for storage of stock solutions and for cell 

preparation was washed with Roccal-II (Sterling Drug, Inc., Montvale, N3) and 

rinsed with tap water prior to air drying. Glassware was then soaked in 50% 

nitric acid/H^O for 15 minutes, rinsed three times with tap water, then three 

times with deionized-distilled water. Deionized water was prepared from house 

distilled water passed through a Bernstead deionizer (VWR Scientific Co., 

Catalog No. 26302-082) fitted with a high capacity cartridge (VWR Scientific 

Co., Catalog No. 26303-234). This filtered water was then distilled using a 

Corning MP-6A Megapure distilling apparatus (VWR Scientific Co., Catalog No. 

26295-001) and stored in glass. Washed items were wrapped in heat-resistant 

Bio-Shield Wrap (American Scientific Products, Tempe, AZ, Catalog No. A9350-

12). All items were steam sterilized at 120°C at 15 psi for 20-30 minutes using a 

pressure-cooker type autoclave (American Scientific Products, Catalog No. 

A9020). Sterility was assured by Sterikon Bioindicator Vials (American Scientific 

12 
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Products, Catalog No. A9468-1). After autoclaving, all glassware was dried and 

stored in a dry incubator at 55°C. 

Preparation of Solutions and Media 

All solutions and media were inoculated upon preparation into culture 

media for sterility checks (Appendix A). 

Salt Solution With Glucose and Sucrose (SSGS). SSGS solution was 

prepared by dissolving 8.0 gm NaCl, 0.4 gm KC1, 2.4 gm Na2HPO^, 3.0 gm 

KI-^PO^, 6.0 gm glucose, 15.0 gm sucrose, and 2.38 gm HEPES buffer (Gibco 

Laboratories, Grand Island, NY, Catalog No. 845-1344) in 900 ml deionized-

distilled water. The pH was adjusted to 7.3 after the solution was stirred for 20 

minutes. Deionized-distilled water was then added to a final volume of one liter. 

The SSGS was filter sterilized using 0.22 urn Millipore filters (Millipore Corp., 

Bedford, MA, Catalog No. GSWP 047 00). Volumes of 100 ml were stored at 4°C 

in sterile, glass bottles. 

Dulbecco Phosphate-Buffered Saline (PBS). PBS was prepared in three 

units which were autoclaved separately and mixed when cooled to room 

temperature. Unit I contained 8.0 gm NaCl, 0.2 gm KC1, 1.15 gm NaHPO^, and 

0.2 gm Kh^PO^ dissolved in 800 ml deionized-distilled water. Unit II contained 

0.1 gm CaC^ dissolved in 100 ml deionized-distilled water. Unit III contained 

0.1 gm MgC^'GI^O dissolved in 100 ml deionized-distilled water. The three 

units were cooled and combined. Aiiquots of fifty milliliters were stored at 4°C 

in sterile glass bottles. 

Nutrient Solution. The nutrient solution was a combination of a one-

liter package of powdered Eagle Minimum Essential Media with Earle's Salts, L-

Glutamine and Non-Essential Amino Acids (Gibco Laboratories, Catalog No. 410-
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1500), 6.0 gm glucose, and 1.5 gm NaHCO^ dissolved in 1.0 liter deionized-

distilled water. The pH was adjusted to 7.3 after the solution was stirred for 20 

minutes. The nutrient solution was then sterilized by filtration through a sterile 

0.22 um Millipore filter. One hundred milliliter volumes were stored in sterile 

glass bottles at 4°C. 

Initiating Culture Medium (ICM). One hundred milliliters of culture 

media, used to initiate the cell culture, consisted of 80 ml of nutrient solution, 

20 ml newborn calf serum (Gibco Laboratories, Catalog No. 200-6010), 100 units 

penicillin-100 ug streptomycin (Gibco Laboratories, Catalog No. 600-5070), 200 

mg L-glutamine (Gibco Laboratories, Catalog No. 810-1051), 300 ug 5'-fluoro-2'-

deoxyuridine (Sigma Chemical Co., St. Louis, MO, Catalog No. F-0503), and 5.0 

mg uridine (Sigma Chemical Co., Catalog No. U-7350). The nutrient solution and 

calf serum were mixed together and filtered through a sterile 0.2 um Gelman 

Aerodisc filter (American Scientific Products, Catalog No. F3057-2) before the 

addition of the other components to insure the elimination of contaminating 

bacteria that may have multiplied during storage. The media was then incubated 

for approximately 30 minutes at 37°C and used immediately. 

Maintainence Culture Media (MCM). MCM was prepared in the same 

manner as ICM with the omission of the newborn calf serum, 5'-fluoro-2'-

deoxyurdine and uridine. 

Chick Embryo Extract. Nine-day old embryonated chicken eggs were 

obtained from the Poultry Science Department, University of Arizona. Egg 

shells were disinfected with 2% tincture of iodine and then 70% ethanol. The 

shell surrounding the air-sac was cracked and removed with sterile forceps. 

After tearing the shell membrane, the neck of the embryo was grasped gently 
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and gentle upward traction was exerted until the embryo was free of attached 

membranes. Embryos were transferred directly to a 20 ml sterile syringe. The 

plunger was inserted into the syringe and the compressed volume of pooled 

embryos was measured. The embryos were then forcibly extruded through a 26-

gauge teflon screen housed in a 27 mm Millipore filter support. The minced 

embryonic tissue was collected in 40 ml centrifuge tubes and an equivalent 

volume of Hank's Balanced Salt Solution (Gibco Laboratories, Catalog No. 450-

1200) was added aseptically. The mixture was vortexed and centrifuged for 30 

minutes at approximately 1500 g. Nine milliliters of supernatant were dispensed 

into 17 x 25 mm sterile polystyrene test tubes and stored at -10°C. A portion of 

the supernatant was inoculated into culture media for sterility checks (Appendix 

A). Extract must be centrifuged before use and the sedimentable material 

discarded. 

Dosing Solutions. Acrylamide (Chemical Dynamics Corp., South 

Painfield, NJ, Catalog No. 01-6350-00), N,N'-methylene-bis-acrylamide 

(Chemical Dynamics Corp., Catalog No. 60-5820-00), N-

hydroxymethylacrylamide (Pfaltz and Bauer, Stamford, CT, Catalog No. 

M23980), N-isopropylacrylamide (Pfaltz and Bauer, Catalog No. 109120), 

methacrylamide (Pfaltz and Bauer, Catalog No. M05370), N-methylacrylamide 

(Pfaltz and Bauer, Catalog No. Ml0300), 1-hexanol (Sigma Chemical Co., St. 

Louis, MO, Catalog No. H-4504), and 2,5-hexanedione (Matheson Coleman and 

Bell, Cincinnati, OH, Catalog No. 9329) were each dissolved in MCM to reach a 

concentration of 10.0 mM. Serial dilutions were made of the 10.0 mM solutions 

using MCM as a diluent to obtain concentration ranges between 1.0 um and 10.0 

mM. These solutions were used immediately. 
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Solution Sterility Monitoring. All solutions used in culturing procedure 

were monitored for sterility prior to their exposure to cells according to the 

procedure in Appendix A. 

Collagen Coating of Culture Plates 

Approximately 30 mg collagen (Gibco Laboratories, Catalog No. 810-

1023) was added to 100 ml of sterile 1:1000 glacial acetic acid solution. This 

mixture was stirred continuously at room temperature for two days. The 

solution was then dispensed into 20 ml test tubes and centrifuged at low speed 

for 10 minutes. One hundred microliters of the supernatant were then placed on 

the bottom of each 35 mm culture dish (Falcon, Oxnard, CA, Catalog No. 3001, 

or Coraing Glassworks, Corning, NY, Catalog No. 25000) and spread out using an 

L-shaped glass rod. The plates were then air dried under sterilizing UV light. 

Preparation of Culture 

Fetal Cell Cultures. Pregnant, Sprauge-Dawley rats, 15 to 18 days into 

term, were euthanized by inhalation of CO2 and soaked in 70% ethanol for 3 

minutes. Sterile surgical instruments were used to remove the gravid uterus 

which was placed in a petri dish containing sterile SSGS. The petri dish was then 

placed in a Labconco tissue culture hood. Embryos were removed from the 

uterus by gross dissection. Iridectomy scissors were used to make a dorsal mid

line incision through the skin and the vertibrae exposing the spinal cord. The 

embryos were then placed in cold, sterile SSGS which was kept on ice and 

bubbled with 5% C02~9596 O2' All further dissections were performed using a 

Nikon SMZ-10 stereoscopic microscope. The spinal cord was removed to expose 

the dorsal root ganglia which remained in place. Ganglia were removed using 
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stainless steel, extra-fine, micro dissecting forcepts (Clay Adams, Parsippany, 

NJ, Catalog No. 6433). Care was taken to avoid traumatizing the tissue 

fragments. As ganglia were removed, they were placed in 2 ml ICM until all 

ganglia were collected. Ganglia were then placed in 2 ml PBS containing 3 to 5 

mg/ml CLS collagenase (Worthington Biochemicals, Freehold, N3, Catalog No. 

LSOO 04196) and incubated at 36°C for 10 minutes. The tissue fragments were 

mechanically dissociated by trituration, using a sterile Pasteur pipette to take up 

and gently expel the suspension 10 to 20 times. The tituration procedure was 

repeated using a slightly narrowed orifice (achieved by flaming the tip). This 

suspension collected from about 12 embryos was diluted to 20 ml with ICM which 

had been pre-incubated for about one hour for equilibration of pH and 

temperature to incubation conditions. The diluted cell suspension was plated in 2 

ml portions on 35 mm plastic tissue culture plates (Falcon, Oxnard, CA, Catalog 

No. 3001, or Corning Glassworks, Corning, NY, Catalog No. 25000) and placed in 

the CC>2 incubator (Queue Systems, Parkersburg, WV, Series 2200) at 5% CC^-

95% air, 37°C and 96 to 98% relative humidity. 

The freshly plated cultures were incubated for 3 to 5 days before their 

first media change. After old media was poured from the culture dishes, 

adherent cells were carefully rinsed with 1 ml MCM. Two milliliters of MCM 

were then added to culture dishes which were then returned to the incubator for 

4 to 5 days before the next media change. 

Newborn Cell Cultures. Five-day old Sprauge-Dawley rats were 

euthanized by inhalation of CC^ and soaked in 70% ethanol for 3 minutes. The 

newborn rats were dissected in a similar fashion to the fetal pups. The only 
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exception in the procedure was that the dorsal root ganglia were incubated in 

10% collagenase for 30 minutes prior to tituration. 

Adult Cell Cultures. Young, adult Sprauge-Dawley rats (150-200 gm) 

were euthanized and prepared for culture in a similar fashion to the newborn and 

fetal rats. The dorsal root ganglia were incubated in 10% collagenase for one 

hour prior to tituration. The culturing medium was altered in some cases to 

determine the best mixture to ensure optimal growth. The initiating medium for 

adult DRG's was either 80% minimal essential medium and 20% newborn calf 

serum or 75% minimal essential medium, 15% newborn calf serum, and 9% chick 

embryo extract. The amounts of penicillin, streptomycin, etc., remained the 

same. 

Treatment and Harvest of Cells 

Cultures were dosed at the third media change (about two weeks after 

initiation of culture). Two milliliters of dosing solution were added to rinsed 

adherent cells. Twenty-four to 120 hours after dosing, cultures were removed 

from the incubator and photographed using a Zeiss Universal Research 

Microscope (Carl Zeiss, New York, NY) with basic unit 1 (Zeiss #47 60 10), 

focusing eyepiece K (Zeiss #47 60 25), manual shutter (Zeiss #47 60 37), on a 

vertical photo tube (Zeiss #47 30 23), using Ectachrome ASA 160 tungsten film, 

ASA 125, or Kodak Plus-X pan. 

Cells were harvested from the culture dish by gentle scraping with a 

rubber policeman. Cells and media were transferred to test tubes and separated 

by centrifugation prior to enzymatic analysis. 
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Lysosomal Enzyme Assays 

The amount of /3-glucuronidase and acid phosphatase in media and cells 

was determined by centrifuging samples at low speed (General Laboratory 

Centrifuge-2B, Du Pont, Newtown, CT) for 2 minutes (Baily, 1980). The 

supernatant was removed and cells were resuspended in 0.5 ml of 50 mM 

imidazole buffer, pH 7.4, containing 0.1 m KC1, 24 mM MgSO^, and 5 mM 

mercaptoethanol. The cells were then disrupted using sonic oscillation for one 

minute (Sonic Dismembrator, Artek Systems Corp., Farmingdale, NY). 

(3 -glucuronidase was determined fluorometrically by measuring the 

hydrolysis of 4-methylumbelliferyl-/3-D-glucuronide (ICN Pharmaceuticals, 

Plainview, NY, Catalog No. 27479). Substrate for the reaction was made by 

dissolving 3.5 mg 4-methylumbelliferyl-/0-D-glucuronide in 100 ul DMSO 

(Aldrich Chemical Co., Milwaukee, WS, Catalog No. M8, 180-2) and added to 

3900 ul of 0.1 M acetate buffer (pH 5.0) and 40 ul of 1% triton X-100 (Sigma 

Chemical Co., St. Louis, MO). The reaction was initiated by the addition of 20 

ul of sample to 80 ul substrate. This mixture was incubated for 30 minutes at 

37°C. The reaction was stopped by the addition of 1.0 ml 100 mM glycine NaOH 

buffer with 5 mM EDTA at pH 10.5. The amount of methylumbelliferone 

released was measured by its fluorescence at 460 nm when excited at 340 nm. 

Acid phosphatase activity was measured in a similar manner using 4-

methylumbelliferyl phosphate (Kock-Light Laboratories, Colnbrook Bucks, 

England, Catalog No. 4019-00) as the substrate. The standard curve for these 

assays was a concentration series of /3-methylumbelliferone (ICN 

Pharmaceuticals, Planview, NY, Catalog No. 6609) from 100 um to 1 mM in the 

glycine-EDTA buffer (Figure 1). 
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Protein Assay 

Total protein as a function of tryptophan and tyrosine was determined 

using a method by the Sigma Chemical Co. (Sigma Technical Bulletin No. 690) 

which were a modification of the method by Ohnishi and Barr (1978). Samples 

were prepared as for lysosomal enzyme assays. Protein were determined in the 

cell fraction. Two hundred microliters of sample was added to 2.2 ml of Biuret 

reagent which contained 0.019% CuSO^H^O, 0.075% tartarate, 0.375% NaOH, 

2.01% Na0C00 and 0.0125% KI. Test tubes were vortexed and incubated at room 

temperature for 10 minutes. After the incubation, 0.1 ml of Folin and 

Ciocalteu's phenol reagent was added to each tube, vortexed and incubated at 

room temperature for 30 minutes. Samples were read at 730 nm within 30 

minutes. Bovine albumin in 0.85% NaCl at a concentration range of 5 to 100 

mg/dl was used for the standard curve (Figure 3). All reagents and standards for 

this assay were purchased as a kit (Sigma Chemical Co., St. Louis, MO, Kit No. 

690-A). 

Statistics 

Data were analyzed by analysis of variance with pair-wise comparisons 

by the Scheffe's test. Significance was determined at the 0.05 level. Scheffe's 

test permits testing of any number of comparisons that are picked out by 

inspection. This test controls the experiment-wise error rate at 5%. Control of 

the experiment-wise error rate is appropriate in exploratory studies in which the 

investigator has no comparisons planned in advance but merely wishes to 

summarize what the data seem to suggest. 



RESULTS 

The technique involved in the establishment and maintenance of the 

dorsal root ganglia cultures has been adequately described in the Methods section 

of this text. Use of this complex for a meaningful pathological study, however, 

demanded an awareness of the tissue's development and mature morphology so 

that toxin-induced changes could be realized and appreciated as such. 

Morphological Characteristics of Dissociated Cells 

Within a few hours after plating a single-cell suspension of embryonic 

dorsal root ganglia (DRG), the cells settled on the collagen-coated surface and 

fiber outgrowth started as early as the second day. After three days, these 

fibers formed a network by contacting each other (Figure 4). At this stage of 

development, it is not possible to recognize certain cell types, but 10 days after 

plating, differences become visible between neuronal and non-neuronal; i.e., 

fibroblast, cellular growth. Fibroblasts were shown forming a confluent 

monolayer of close-contacting flat cells (Figure 5). 

Non-neuronal backround cells were reduced by the addition of 5'-fluoro-

2'-deoxyuridine and uridine. The addition of these antimitotic agents served to 

control the rapid division of the backround cells and possibly enhance neural 

differentiation (Ransom, 1977). Figure ^ represents a culture with the addition 

of the antimitotic agents while Figure 5 represents a culture without these 

agents. 
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Adult DRG's were characterized by slower development in culture. 

Immediately after dissociation, the cultures consisted of single cells and 

degenerating fragments of myelinated nerve fibers. The neurons were easily 

identified by their large size (up to 50 um), smooth round outline, and the 

occasional presence of a short nerve stump. The dissociation procedure freed 

most neurons of their capsule cell covering although many neurons had non-

neural cells loosely associated with them. After one or two days, some neurons 

had become attached to the collagen-coated surface. Soon afterward, fine nerve 

fibers could be seen radiating from the cell body. Non-neuronal cell growth was 

a greater problem with adult cultures compared to fetal culture, and cell 

survival was limited. Some authors (Merchant, 1965; Fukuda and Yamaguchi, 

1981) have suggested the supplementation of culture media with embryonic 

growth stimulatory substances when establishing adult tissue in culture. 

However, the addition of extract of nine-day old chick embryos had no effect on 

growth promotion of adult DRG's. Therefore, adult tissues were not used for any 

further analyses. 

A representative picture of a control newborn DRG culture is shown in 

Figure 6. The period for establishment and growth of the newborn tissue was 

similar to that of fetal tissue. It is evident from the photograph that more non-

neuronal matter is present. The advantage of the newborn tissue rests in the 

great amount of tissue mass that remains in culture. Although the amount of 

DRG tissue in newborn rats is less than that obtainable from adult rats, the 

survival rate of newborn DRG's is close to that of fetal tissue. 
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Culture Conditions 

The effect of the collagen coating on the viability of the cultures can 

be seen in Figures 7 to 14. Although there did not seem to be much difference in 

the cultures at the lowest dose levels of acrylamide, a dramatic effect of 

collagen was seen at the highest dose. Collagen appeared to help maintain 

cellular attachment and viability even during toxic insult. It was also evident 

that the initial survivability of establishing cells was enhanced with collagen-

coated plates. 

In order to obtain successful cultures of dissociated cells, it was 

necessary to start with a suspension of single viable cells as small cellular 

aggregates, relatively free of damaged cells and cellular debris. Many 

undesirable cell types, including red blood cells, can be removed or reduced by 

careful dissection. Also, collagenase solutions can eliminate or lessen the 

number of red blood cells in the final suspension. Freshly released cells were 

removed and washed free of enzyme or the collagenase was inactivated by 

dilution with serum. This prevented or minimized damage from over exposure to 

the enzyme. When a tissue type was dissociated for the first time, three 

important points were taken into consideration. First, it was necessary to mince 

the tissue into small fragments to increase the surface area exposed to the 

enzyme solution. Too much mincing destroyed or damaged most of the cells 

while too little did not give adequate exposure to the enzyme. Sharp scalpels or 

scissors were essential for this step. An ideal size was a cubic millimeter. 

Second, the best concentration of enzyme was found by experimentation. 

Different batches of enzyme or enzyme from different suppliers had a variety of 

activities. Third, timing the dissociation process was very important. Too short 
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a period leaves most of the cells attached to the minced tissue, while too long a 

period causes irreversible damage to the suspended cells. This problem was 

avoided by sequential or progressive dissociation where the supernatant was 

collected every 5 to 15 minutes and fresh enzyme solution added. Each fraction 

was then examined for viability. 

Effect of Acrylamide on Cellular Morphology 

Over the concentration range of 0.5-10.0 mM, acrylamide showed a 

dose-response effect on the morphology of DRG's in culture after a two-day 

exposure period (Figures 7 to 10). At the highest dose, 10.0 mM, virtually all 

axons were absent. Some cell bodies remained attached to the culture dish but 

others, although not apparent in this photograph, have detached. After exposure 

to 5.0 mM acrylamide, some axonal architecture remained but most was absent. 

At 1.0 mM, the cells appear normal although few in number. Control appearance 

was evident at 0.5 mM acrylamide. The same type of dose-response was seen in 

Figures 11 to 14. As stated earlier, the effects were more dramatic in these 

figures because of the lack of collagen coating on the culture plates. 

Effect of Acrylamide Analogues on Cellular Morphology 

All compounds tested exhibited dose-response effects on the 

morphology of DRG's in culture. The concentration range tested was 0.1-5.0 

mM. When the effects of the compounds were compared at one representative 

concentration (i.e., 1.0 mM), the ranking appeared to be N-methylacrylamide > 

N-isopropylacrylamide > N,N'-methylene-bis-acrylamide > acrylamide > N-

hydroxymethylacrylamide > methacrylamide when ranked from greatest effect 

to least effect. These cultures are shown in Figures 15 to 20. Axons were 
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completely absent from the cells dosed for 48 hours with 1.0 mM N-

methylacrylamide. Most of the cell bodies remained attached to the culture 

dish, but some were seen floating in the liquid media. Long axonal processes 

were still present on many cells dosed with 1.0 mM N-isopropylacrylamide, but 

over half of the cells had dislodged from the surface of the dish. More axons 

remained Viable on cells dosed with 1.0 mM N,N'-methylene-bis-acrylamide, 

however, those axons appeared shortened. Cells dosed with acrylamide 

maintained long axons that formed networks with other cells, but dark 

granulations appeared along the axons and within the cell bodies. A more normal 

appearance was evident in cells dosed with N-hydroxymethylacrylamide or 

methacrylamide, however, some detached, floating cells were apparent after the 

N-hydroxymethylacrylamide treatment. 

Enzyme Assays 

The six acrylamide analogues, mixed with (3 -glucuronidase at 

concentrations of 0.5-500 um, were tested to detect any interference with the 

fluorometric assay. The data in Table 1 indicate that, at all concentrations 

tested, no interference from test compounds was evident. 

The effects of the six acrylamide analogues on /3-glucuronidase and 

acid phosphates levels in DRG cultures can be seen in Figures 21 and 22. In the 

first set of experiments, enzyme levels were determined in the culture, as a 

whole (freeze fractured cells). Cell levels were not determined separately from 

media levels. Culture levels were standardized to protein content. Protein 

concentration in cultures prepared according to the above conditions was 20.22 ± 

1.24 mg/dl (x ± SD). All concentrations tested (100-5000 um) significantly (p < 

0.05) increased lysosomal enzyme levels above control. Enzyme levels were 
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increased significantly above all other compounds by N-isopropylacrylamide. N-

methylacrylamide and methacrylamide exhibited comparable enzyme levels at 

all concentrations. These levels were significantly lower than other compounds 

at 100, 500, and 1000 um for /3-glucuonidase. There was no apparent pattern in 

the effect of acrylamide, N-hydroxymethylacrylamide or N,N-methylene-bis-

acrylamide on lysosomal enzyme levels. 

These compounds were re-examined to determine any dose-response 

relationship in their effects on lysosomal enzyme levels. Figures 23 and 2k show 

enzyme levels grouped by compound in ascending concentrations. There is a 

vague decrease in enzyme release as the concentration of acrylamide increases, 

but the results are inconclusive. The effect of concentration on enzyme levels 

for methacrylamide, N-hydroxymethylacrylamide, N,N'-methylene-bis-

acrylamide, and N-isopropylacrylamide are minimal or nonexistant. 

In a separate set of experiments, compounds were dosed for a longer 

time period (six days) over a lower and wider concentration range. The 

morphologic results indicated that 1000 um was minimally cytotoxic. Therefore, 

this was chosen as the highest dose for the subchronic exposure while 1.0 um was 

the lowest dose. A neurotoxic metabolite of hexane, 2,5-hexanedione, and a non-

neurotoxic metabolite of hexane, 1-hexanol, were tested with acrylamide and 

N,N'-methylene-bis-acrylamide because of their previously reported in vitro 

effects (Asbury, 1975; Perbellini et al., 1978; Selkoe et al., 1978; Spencer et al., 

1978). Another alteration in the original experimental design was the way in 

which the enzyme levels were reported. In the second experimental set, enzyme 

levels were reported as percent enzyme released from the cells to the media 
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rather than total enzyme concentration in the culture. Figures 25 and 26 exhibit 

these results. 

There was no dose-response effect of any compound tested on percent 

enzyme released; there was also no apparent relationship of an increased release 

of ^-glucuronidase in cultures treated with the neurotoxic compounds compared 

to the non-neurotoxic compounds. The only apparently correct correlation was 

for percent acid phosphatase released at 1 and 100 um. Here, the two neurotoxic 

compounds, acrylamide and 2,5-hexanedione, exhibited an increased enzyme 

release compared to their non-neurotoxic counterparts. These data are 

overshadowed by the fact that, at these concentrations, only acrylamide showed 

activity above control levels. 



DISCUSSION 

In this study, a method has been developed for the culture of rat DRG's 

which permitted morphological and biochemical examination of a variety of 

toxic insults. These results should be considered with some question because of 

the lack of thorough characterization of the cells in culture. 

Partly due to the lack of appropriate sterile conditions and other 

mitigating factors, control DRG's in this laboratory remained viable for only 

about four weeks. Cells did not appear to equillibrate to culture conditions until 

about the end of the second week. Therefore, only one week, the third, was 

available for any reasonable experimental period before cells began to 

degenerate. Unfortunately, two weeks may not have been an adequate period for 

proper maturation of the DRG's. Myelination of fetal tissue does not occur at 13 

days (Ransom, 1977) and DRG sensory fibers are not completely myelinated for 

about 21 days (Veronesi, 1981). Since acrylamide has been shown to attack 

myelin (Suzuki and Pfaff, 1973) as well as the cell itself, without proper 

protection from a myelin sheathing, toxic insult could have been exaggerated. 

It is unfortunate that the adult cultures were apparently unsuccessful. 

A common criticism of tissue culture data resides in the fact that embryonic or 

immature tissue is used. This kind of tissue, because of its immature 

biochemistry, does not properly reflect the reactions of mature tissue to insult. 

According to Scott (1977), an important difference between adult and immature 

DRG neurons is that dissociated adult neurons (once established in culture) 
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undergo far less degeneration than immature neurons. In his experiments, neuron 

survival was approximately 100% in the adult cultures while immature cultures 

ranged from 5.6% to 27% during the first six days. The much lower rate of 

degeneration in the adult DRG cultures make them a much more faithful 

representation of the neuronal population in the intact animal. Suzuki and Pfaff 

(1973) found the peripheral nerves of suckling rats more susceptible to 

acrylamide than adult rats. Kaplan and Murphy (1972) found a longer recovery 

time in young rats compared to adults after exposure to acrylamide. Therefore, 

the newborn rat DRG tissue was a reasonable compromise between adult and 

fetal tissue, and the results obtained from its culture had some interesting 

implications. 

Morphologically, acrylamide produced a neurotoxic, dose-response 

effect on DRG cultures at concentrations that were biologically significant. 

Chronic in vivo exposure to acrylamide at doses as low as 20 to 50 mg/kg 

produces observable neuropathy (Fullerton and Barnes, 1966; Hopkins, 1970; 

Kaplan and Murphy, 1972; Suzuki and Pfaff, 1973; Tilson et al., 1979). According 

to Hashimoto and Aldridge (1970), if one assumes an even distribution throughout 

the body water, 200 mg acrylamide/kg body weight would indicate a 

concentration of approximately k mM. Therefore, 1000 um acrylamide in 

cultures would be equal to 50 mg acrylamide/kg body weight. Over a similar 

concentration range, Sharma and Obersteiner (1977) and Hooisma et al. (1980) 

showed similar morphological effects of acrylamide in chick ganglia and spinal 

cultures. 

Various theories are discussed in the literature explaining the 

pathogenesis of the selective neuronal lesions from acrylamide. One explanation 
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is that acrylamide interferes with the metabolic pathways of the nerve cell body 

which gradually fails to provide nutrient material for the axon (Cavanagh, 1964). 

Another hypothosis suggests that acrylamide inhibits cellular transport systems 

by which substances transport along the axon to and from the cell body (Pleasure 

et al, 1969). A third theory indicates that acrylamide may have local toxic 

effects along the entire axon and that axons are more vulnerable than the cell 

bodies (Prineas, 1969; Spencer and Schaumburg, 1974a and 1974b). If any of 

these mechanisms of action were responsible for acrylamide-induced 

neuropathies, the effects should have been evident in the tissue culture system 

used in this study. 

Several investigators (Prineas, 1969; Schaumburg et al., 1974; Spencer 

and Thomas, 1974; Spencer and Schaumburg, 1974b; Sumner and Asbury, 1975) 

have described acrylamide-induced degeneration of nerve fibers as the "dying-

back" phenomenon. The nerves most commonly affected are those with the 

longest and largest axons. Kaplan and Murphy (1972) demonstrated significant 

increase in ^-glucuronidase activity in the sciatic nerves of rats suffering from 

acrylamide neuropathy. Transient alterations in lysosomal enzyme activity is 

also evident during Wallerian degeneration. Hollinger et al. (Hollinger and 

Rossiter, 1952; Hollinger et al., 1952) found activities of /3 -glucuronidase and 

acid phosphatase to increase over 3,000% and 300%, respectively, in cat sciatic 

nerve 16 days after sectioning. These data are in keeping with ijn vitro results in 

which we observed as much as a 270% increase in /8-glucuronidase activity 

following acrylamide exposure and a 265% increase in acid phosphatase. 

Although, with these data, one may wish to correlate lysosomal enzyme activity 
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with increased neurotoxicity, the correlation falters when in vivo data of the 

analogues are considered. 

Hashimoto et al. (1981) ranked acrylamide and its analogues by their 

relative neurotoxic potencies as measured by rotorod performance as: 

acrylamide > N-isopropylacrylamide > N-methylacrylamide = methacrylamide 

> N-hydroxymethylacrylamide > N,N'-methylene-bis-acrylamide. This ranking 

conflicts with that established by our lysosomal enzyme activity ranking where 

N-isopropylacrylamide was apparently the most toxic compound followed by N-

hydroxymethylacrylamide, N,N'-methylene-bis-acrylamide and acrylamide which 

affected similar activities. Methacrylamide and N-methylacrylamide were the 

least toxic. When Edwards (1975a) ranked three of the above compounds by 

behavioral examination, her results were more consistent with ours: acrylamide 

> N-hydroxymethylacrylamide > N-methylacrylamide. 

It may be possible to find any number of other studies that agree or 

disagree with our rankings. The fact that our means of testing and measuring 

"effect" did not produce a graded response to a graded dose (i.e., dose-response) 

makes the ranking questionable. The doses, although apparently biologically 

significant, may have been too high for in vitro testing. Even when the doses 

were decreased, as in the second study, there was still no dose-response effect. 

Although acrylamide, in all cases, had an increased enzyme release compared to 

its non-neurotoxic counterpart, the same relationship was not seen with the 

hexane metabolites at all concentrations. 

2,5-Hexanedione, one of the neurotoxic metabolites of N-hexane, should 

have produced effects similar to acrylamide since it is also responsible for the 

same type of dying-back peripheral axonopathy (Spencer and Schaumburg, 1977; 
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Spencer et al., 1978; Spencer et al., 1980). Little data exists concerning the 

neurotoxicity of 1-hexanol. Since it is considered to be non-neutoxic because of 

its theorized metabolism (Spencer et al., 1980), it has not been tested to the 

extent of its neurotoxic co-metabolites. Perbellini et al. (1978) observed some 

equivocal signs of 1-hexanol neurotoxicity which agrees with our results. 

We must be careful when comparing results in an in vitro non-

metabolizing system with an in vivo metabolizing one. In an in vivo system, 

compounds, although apparently neurotoxic, may never get an opportunity to 

express their neurotoxicity because of the organism's structural or metabolic 

protection systems. The greatest concern with regard to our results on 

lysosomal enzyme activity is the lack of a dose-response relationship. If this 

tissue culture assay were to be further investigated to determine either more 

appropriate test compound concentration levels and/or sampling times, this 

discrepancy might be resolved. 
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TABLE 1 

Interference of Test Compounds on Enzyme Assays 

ft -Glucuronidase Fluroescence 
Sample Concentration Concentration Units 

(uM) (ug) 

Acrylamide 

N-Isopropylacrylamide 

N-Hydroxymethylacrylamide 

Methacrylamide 

N-Methylacrylamide 

500.0 1 32.10 
50.0 1 31.00 
5.0 1 33.00 
0.5 1 28.50 

500.0 0 0.30 

500.0 1 32.00 
50.0 1 32.50 
5.0 1 32.00 
0.5 1 32.50 

500.0 0 0.30 

500.0 1 32.10 
50.0 1 32.00 
5.0 1 32.00 
0.5 1 32.00 

500.0 0 0.30 

500.0 1 32.00 
50.0 1 31.00 
5.0 1 30.50 
0.5 1 30.50 

500.0 0 0.29 

500.0 1 30.00 
50.0 1 32.00 
5.0 1 32.00 
0.5 1 32.10 

500.0 0 0.28 

500.0 1 30.50 
50.0 1 31.80 
5.0 1 32.00 
0 . 5  1 32.00 

500.0 0 0 . 3 0  
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Figure 1 

Enzyme assay standard curve 
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Figure 2 

^-glucuronidase standard curve 
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Figure 3 

Protein assay standard curve 



Figure 4 

Fetal rat dorsal root ganglia in culture (600 x) 

Figure 5 

Fetal rat fibroblasts in culture (600 x) 
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Figure 6 

Newborn rat dorsal root ganglia in culture (600 x) 





Figure 7 

Dorsal root ganglia treated with 10.0 mM acrylamide 
on collagen-coated plates (600 x) 

Figure 8 

Dorsal root ganglia treated with 5.0 mM acrylamide 
on collagen-coated plates (600 x) 
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Figure 9 

Dorsal root ganglia treated with 1.0 mM acrylamide 
on collagen-coated plates (600 x) 

Figure 10 

Dorsal root ganglia treated with 0.5 mM acrylamide 
on collagen-coated plates (600 x) 





Figure 11 

Dorsal root ganglia treated with 10.0 mM acrylamide 
on non-collagen-coated plates (600 x) 

Figure 12 

Dorsal root ganglia treated with 5.0 mM acrylamide 
on non-collagen-coated plates (600 x) 





Figure 13 

Dorsal root ganglia treated with 1.0 mM acrylamide 
on non-collagen-coated plates (600 x) 

Figure 14 

Dorsal root ganglia treated with 0.5 mM acrylamide 
on non-collagen-coated plates 600 x) 





Figure 15 

Newborn dorsal root ganglia treated with 1.0 mM 
acrylamide (600 x) 

Figure 16 

Newborn dorsal root ganglia treated with 1.0 mM 
N-isopropylacrylamide (600 x) 





Figure 17 

Newborn dorsal root ganglia treated with 1.0 mM 
methacrylamide (600 x) 

Figure 18 

Newborn dorsal root ganglia treated with 1.0 mM 
N,N'-methylene-bis-acrylamide (600 x) 





Figure 19 

Newborn dorsal root ganglia treated with 1.0 mM 
N-hydroxymethylacrylamide (600 x) 

Figure 20 

Newborn dorsal root ganglia treated with 1.0 mM 
N-methylacrylamide (600 x) 
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Concentration (yM) 

Figure 21 

^-glucuronidase concentration in newborn dorsal root 
ganglia cultures after a 24-hour exposure to 

acrylamide analogues 

Control (•), N-methylacrylamide (E3), methacrylamide (•), acrylamide 
(^), N-hydroxymethylacrylamide (ESS), N,N'-methylene-bis-acrylamide (CD), 
and N-isopropylacrylamide (00). Bars below histograms represent homogenous 
subsets determined by the Sheffe method at the 0.05 level. (N = 3) 
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Figure 22 

Acid phosphatase concentration in newborn dorsal root 
ganglia cultures after a 24-hour exposure to 

acrylamide analogues 

Control (•), N-methylacrylamide (El), methacrylamide (•), acrylamide 
(M, N-hydroxymethylacrylamide (S3), N.N'-methylene-bis-acrylamide (Q), 
and fl-isopropylacrylamide (H). Bars below histograms represent homogenous 
subsets determined by the Sheffe method at the 0.05 level. (N = 3) 
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Figure 23 

/3-glucronidase concentration in newborn dorsal root 
ganglia cultures after a 24-hour exposure to 
acrylamide analogues, grouped by compound 

Acrylamide (A), N-methylacrylamide (ML), methacrylamide (M), N-
hydroxymethylacrylamide (H), N,N'-methylene-bis-acrylamide (Mb), and N-
isopropylacrylamide (I). The concentrations tested were 100 um (E33)> 500 urn 
(•), 1000 um (•), 5000 um (EH), and control (•). Bars below histograms 
represent homogeneous subsets determined by the Scheffe method at the 0.05 
level. (N = 3) 
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Figure 24 

Acid phosphatase concentration in newborn dorsal root 
ganglia cultures after 24-hour exposure to 

acrylamide analogues, grouped by compound 

Acrylamide (A), N-methylacrylamide (ML), methylacrylamide (M), N-
hydroxymethylacrylamide (H), N,N'-methylene-bis-acrylamide (Mb), and N-
isopropylacrylamide (I). The concentrations tested were 100 urn (EEJ)> 500 urn 
(•), 1000 urn (Q), 5000 urn (@), and control (Hi). Bars below histograms 
represent homogeneous subsets determined by the Scheffe method at the 0.05 
level. (N = 3) 
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Figure 25 

Percent /3-glucuronidase released from newborn dorsal 
root ganglia cells in culture after a six-day 

exposure to acrylamide analogues 
and hexane metabolites 

Acrylamide (S§3), N,N'-methylene-bis-acrylamide (•)» 1-hexanol (E3), 2,5-
hexanedione (O), and control (•). (N = 2) 
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Figure 26 

Percent acid phosphatase released from newborn dorsal 
root ganglia cells in culture after a six-day 

exposure to acrylamide analogues 
and hexane metabolites 

Acrylamide (E§3), N,N'-methylene-bis-acrylamide (CH), 1-hexanol (I 
hexanedione (H3), and control (H). (N = 2) 

J), 2,5-



APPENDIX A 

BROTH CULTURES FOR SOLUTION STERILITY MONITORING 

Thioglycolate Medium and Brain Heart Infusion Broth were prepared as 

indicated below and stored at 5°C in 15 ml glass, screw-cap test tubes. 

Thioglycolate Medium (Gibco Laboratories, Grand Island, NY) 

2.57 gm medium 

100 ml deionized-distilled water 

1.0 gm glucose 

Heat to boiling. Dispense 10 ml into glass test tubes and autoclave at 

120°C for 15 minutes. 

Brain Heart Infusion Broth (Gibco Laboratories) 

3.8 gm medium 

100 ml deionized-distilled water 

Heat to boiling. Dispense 10 ml into glass test tubes and autoclave at 

120°C for 15 minutes. 

Solutions to be tested are inoculated into both Thioglycolate Mediuma 

and Brain Heart Infusion Broth. Test broths and controls are then incubated at 

37°C for three days. A cloudy appearance of the media at this time indicated 

contamination. Contaminated solutions or cultures were discarded. 
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APPENDIX B 

ENZYME CONCENTRATION IN NEWBORN DORSAL ROOT GANGLIA 
CULTURES AFTER A 24-HOUR EXPOSURE 

TO ACRYLAMIDE ANALOGUES 

Acid 
Compound Concentration /^-Glucuronidase Phosphatase 

(mM) (nM) (nM) 

Acrylamide 5.0 0.576 + 0.002 3.02 + 0.07 
1.0 0.700 + 0.010 4.89 + 0.26 
0.5 0.674 + 0.023 5.74 + 1.49 
0.1 0.761 + 0.035 5.58 + 0.22 

N,N'-Methylene-bis-acrylamide 5.0 0.707 + 0.041 3.95 + 0.06 
1.0 0.731 + 0.021 4.63 + 0.23 
0.5 0.643 + 0.023 4.34 + 0.17 
0.1 0.739 + 0.101 5.60 + 0.43 

N-Hydroxymethylacrylamide 5.0 0.626 + 0.037 3.56 + 0.06 
1.0 0.780 + 0.054 5.19 + 0.12 
0.5 0.733 + 0.074 4.46+ 1.14 
0.1 0.751 + 0.137 4.46+ 1.02 

N-Isopropylacrylamide 5.0 1.030 + 0.070 7.38 + 0.40 
1.0 0.924 + 0.002 6.85 + 2.04 
0.5 1.030 + 0.160 6.77 + 0.77 
0.1 1.110 + 0.060 6.50 + 0.86 

Methacrylamide 5.0 0.622 + 0.020 3.84 + 0.16 
1.0 0.668 + 0.006 4.42 + 0.10 
0.5 0.610 + 0.024 3.90 + 0.06 
0.1 0.530 + 0.028 3.72 + 0.04 

N-Methylacrylamide 5.0 0.634 + 0.010 4.00 + 0.06 
1.0 0.590 + 0.022 4.00 + 0.32 
0.5 0.434 + 0.010 3.04 + 0.12 
0.1 0.470 + 0.006 3.16 + 0.01 

Control 0.280 + 0.003 2.16 + 0.03 
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APPENDIX C 

PERCENT RELEASE OF £-GLUCURONIDASE FROM NEWBORN 
DORSAL ROOT GANGLIA CELLS AFTER A SIX-DAY 

EXPOSURE TO VARIOUS COMPOUNDS 

Compound Concentration 
(urn) 

/ 3  -Glucuronidase 
Concentration (nM) 
Media Cells 

% Enzyme 
Released 

Acrylamide 1,000 
100 

10 
1 

3.99 
4.80 
3.65 
4 . 4 0  

2 . 0 4  
1.61 
1.95 
2 .00  

6 6 . 2  
7 4 . 9  
65.2 
68 .8  

N,N'-Methylene-bis-acrylamide 1,000 
100 
10 

1 

2 . 9 4  
2 . 9 4  
3.82 
2 . 9 4  

1.70 
2.78 
2.52 
2.20 

6 3 . 4  
5 1 . 4  
60.3 
57.2 

1-Hexanol 1,000 
100 
10 

1 

2.75 
2.75 
2.75 
2.58 

1 . 4 7  
1 . 4 2  
1.65 
1 . 4 7  

65.2 
65.9 
62.5 
63.7 

2,5-Hexandione 1,000 
100 

10 
1 

2.01 
2.27 
2.65 
2.65 

1.52 
1 . 4 7  
1 . 7 4  
1.83 

57.7 
60.7 
6 0 . 4  
59.2 

Control 3 . 4 7  
3 . 7 3  

2.50 
2.86 

58.1 
56.6 
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APPENDIX D 

PERCENT RELEASE OF ACID PHOSPHATASE FROM NEWBORN 
DORSAL ROOT GANGLIA CELLS AFTER A SIX-DAY 

EXPOSURE TO VARIOUS COMPOUNDS 

Compound Concentration 
(um) 

Acid Phosphatase 
Concentration (nM) 
Media Cells 

% Enzyme 
Released 

Acrylamide 1,000 
100 

10 
1 

14.17 
18.11 
13.12 
16.19 

9.52 
8.59 

10.64 
10.42 

59.8 
67.8 
55.2 
60.8 

N,N'-Methylene-bis-acrylamide 1,000 
100 

10 
1 

8.83 
10.54 
12.46 
11.12 

8.34 
11.28 
14.48 
10.64 

51.4 
48.3 
46.3 
51.1 

1-Hexanol 1,000 
100 

10 
1 

9.94 
11.12 
11.46 
10.18 

9.06 
11.70 
11.28 
19.06 

52.3 
48.7 
50.4 
34.8 

2,5-Hexandione 1,000 
100 

10 
1 

9.82 
7.54 
9.21 
9.58 

15.41 
6.83 
9.52 
9.06 

38.9 
52.5 
49.2 
51.4 

Control 14.17 
14.69 

9.75 
10.42 

59.2 
58.5 
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