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1. INTRODUCTION & SIGNIFICANCE 

Nerve cell networks on microelectrode arrays are now being used extensively for research in 

pharmacology, toxicology, cell-based biosensors, and basic neurobiology. The latter domain has 

expanded to investigations of network dynamics, complex system self-organization, fault tolerance, and 

pattern generation in neuronal ensembles. Although multichannel recording has become routine and 

even multinetwork systems are emerging for parallel experiments with eight networks, the morphological 

network features have not enjoyed similar progress. It is presently not possible to extrapolate network 

area to neuronal and glial cell density or to an approximate total neuronal count. Consequently data are 

gathered from networks that are considered large, medium-sized, or small by visual inspection. This is 

temporarily acceptable for pharmacology and toxicology where network size does not overtly influence 

electrophysiological network responses. It is, however, inadequate for theoretical investigations. Even 

future applications to neuropharmacology would benefit from good estimates of the neuronal cell pool 

involved in a particular study. 

Although ideally it should be possible to link cell seeding concentrations and suspension volumes to 

cell densities and to a total neuronal and possibly glial count, this is difficult to achieve in practice for the 

following reasons: (1) The hemacytometer counts performed after tissue dissociation are approximate 

and cell concentration measurements may vary by +/- 20%. (2) The cell suspensions are not 

homogeneous, as cells tend to stratify in the test tube unless continually stirred. (3) Surface preparations 

for adhesion (see Methods) vary and adhesion islands range from diameters of 6 mm to 8 mm. (4) 

Substantial cell death during the first week after seeding makes early determinations of cell populations 

not possible. (5) Glial cells tend to proliferate and distinctions can be difficult. (6) Cell adhesion is not 

uniform, making it difficult to select representative fields for cell counts. (7) Residual cell clumps caused 

by incomplete tissue dissociation prevent counting of neurons in such clumps. 

Despite these formidable problems, most research in this area would benefit from a better 

quantification of cellular network constituents. This project was designed to link the average number of 

neurons seeded with the number surviving on a typical culture surface prepared by CNNS protocols. 

Seeding densities and early adhesion conditions are difficult to determine accurately and cause neuronal 

counts per microscope field to vary (Gross et. al., 2005). To estimate the number of neurons in a culture 



as a percentage of total cells seeded depends on both neuronal survival and glial survival and 

proliferation (Gross et. al., 2005). To facilitate ease of counting, histological stains are used to 

differentiate between neurons and glia cells. A neurofilament stain, which requires antibodies, can be 

used to see specifically neuronal cells. Antibody staining depends on the culture age, tissue source, and 

level of differentiation of cells (Gross et. al., 2005). In a previous study by Gross and colleagues, an 

attempt was made to identify neurons using a Bodian Stain and a neurofilament stain. The data is 

summarized in Figure 1. This data was obtained by counting the neurons situated in a 1 -mm2 area 

centered on a recording matrix of a microelectrode array (MEA) (Gross et. al., 2005). The cell seeding 

concentration was 500k cells/mL. This linear regression scatter plot shows a neuron loss of approximately 

3% per month. The large open circles in Figure 1 represent the neurofilament data normalized to 1-mm2 

areas for 15 and 30 days in vitro and show the cell death that occurs within the second two weeks in 

culture. 
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Figure. 1. Neuronal cell counts over recording matrix (1 mm area) from 54 Bodian-stained cultures, and 
from 9 and 14 cultures stained with neurofilament antibody at 15 and 30 days, respectively. Despite 
density fluctuations, a stabilization of neuronal counts past 30 days (solid vertical line) is apparent. After 
30 days, neuronal loss is approximately 10 in 150 days or <3% per month. All Bodian-stained cultures 
were treated with 50^M flurodeoxyuridine (antimitotic). Cultures used for neurofilament staining were 
treated with 7.5 nM Ara-C (cytosine arabinoside). Modified from Gross et al, 2005. 

Neurons are nerve cells that transmit signals to, from and within the brain at up to 40 m/sec or 90 

mph. A neuron is made up of a cell body called the soma, branching dendrites that function in receiving 



signals, and an axon that conducts the signal (Col, 2001). On the opposite end of the axon from the 

soma, axon terminals transmit the electro-chemical signal through synapses to the dendrites of an 

adjacent nerve cell. See Figure 3 below for clarification. Therefore, the axon takes information away from 

the cell body and dendrites bring information to the cell body. Bundles of axons are known as nerves 

(Col, 2001). Myelin, a substance made by Schwann cells, coats the axon in order to increase its rate of 

transmission of action potentials along the axon (Col, 2001). The soma contains the nucleus and other 

cellular organelles. About 90 percent of the brain's cells are glial cells, which are non-neuronal cells that 

do not carry nerve impulses. The various glial cells perform many important functions such as digestion of 

dead neurons, provision of physical and nutritional support for neurons, maintenance of tonic 

homeostasis, participation in signal transmission in the nervous system, and formation of synapses. 

Neuronal cell cultures necessarily contain glial as well as neuronal cells. This may cause some confusion 

during the counting of cells, which is why staining of neuronal cells is necessary to help distinguish 

neurons from glial cells. 
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Figure 3. Artist rendering of a single neuron (Col, 2001). 

Figure 2. Murine spinal cord neuron after 3 months 
in culture. Note numerous small synapses along 
dendrites. Neurofilament antibody stain. 
CNNS Archives. 

It is helpful to use the Nissl stain to count neuronal cell bodies because neurons contain Nissl 

substance. This substance is primarily composed of rough endoplasmic reticulum; however the amount, 

distribution, and form vary in different types of neurons (Internet Pathology Laboratory). Due to the RNA 



content in this substance, it is extremely basophilic and is therefore very sharply stained by basic aniline 

dyes (Internet Pathology Laboratory). However, there is typically some background staining of glial cells, 

so the stains must be examined carefully. There will still be some unavoidable errors in counting due to 

this fact. Neurofilament stains are also helpful when attempting to count neurons because, theoretically, 

only neurofilaments, which are unique to neurons, should be stained. This would allow for counting of 

individual neurons in a network. 

In order to obtain and maintain neuronal cells in networks, specific cell culture and incubation 

procedures are followed. Frontal cortex cells, which are what was used in this experiment, are grown in 

their optimal feed media called DMEM 5. DMEM 5 is the medium that the frontal cortex cells are always 

fed after the first feeding session. DMEM stands for Dulbecco's Modified Eagle's Medium and DMEM 5 is 

supplemented with B27, 5% Horse Serum, Vitamin C, sodium bicarbonate, and glucose. Cell culture 

procedures are explained in more detail later. 

Neuronal networks are grown on Multi-Micro Electrode Plates (MMEPs) that are fabricated by 

CNNS and contain MEAs capable of picking up neuronal signals. A typical array consists of 64 

microelectrodes spaced over 1 mm2. The indium-tin-oxide conductors are 10 pm wide and the electrode 

spacing is 40 pm with 20 pm between rows. 

2. OBJECTIVE & SPECIFIC AIMS 

Explore the technical problems and variables associated with assessing the total number of 

neurons in a network from cell seeding concentrations and measurements of network area. 

SA 1. Determine accuracy of surface preparation by measuring the diameter of the adhesion site 

created by surface flaming through masks and make recommendations for improvement of the method. 

SA 2. Use neurofilament and Nissl stains to determine the percentage of surviving neurons as a 

function of seeding concentration. 



3. METHODS 

3.1 Sterile Procedure 

Since experiments can be easily contaminated due to the growth medium used, it is important to 

wear sterile sleeves and gloves sprayed with 70% ethanol, as well as a face mask and hair net at all 

times when working with neuronal cultures. Gloves and sleeves are sprayed with ethanol often during the 

course of surface preparation and seeding. All procedures are done under a sterile laminar flow hood to 

prevent bacterial and fungal contaminations of cultures. A clean room, which also contains incubators for 

the growth of prepared cultures, is used for dissection, seeding and feeding of neuronal cultures. Care 

should be taken with neuronal cultures as they are susceptible to damage during movement of media or 

fluctuations in media pH or osmolarity. Any instrument or object that is to be used under the hood should 

be autoclaved and/or sprayed down with ethanol before placing under the hood. All MMEPs, coverslips, 

flaming masks and greased gaskets are autoclaved prior to beginning the surface preparation process. 

Figure 4. Surface preparations in progress 

3.2 Surface Preparation and Properties of Adhesion Islands 

Cells do not naturally adhere to the surface of the MMEP's insulation because this substance is 

hydrophobic. Therefore certain processes and substances must be applied to allow the cells to adhere 

and grow (Lucas et. al., 1986). Surface activation of the normally hydrophobic methyldimethoxysilane 

resin is achieved by flaming with a butane torch (Bernz-O-Matic® Micro Torch). The MMEPs and also 



coverslips must be flamed with a torch to increase the hydrophilicity of their surface. To ensure that cells 

can stick only on top of the recording matrix of MMEPs, a flaming mask is used that only allows the area 

of the matrix and a small amount of surrounding area to be activated. This is known as an adhesion 

island. Once mask is in place, a microscope is used to ensure that the matrix (or matrices for MMEP 5) is 

centered in the open hole(s), then the hole is flamed with the butane torch twice, for less than a second 

each, waiting a few seconds between flamings for condensation area to disappear. Masks are not usually 

used on coverslips, which are simply flamed twice in the same way. However, for the purposes of my 

experiment a mask will be used on the coverslips to allow for a more representative area of neuronal 

growth so that my results will closely resemble the neuronal density of the MMEPs that are cultured in the 

Center for Network Neuroscience lab for use in electrophysiological experiments. 

Figure 5. Coverslip used in these experiments Figure 6. Flaming of coverslip with mask 

Poly-D-lysine (PDL) or Poly-L-lysine (PLL) and laminin are used to coat the polysiloxane 

insulation of the MMEPs and the glass surface of coverslips to increase the adhesion of the cells. PDL is 

a polymer of the amino acid lysine. It has been documented to work better than PLL for cell culture 

because the D-isomer of amino acids is not found in nature and therefore the enzymes secreted from the 

neuronal cultures cannot degrade the PDL (Banker et. al., 1998). However, the CNNS was forced to 

switch to PLL due to backorder at the supply companies, and the effect of this change on the cell growth 

and adhesion has yet to be evaluated. The purpose of PDL or PLL in surface preparation is to provide a 

surface for the attachment of laminin. Coating with laminin enhances the adhesion of most types of 

neurons and glia and provides a marked stimulation of process formation (Banker et. al., 1998). After 

MMEPs and coverslips are flamed, 0.1% solution of PLL is added in 40 |JL drops directly on top of each 



matrix or on the center of the coverslips using a micropipetter. The matrix must be completely covered 

with PLL. Gaskets are applied to MMEPs using forceps and care to make sure the grease does not touch 

anywhere near the matrix. PLLed MMEPs and coverslips are allowed to dry under hood with lids open or 

in an incubator with the lids closed overnight. 

Figure 7. PLL being added to coverslip Figure 8. PLL being added to pre-gasketed 
MMEP 

The next day Laminin is added on top of PLLed matrices. Laminin comes from the 

pharmaceutical company in a solution with the concentration 1mg/2mL. To prepare the Laminin for use, 

80 |JL Laminin solution is mixed with 2 mL ultrapure water. 60 pL of this laminin/H20 solution is applied to 

each MMEP directly on top of PLL. Two to three times this amount is used for whole-flamed coverslips. 

Surface-prepped MMEPs are placed in an incubator for at least 45 minutes prior to seeding but no more 

than 12 hours. 

3.3 Cell Culture 

The Center for Network Neuroscience's neuronal cultures are prepared from embryonic mice. 

CNNS has always insisted on networks consisting of a proper mixture of neuronal and glia cell types 

representative of the parent tissue from which they are isolated. Glia perform important functions in 

developing neural tissue which includes synaptogenesis and maintenance of synaptic functions (Lucas et. 

al., 1986). Cell lines cannot be used for this purpose. Therefore, embryonic tissue was chosen because 

neurons are much less susceptible to structural damage during dissociation if prepared while their somata 

are still small and before they have developed extensive axonal and dendritic arbors with a stable 



cytoskeleton (Banker et. al., 1998). At this early stage neurons are also less dependent on their target 

cells for trophic support (Banker et. al., 1998). It is imperative that tissues and cells be maintained in an 

osmotically balanced solution at physiological pH. A balanced salt solution consists of a simple mixture of 

salts, including Na+, K+, Mg++, Ca++, CI", P04" and HC03" at concentrations approximating those of 

extracellular fluid, together with glucose (Banker et. al., 1998). The dissections performed at the CNNS 

are done in D1SGH solution. This solution is a combination of physiological saline, glucose, and HEPES 

buffer. HEPES is used as a buffer in place of sodium bicarbonate because the tissues must be held in air 

for an extended period of time. The sugars are sucrose and glucose. Sucrose contributes to the osmotic 

balance of the cells, and the glucose maintains the cellular metabolism until the tissue is transferred to 

growth medium. Physiological osmolarity is 320 milliosmoles/kg, as is the osmolarity of this solution. 

A schematic of the general cell culture dissection methodology is shown in Figure 9. The tissue 

must be obtained aseptically, so the dissection is performed in a sterile laminar flow hood. The tissue is 

kept moist at all stages in D1SGH at room temperature. Once dissected, the tissue obtained must be 

dissociated to give rise to a suspension of single cells. This becomes more difficult as the number of 

synapses increases and the cell-cell associations strengthen, which is why it is optimal to use embryonic 

mice. Balanced salt solutions without magnesium and calcium are often used to collect and dissociate 

tissue because the dissociation is facilitated by removal of divalent cations which are required for some 

classes of cell-cell adhesion (Banker et. al., 1998). Protease treatment can also remove externally 

exposed cell surface proteins and proteins of the extracellular matrix without significant damage to the 

cell (Banker et. al., 1998). Since the activity of any enzyme is dependent not only on the concentration of 

the enzyme, but also on the temperature and pH of the enzyme solution, it is imperative that these 

conditions be tightly controlled to produce optimum results. 

The CNNS protocol for digestion time of frontal cortex neurons is 10 minutes. Once dissected, the 

tissue to be dissociated is minced with a scalpel and is incubated in a solution of one part of the non-

specific protease papain in 14 parts D1SGH at 37°C and 10% C02for 5 minutes and at 22°C for five 

minutes. After centrifugation with serum containing medium to pellet the cells, the protease activity is 

stopped by rinsing the tissue. It is important to carefully control the pH during this enzyme treatment 

because some enzymes have a narrow pH optima. If substantial cell lysis occurs, the released strands of 



DNA can form a sticky, viscous mass that interferes with dissociation (Banker et. al., 1998). To overcome 

this problem, most protocols include DNAse in the dissociation step to hydrolyze released DNA. The 

CNNS protocol is to then triturate the pellet in 5mL DMEM 5/5 + DNAse to reduce the amount of free 

DNA present and prevent this clumping. (DMEM 5/5 is the medium that frontal cortex cells are seeded in 

and the medium that they are fed the first day after seeding. It consists of DMEM 5 plus 5 % fetal bovine 

serum and 5% horse serum.) Afterwards, the cells are counted using a hemacytometer and seeded on 

MMEPs or coverslips. 100 gl_ of the cell culture solution, which is at a final concentration of 110,000 

cells/mL, is seeded on each coverslip or MMEP (UNT: CNNS). Cultured cells are then allowed to grow in 

an incubator with regular feedings. It is optimal to allow cultures to reach at least 3 weeks of age before 

use in any experiments. 
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Figure 9. Frontal cortex cell culture dissection schematic (UNT CNNS) 
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3.4 Histological Procedures 

Neurofilament Stain Fixation: 

Prior to staining, the cultures were fixed in 4% Formaldehyde made with ultrapure (UP) H20 

throughout this portion of the study. Formaldehyde was dribbled directly into the medium a few drops at a 

time and the culture was swirled to mix the formaldehyde into the media. After 2 minutes, the medium 

was switched out completely with the 4% formaldehyde which was left on the culture for 10 minutes. 

Neurofilament Antibody Stain 

This stain is a two-day process so these directions are broken up into Day 1 and Day 2. Complete 

instructions for creating the solutions mentioned in this stain are contained in the appendix. A Vectastain 

Rabbit IgG ABC Kit [PK-6101] and a DAB peroxidase substrate kit [SK-4100] from Vector Laboratories 

are used for this stain (see appendix). 

Day 1 

After fixing, the coverslip is washed with 1X Phosphate Buffered Saline (PBS) 3 times for 10 

minutes each. (See appendix for instructions on how to make PBS.) The Petri dish containing the 

coverslip is left on a rotary mixing platform for the rest of this process to ensure the entire coverslip is 

coated with the solutions. 

After the washes, a PBS-H202 solution at a concentration of 2 PBS:1 H202 is placed in the Petri 

dish containing the coverslip and left for 30 minutes. Then another wash with 1X PBS is performed, 3 

times for 10 minutes each. Per the protocol in the appendix, a 5 ml. Phosphate Buffered Saline Triton X-

100-Goat Serum (PBST-GS) solution is prepared. Next the coverslip is incubated in 3 mL PBST-GS for 

30 to 60 minutes. After this step, there will still be 2 mL of PBST-GS left. Add 8 mL of PBST to the large 

yellow bottle (from the ABC kit) that contains the remaining 2 mL of leftover PBST-GS. This gives a total 

of 10 mL diluted PBST-GS. Next, three 2 pL aliquot bottles of NF antibody are removed from the freezer 

and mixed with 2400 pL (2.4 mL) of the diluted PBST-GS. Aliquot bottles are vortexed with some of this 

PBST-GS to ensure antibody actually left the aliquots. Antibody solution is then poured into the Petri dish 

containing the coverslip and incubated overnight on the rotary mixing platform. 
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Day 2 

Antibody solution is removed from the Petri dish and the coverslip is washed in 1X PBS 3 times 

for 10 minutes each. While performing the washes, the secondary antibody solution is prepared for 

immediate use. (See appendix for directions). The secondary antibody solution is then placed in the Petri 

dish containing the coverslip for 30 minutes on the rotary mixing platform. While this is incubating, the 

ABC reagent is prepared because it needs to be made at least 30 minutes prior to use. (See appendix for 

directions.) After incubation period in secondary antibody solution, coverslip is again washed in 1X PBS 3 

times for 10 minutes each. Next coverslip is incubated in the ABC Reagent for 45 minutes-1hour. After 

incubation period in ABC Reagent, coverslip is washed in 1X PBS 3 times for 10 minutes each. The DAB 

solution is made according to the instructions in the kit (also in appendix) and placed on the coverslip. 

The coverslip is observed closely for staining between 1 to 10 minutes. Once desired staining is reached, 

the coverslip is washed one last time in 1X PBS 3 times for 10 minutes each. Next, it is mounted cell side 

down on a microscope slide with Aquamount. The coverslip is not allowed to dry prior to mounting. Once 

mounted, it is allowed to dry completely. 

Nissl Stain Fixation: 

Prior to staining, the cultures were fixed in 4% Formaldehyde or 4% Glutaraldehyde made with 

7.34 pH PBS throughout this part of the study. Initial fixation trials are summarized in the discussion to 

explain how this solution was arrived upon. The feed medium was switched out directly with 

Glutaraldehyde solution which was dribbled across the top of a coverslip until it was completely 

submerged in fixative. Every culture was left in fixative for at least 10 minutes. 

Nissl Staining: 

The stain is made from 0.75 g of Thionin in 100 mL de-ionized H20 to give a 0.75% solution. 

Directly before performing stain an acid wash solution is made with 1 mL acetic acid (glacial) in 300 mL dl 

H20. Solutions are placed in size appropriate jars for the sample to be stained before beginning. 

Before staining a live culture, the cells must be fixed in position using Formaldehyde or 

Glutaraldehyde. Fixation in this experiment was done as mentioned above. After the cells were properly 

fixed, the culture was immersed in Thionin solution until desired staining was reached, about 5-8 minutes. 

The culture was then dipped in glacial acetic acid solution until desired stain contrast was reached. Then 

12 



the culture was rinsed off with 1X PBS and mounted upside down on a microscope slide (with neurons 

facing microscope slide) with 1 drop of aqueous mounting solution. Once cells were stained properly, they 

could be counted. 

3.5 Determination of Neuronal and Glial Counts 

A neuron to glial cell count was performed on a neurofilament antibody stained culture on a 

coverslip. Ten different fields were sampled that contained distinguishable neurons that did not exhibit 

excessive clumping which would have impeded accurate counts. These sample areas were near the 

center of the cell network, as well. All cells not known to be neurons by neurofilament staining (goldish-

brown color) were counted as glia. Also, a neurofilament stained MMEP was counted by using fields that, 

when summed, provided views of the entire matrix and one field of view directly adjacent to the matrix on 

all sides. Since glia were impossible to see in this stain, only neurons were counted in each field. 

In order to count cells, Nissl or neurofilament stained culture mounted slides were placed under 

microscope. Neurons were counted on a television screen that is connected to a microscope. The slide 

was moved in screen-wide increments using stage adjustment knob and the number of neurons, cells that 

might be neurons, and other cells in view after each screen movement was documented in its respective 

field. These numbers were added in their respective column after counting cells in 10 representative 

fields. The area of a screen was calculated from a pre-determined calibration number on the TV screen 

found by placing a calibration slide under the microscope and marking distances on the TV screen. The 

TV screen was measured to be 286 mm X 212 mm. For a microscope setting of 10 X objective and 

Optivar at 1.25, 6 mm on the screen was equivalent to 10 pm on the slide. Therefore it was calculated 

that the view on the screen was equivalent to 477pm X 353 pm, respectively, by dividing the distance in 

mm by it's 10 pm equivalent of 6 mm and then multiplying by 10 pm. Similarly, for a microscope setting of 

10 X objective and Optivar at 2.00, 10 mm on the screen was equivalent to 10 pm on the slide. Therefore 

it was calculated that the view on the screen was equivalent to 286 pm X 212 pm, respectively, by 

dividing the distance in mm by its 10 pm equivalent of 10 mm and then multiplying by 10 pm. See Fig. 10 

for clarification. 
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TV screen 

286 mm 
(477 |jm) 

212 mm 
(353 |jm) 

X 10 Obj. & Optivar 1.25: 

T.V. screen = Microscope 
6mm = 10 (jm 

286 mm/6 mm = 47.7 units of 10|jm 

212 mm/6 mm = 35.3 units of 10 |jm 

47.7 x 10 (jm = 477 |jm 

35.3 x 10 |jm = 353 (jm 

Area of TV screen = 11 in X 8 in 

Figure 10. Calculations of screen view equivalent to microscope view 

14 



4. RESULTS: 

4.1 Surface Preparation and Repeatability of Adhesion Island Size 

MMEP# Seeding 
Date 

Adhesion 
island 

Dimensions 
(mm) 

Area of 
Ellipse 
(mm2) 

Equivalent 
diameter of 

circle 

4A1028CT 2/16/07 8 x 7 44.0 7.5 
5A1050 03/02/07 7 N/A 7 

5A318CRP 02/16/07 8 x 7 44.0 7.5 
Y843 02/23/07 8 x 7 44.0 7.5 
5B223 02/23/07 7 x 6 33.0 6.5 

4A1056 03/02/07 8 N/A 8 
4A1268 02/23/07 8 x 7 44.0 7.5 
4A1044 02/23/07 8 N/A 8 
4A1156 02/23/07 8 x 7 44.0 7.5 
4A1267 03/21/07 8 x 7 44.0 7.5 
5B232 02/16/07 7 x 6 33.0 6.5 
5B146 02/23/07 8 x 7 44.0 7.5 

4A1104 03/21/07 8 x 7 44.0 7.5 
4A1107 03/02/07 8 x 7 44.0 7.5 
Y3C745 03/21/07 8 x 7 44.0 7.5 

Table 1. Adhesion Island Dimensions (mm) 

MMEPs that had already been used in electrophysiological experiments by other researchers 

were obtained once the researcher was finished to document adhesion island size. Once the MMEP and 

culture were dried out, the network was visible with the human eye as a circle of cell debris on the MMEP. 

A ruler was used to measure the adhesion island left both horizontally and vertically through the center of 

the adhesion island. Table 1 shows the results of those measurements in millimeters. 
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4.2 Cell Counts Using Neurofilament Antibody Stain: 

Cultures stained properly with neurofilament stain will result with the neurons and neurofilaments 

a golden brown color once stained (see Figure 11). On the microscope, the Optivar allows for different 

magnifications of an area being observed. The 1.25 Optivar allows for greater area to be seen, but it is 

less magnified, whereas the 2.00 Optivar allows for greater magnification of a smaller area viewed. In 

some cases where more neurons were seen under 2.00 Optivar magnification of the same sample seen 

under 1.25 Optivar, it is simply because their identification was improved upon by the magnification, not 

that they were not present during viewing under the 1.25 Optivar. The data is normalized to average 

cells/mm2 to enable comparison between the two microscope settings. 

Figure 11. Neuron under neurofilament antibody stain 
prepared by Lynn Gargan, cell culture 
technician for CNNS in 1996 
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NF 002: N= Neurons 
G= Glia 

R= Ratio of G:N 

10 X Obj 
1.25 Optivar 

10 X Obj 
2.00 Optivar 

Field 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
AVG 

SD 
Avg. 

cells/mm2 

N G R 

11 50 4.55 
7 109 15.6 

13 24 1.85 
11 211 19.2 
6 188 31.3 

20 158 7.9 
12 204 17 
13 245 18.8 
28 165 5.89 
20 74 3.7 

14.1 142.8 12.6 
6.7 74.7 9.4 

84 850 10 

Field 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 

AVG 

SD 
Avg. 

cells/mm 

N G R 

10 46 4.6 
7 89 12.7 

13 54 4.15 
11 93 8.45 
6 78 13 

23 78 3.39 
12 146 12.16 
12 136 11.33 
28 68 2.43 
12 31 2.58 

13.4 82 7.48 
6.87 37 4.48 

220 1343 6 

Table 2. NF 002; Optivar 1.25 Table 3. NF 002; Optivar 2.00 

Tables 2 and 3 show 10 fields examined from the same stained culture which were obtained from 

random areas with distinguishable neurons. Its seeding concentration was at 110,000 cells/mL and a 

100pL volume was used on the coverslip. This implies that 11,000 cells (neurons and glia) were seeded. 

No antimitotics were used in the preparation of this culture. It contained frontal cortex cells and was 

seeded on 2/9/06 and fixed on 2/15/06. Since the culture was only 6 days old it is not certain that all 

neurons had expressed neurofilaments by day 6. All cells not known to be neurons as determined by NF 

staining were counted as glia. When performed correctly, a neurofilament stain will show neurons with a 

brownish gold color. This stain as well as the morphology of the cells was used to determine if a cell was 

neuronal or glial. However, there are always areas of weak staining, which make determinations difficult. 

The data is normalized to account for the difference in area seen under 2.0 Optivar. The difference in 

average counts results from better identification of cells at the higher magnification. 
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The remaining neurofilament stained cultures counted in this study were prepared by Lynn 

Gargan, cell culture technician for CNNS in 1996. At that time, CNNS treated all cultures with the 

antimitotic substance fluorodeoxyuridine, which inhibits glial proliferation. So even though it is possible to 

count the glial cells in these cultures, the counts will not represent glial proliferation numbers in networks 

cultured after 2005. 

NF MMEP (Gargan): 
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Figure 12. Enlarged mosaic pf NF stained MMEP prepared by Lynn Gargan, cell culture 
technician for CNNS in 1996. Microscope fields printed in black and white, 
therefore stain colors are not visible 
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N= Neurons 
G= Glia 

U= Unknown 
R= Ratio of G:N 

10 X Objective 
1.25 Optivar 

Table 4. MMEP Neurofilament 
stain; 1.25 Optivar 

10 X Objective 
2.00 Optivar 

Field N G U R Field N G U R 

1 10 16 0 1.6 1 6 8 0 1.3 

2 9 11 1 1.2 2 4 9 0 2.3 

3 5 18 0 3.6 3 0 12 0 0 

4 13 14 1 1.1 4 8 5 1 0.6 

5 6 14 0 2.3 5 6 9 1 1.5 

6 1 12 1 12 6 0 7 1 0 

7 6 30 2 5 7 5 16 0 3.2 

8 12 12 2 1 8 4 7 0 1.8 

9 7 31 1 4.4 9 3 22 1 7.3 

10 9 16 1 1.8 10 6 4 0 0.7 

11 2 15 2 7.5 11 1 6 2 6 

12 4 3 0 0.8 12 3 2 0 0.7 

13 5 14 1 2.8 13 0 8 0 0 

14 6 10 1 1.7 14 4 6 0 1.5 

15 7 7 0 1 15 6 5 0 0.8 

16 5 14 5 2.8 16 3 9 5 3 

17 13 0 0 0 17 3 3 0 1 

18 16 4 3 0.3 18 10 4 2 0.4 

19 4 15 1 3.8 19 1 17 1 17 

20 3 13 2 4.3 20 3 8 1 2.7 

AVG 7.15 13.5 1.2 2.9 AVG 3.8 8.4 0.75 2.6 

SD 4 7.49 1.24 2.8 SD 2.71 5 1.21 3.9 
Avg 

cells/mm 43 80 7 1.9 
Avg 

cells/mm 62.3 137.7 12.3 2.2 

Table 5. MMEP Neurofilament 
stain; 2.00 Optivar 

For this culture the area on top of and directly adjacent to the matrix of the MMEP was counted 

(Fig 11). Since this stain was pulled from stock that was previously stained by Lynn Gargan, seeding 

density or age of culture cannot be determined due to the inability to find the records. Tables 4 and 5 

show the numbers of neurons and glial cells counted in each field. Twenty different fields were sampled 

so that the entire area surrounding the recording matrix was sampled. If it was unclear whether a cell was 

a neuron or glial cell, it was recorded as unknown. The last column in both tables is the glia to neuron 

ratio per field. The same fields were read under both 1.25 and 2.00 Optivar settings so that each 
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numbered field corresponds to the same place on the slide. However, the 2.00 Optivar setting magnifies a 

smaller area in the same field as the 1.25 Optivar. In order to compare, the data was normalized to count 

the numbers of each type of cell/mm2. 

NF Gargan 2: 

This network was composed of frontal cortex cells that were cultured on a slide coverslip on 

3/11/96. Since it was done in 1996, fdU was most likely used in culturing, however this data was not 

retrievable. This culture was fixed on 04/20/96 by Lynn Gargan. Therefore it was 40 days old (almost 6 

weeks) upon fixation in 1996. 

N= Neurons 
G= Glia 

R= Ratio of G:N 

Field 

1 

2 

3 

4 

5 

6 
7 

8 
9 

10 
AVG 

SD 
Avg. 

cells/mm2 

10 X Obj 
1.25 Optivar 

N G R 

1 11 11 
1 25 25 

1 36 36 

2 32 16 

1 29 29 

1 29 29 

2 43 21.5 
2 38 19 

1 35 35 

1 35 35 

1.3 31.3 25.7 
0.48 8.78 8.7 

7.7 186 24.2 

Field 

1 

2 

3 

4 

5 

6 
7 

8 

9 

10 

AVG 

SD 
Avg. 

cells/mm 

10 X Obj 
2.00 Optivar 

N G R 

1 11 11 

1 6 6 

1 21 21 

1 13 13 

1 16 16 

1 10 10 

1 13 13 

1 14 14 

1 6 6 

1 18 18 

1 12.8 12.8 

0 4.83 4.8 

16.4 210 12.8 

Table 6. Gargan 2 NF stain; 
1.25 Optivar 

Table 7. Gargan 2 NF stain; 
2.00 Optivar 
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4.3 Cell Counts Using Nissl Stain: 

In the Nissl stains, glial cells were not visible at all. Therefore, strictly neuronal cell counts were 

done using this method. 

Nissl Stain 13: 

N= Neurons 
10X 

Objective 
1.25 

Optivar 

10X 
Objective 

2.00 
Optivar 

Field N Field N 
1 67 1 30 
2 56 2 32 
3 25 3 11 
4 43 4 31 
5 45 5 28 
6 32 6 16 
7 33 7 26 
8 36 8 30 
9 32 9 19 

10 32 10 15 

AVG 40.1 AVG 23.8 
SD 12.9 SD 7.8 

Avg. 
cells/mm 239 

Avg. 
cells/mm 390 

Table 8. Nissl Stain 
13; 1.25 Optivar 

Table 9. Nissl Stain 
13; 2.00 Optivar 

It was a challenge to see neurons in this culture because the stain seemed to be fading or 

dissolving in the mounting medium after mounting the coverslip, which made it difficult to determine which 

cells were actually stained. Glial cells were not visible at all. Ten random fields were sampled. The same 

fields were used to observe under the 1.25 Optivar as the 2.0 Optivar. However, the 2.0 Optivar shows a 

smaller part of the field, but it is magnified so determinations were easier. 

This culture had a seeding concentration of 110,000 cells/mL and was applied in a volume of 100 

(jL. The network was composed of frontal cortex cells and it was cultured on 01/19/07 and fixed on 

02/22/07 making the culture 34 days old (about 5 weeks). 
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Nissl Stain 14: 

Field 
1 

2 
3 
4 
5 
6 
7 
8 
9 

10 

AVG 

SD 
Avg. 

cells/mm 

N= Neurons 

10X 
Objective 

1.25 
Optivar 

N 

19 
45 
33 
48 
21 

65 
35 
47 
19 
23 

35.5 
15.5 

211 

Field 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

AVG 

SD 
Avg. 

cells/mm2 

10X 
Objective 

2.00 
Optivar 

N 

32 
14 
26 
14 
51 
10 

37 
15 
20 

22.8 
13.6 

374 

Table 10. Nissl stain 
14; 1.25 Optivar 

Table 11. Nissl stain 
14; 2.00 Optivar 

In this culture the cells appeared slightly clumpy prior to staining which was probably due to 

insufficient trituration before seeding. Stain was stronger on this culture than on NSL 13 even though they 

were prepared at the same time probably because it was read first and had had less time to sit in the 

mounting medium. Figure 13 shows pictures of this culture stained. 

This culture had a seeding concentration of 110,000 cells/mL and was applied in a volume of 100 

|jL. It was composed of frontal cortex cells that were cultured on 01/19/07 and fixed on 02/22/07 making 

the culture 34 days (about 5 weeks). 
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Figure 13. NSL 14; Top: Nissl stained culture viewed 
under 10X objective Phase 1. Bottom: Same field in 
culture viewed under 10X Objective, Brightfield to 
illuminate the stained cells from the rest of the cells in 
the culture. Obviously some neurons stained better than 
others. Purple stained cells were counted as neurons. 
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Nissl Stain 15: 

N= Neurons 

Field 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
AVG 

SD 
AVg. 

cells/mm 

10X 
Objective 

1.25 
Optivar 

N 

43 
20 
26 

12 
22 
17 
34 
16 
12 

21 
10.8 

125 

Field 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
AVG 

SD 
Avg. 

cells/mm2 

10X 
Objective 

2.00 
Optivar 

Table 12. Nissl 
stain 15; 1.25 
Optivar 

N 

20 

14 
12 
20 
11 
12 

11.6 
5.2 

190 
able 13. Nissl 

stain 15; 2.00 
Optivar 

This culture also appeared slightly clumpy prior to staining, most likely due to insufficient 

trituration before seeding. The culture appeared normal during fixation. The neurons were counted 

directly after staining but before the stained culture was mounted to eliminate the problem of the stain 

dissolving in the mounting medium. Figure 14 shows this culture stained. 

This culture had a seeding concentration of 110,000 cells/mL and was applied in a volume of 100 

pL. It was composed of frontal cortex cells that were cultured on 02/02/07 and fixed on 04/09/07 making 

the culture 66 days old (about 9 weeks). 
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Figure 14. NSL 15; Top: Nissl stained culture viewed 
under 10X objective Phase 1. Bottom: Same field in 
culture viewed under 10X Objective, Brightfield to 
illuminate the stained cells from the rest of the cells in the 
culture. Purple stained cells were counted as neurons 
(shown with arrows). 
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4.4 Data Summary Tables: 

Table 
No. 

Type of 
substrate Antimitotics Type of 

Stain 

Seeding 
Concentration 

(cells/mL) 
Age of Culture 

Avg. neuronal 
cell count/mm2 Table 

No. 
Type of 

substrate Antimitotics Type of 
Stain 

Seeding 
Concentration 

(cells/mL) 
Age of Culture 

X 125 X 200 
2 & 3 coverslip none NF 110,000 1 week 84 220 
4 & 5 MMEP fdU NF unknown unknown 43 62.3 
6 & 7 coverslip fdll NF unknown 6 weeks 7.7 16.4 
8 & 9 coverslip none NSL 110,000 5 weeks 239 390 

10& 11 coverslip none NSL 110,000 5 weeks 211 374 
12& 13 coverslip none NSL 110,000 9 weeks 125 190 

Table 14. Neuronal count data summary from all data tables. 

Table 
No. 

Type of 
substrate Antimitotics Type of 

Stain 

Seeding 
Concentration 

(cells/mL) 
Age of Culture 

Avg. glia cell 
count/mm2 Table 

No. 
Type of 

substrate Antimitotics Type of 
Stain 

Seeding 
Concentration 

(cells/mL) 
Age of Culture 

X 125 X 200 
2 & 3 coverslip none NF 110,000 1 week 850 1343 
4 & 5 MMEP fdU NF unknown unknown 80 137.7 
68.7 coverslip fdU NF unknown 6 weeks 186 „ 210 

Table 15. Glia count data summary from all neurofilament stain data tables. (Glia cells 
could not be counted from Nissl stained cultures.) 

Table 
No. 

Type of 
substrate Antimitotics Type of 

Stain 

Seeding 
Concentration 

(cells/mL) 

Age of 
Culture 

Avg. glia:neuron 
ratio for 

count/mm2 
Table 
No. 

Type of 
substrate Antimitotics Type of 

Stain 

Seeding 
Concentration 

(cells/mL) 

Age of 
Culture 

X 125 X 200 
2 & 3 coverslip none NF 110,000 1 week 10 6 
4 & 5 MMEP fdU NF unknown unknown 1.9 2.2 
6 & 7 coverslip fdU NF unknown 6 weeks 24.2 12.8 

Table 16. Glia:neuron ratio count data summary from all neurofilament stain data 
tables. (Glia cells could not be counted from Nissl stained cultures.) 
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5. DISCUSSION 

Surface Prep Problems: 

During surface prep and cell culture using PDL, a crystalline ring began appearing around matrices. 

(See Figs. 15a-c below) Once the lab switched to PLL, this ring did not appear. It is possible that the 

company the PDL was purchased from had mixed the PDL in too strong a concentration, which caused 

the formation of the crystalline rings on drying. We also changed our method of drying the PLL by putting 

the Petri dishes in an incubator overnight so that the PLL did not dry too quickly, which might also have 

been a cause of the crystalline ring formation. Since we have been following this procedure, no crystalline 

rings have formed. 

Figure 15b. Crystalline ring around matrix 

Figure 15a. Crystalline ring on matrix 

Figure 15c. Crystalline ring around matrix 
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Fixation Trials: 

Prior to staining there were some problems during fixation of the cells. Therefore a few trials were 

performed to find the best way to fix the cultures in order to maintain cell structures in their natural state. 

All trials were done on frontal cortex cultures that were at least 3 weeks old. Typically a 4% formaldehyde 

solution is made using UP H20 so this is where the trials started. The formaldehyde was slowly mixed 

with the feed medium by swirling and then completely switched out and allowed to sit for 10 minutes. With 

the 4% formaldehyde solution significant destruction of cells and processes were seen. The next trial was 

done using 2% Formaldehyde made with Ultrapure H20 dripped slowly in with medium, and then 

gradually switched from medium to complete Formaldehyde. The culture sat in Formaldehyde for 10 

minutes and was then rinsed with PBS. Upon completion the cells were destroyed. In the third trial the 

medium was directly replaced with 2% Formaldehyde made with Ultrapure H20 for 10 minutes, and then 

rinsed with PBS. The cells showed swelling which suggested that they were not being fixed quickly 

enough. Therefore, in trial 4 the cells were fixed in 4% Formaldehyde made with 1X PBS at pH 7.34 to 

speed up the rate of fixation as well as keep the solution isotonic. This appeared to work well, so this 

method of fixation was used throughout the experiment. When glutaraldehyde was used, due to 

formaldehyde being out-of-stock, the same final chosen concentration and method were used. 

General Staining Problems: 

In doing any type of stain, there are always cells that non-specifically pick up the stain, which 

makes it difficult to determine the difference between the cells you are looking for and those that you do 

not want to see. Background staining is also a problem in any type of staining. It can be difficult to wash 

out the proper amount of stain without washing so much that you cannot even determine the cells that are 

supposed to retain the stain. 

Nissl Staining Problems: 

After staining, the cell contrast looked strong, but after mounting, some of this stain seemed to 

dissolve in the mounting medium, creating slight contrast problems in certain areas. The stains looked 

significantly better prior to mounting. Therefore, a few cultures were counted after staining but before they 

were mounted so the proper contrast could be seen. These cultures were left in 1X PBS while they were 

being counted to prevent them from drying out. 
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Neurofilament Staining Problems: 

Attempts at staining resulted in background staining, which made it difficult to determine a neuron 

from a glia. Staining kits might have been too old to work properly. Therefore, to collect data, one 

personal neurofilament stain was used and the rest were prepared neurofilament stains from a previous 

lab researcher. This presents a problem in finding exact data on the seeding density at the time these 

cells were cultured, but estimations can be made. 

Neuron Counting Problems: 

Some of the difficulties encountered during attempts to count neurons and glia cells in stained 

cultures included the following: 1) glial cells were practically impossible to see in certain cultures, 2) all 

cells stained so it was difficult to tell the difference in a neuron and a glia, 3) cell density was so high on 

some cultures that it was difficult to see individual neurons due to cell clumping. 

Adhesion Island Problems: 

As is revealed by the data collected in Table 1, adhesion island size varies slightly. Though it 

appears that recently the average area of adhesion islands has been about 33 to 44 mm2, some of the 

older cultures were known to have adhesion island areas as small as 7.1 mm2. This may be due to the 

fact that different people prepared the MMEPs for culture. Even though the protocol remained the same, 

humans are prone to error and a slightly different method of preparation could account for the differences 

seen in adhesion island size. Also, a different flaming mask could have been used in the past to prepare 

MMEPs for culture. Most of the adhesion islands appear to be 8 X 7 ellipses using the current flaming 

mask and methodology, so the current method appears relatively reliable if this is the adhesion island 

size that is desired. 

Data interpretation: 

It is evident from the neurofilament stain's average cells/mm2 that both Gargan cultures were 

treated with an antimitotic substance because the number of glia cells in these cultures was significantly 

less than in the more recent culture that was used for a neurofilament stain (NF 002). It is estimated that 

antimitotic substances, when used in neuronal cultures, cause a glia to neuron ratio of 2 to 1, instead of 

the normal estimated 10 to 1 ratio. It is interesting to note that the average ratio of glia to neurons in Table 

2, from the NF 002 stain, is 10 to 1, which follows the normal estimated ratio of cultures not treated with 
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antimitotics as this one was not. Under the stronger magnification (Table 3) this ratio goes down to 6 to 1, 

but it is still relatively close to the norm. 

Under the 2.0 Optivar, the average number of neurons/mm2 using the three closest results from 

the cultures not treated with antimitotics was 328 neurons ± 76.6. Using this average, an approximate rate 

of cell death for these cultures from week 5 to week 9, which only had 190 neurons/mm2, can be 

calculated as an average of 5 neurons lost per day. 

It is also interesting to note that in the two cultures treated with antimitotics, the average number 

of neuronal cells decreased significantly per field as well as the average number of glial cells, when 

compared to the culture not treated with antimitotics. The MMEP neurofilament stain resulted in a glia to 

neuron ratio of 2 to 1 as is typically estimated for cultures treated with antimitotics. The coverslip (NF 

Gargan 2) prepared with neurofilament stain by Gargan, showed significantly different numbers of both 

neurons and glia cells than did the other two cultures. It has a slightly high glia to neuron ratio of 24 to 1 

under the lower magnification and 13 to 1 under the higher magnification. Based on the results of this 

study, I recommend using a higher magnification when counting neurons, despite the fact thet it creates a 

smaller field of view, because it is easier to distinguish actual neurons when using the higher 

magnification therefore resulting in a more accurate count. 

The Nissl stained cultures behaved as expected, as well. Since Nissl stains 13 and 14 were 

cultured from the same batch and were the same age, it is not surprising that their neuronal counts were 

similar. Unfortunately due to the character of the Nissl stain, it was impossible to see glia cells to be able 

to determine a glia to neuron ratio. It is also not surprising, given that the Nissl 15 culture was about 4 

weeks older than the other two, that its neuronal count is about 100 cells/mm2 less than the other two 

cultures. As time goes by, neurons run their course and die in the cultures. This can be due to shock 

during medium changes, or simply a natural process. 

Of course, as in any experiment human error is probably the biggest cause of inaccuracy in 

experiments. There could have been mistakes in culturing, staining, counting, or even in data calculations 

that would be difficult to determine. Based on the results obtained in this experiment, however, it seems 

that current estimates about the typical ratio of glia to neurons in a culture are reasonable. In order to 

determine this with more certainty however, many more experiments would have to be done and much 
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more data would have to be calculated than time allows in this project. 
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7. APPENDIX 

7.1 How to make Phosphate Buffer Saline (PBS) 

10 X PBS (Stock Solution): 

1. To make 1 L 10X PBS use 1 L UP H20 
2. Place stirrer magnet inside empty 1 L flask and place on stirrer 
3. To empty flask add: 

a. 82 g NaCL 
b. 4.3 g Sodium Phosphate Monobasic 
c. 17.4 g Sodium Phosphate Dibasic 

4. Start stirrer and slowly pour UP water into flask with funnel if desired 
5. Stir until all salts have dissolved. 
6. Check pH. Must be in range 7.2-7.4. 

a. If too acidic add NaOH by the drop until reaching optimum pH. 
b. If too basic add HCI by the drop until reaching optimum pH 

1 X PBS: 

1. 10 mL 10X PBS 
2. 90 mL Distilled H20 
3. Check pH as above. (pH 7.3-7.4 optimum) 
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7.2 Neurofilament Stain Solutions 
Vector Laboratories, Inc. 
30 Ingold Road 
Burlingame, CA 94010 
www.vectorlabs.com 

0.1% Triton X-100 (phospholipids detergent) (PBST) 

1) 100 mL 1X PBS in wide mouthed beaker 
2) Add 0.1 mL Triton X-100 to PBS with micropipetter 
3) Repeatedly draw up and flush out pipette to dispense all of the viscous Triton X-100 
4) Dissolve by stirring on magnetic plate with a magnetic stirring rod 
5) Do NOT shake as you want to avoid bubbles 

0.1% Triton X-100 + 10% Normal Goat Serum (NGS) (PBST-GS) 

1) Aliquot 5 mL of PBST per culture being stained into large yellow bottle provided in 
ABC Universal Kit 

2) Add 1 drop of NGS per culture being stained from ABC Universal Kit (in small yellow 
bottle with yellow label) 

3) Gently move around to mix 
4) Some is used on cells immediately and some is saved for use with primary 

antibodies. 

Primary Antibody 

1) Using large yellow bottle containing 2 mL PBST-GS, add 8 mL PBST to obtain a total 
of 10 mL diluted PBST-GS. 

2) Use three 2 pL aliquots of NF Antibody mixing them with 2400 pL diluted PBST-GS. 

Secondary Antibody 

1) Place 7 mL PBST in Large blue bottle provided in Vectastain® kit 
2) Add 1 drop Vectastain® Anti-Rabbit IgG biotinylated antibody (little blue bottle) to the 

PBST in large blue bottle 

ABC Reagent 

1) Using 2500 pL 1X PBS in the large gray bottle provided in the ABC kit, add 1 drop of 
little gray bottle A and 1 drop of little gray bottle B 

2) Vortex this solution 

DAB Substrate Kit for Peroxidase 

1) Prepare immediately before use. All solutions mentioned are provided in kit. 
2) To 5 mL of distilled water, add 2 drops of Buffer Stock Solution and mix well. 
3) Add 4 drops of DAB Stock Solution and mix well 
4) Add 2 drops of the Hydrogen Peroxide Solution and mix well 
5) If a gray-black stain is desired, add 2 drops of the Nickel Solution and mix well. 
6) Incubate tissue with the substrate at room temperature until suitable staining 
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