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Introduction 

Chemical warfare agents, especially the organophosphorus 
containing nerve agents (OPs), have toxic effects on the 
central nervous system (CNS). These often are related to 
the action of OPs on neural transmission in the cholinergic 
system. OPs are irreversible inhibitors of cholinesterase, 
the enzyme or enzymes which degrade synaptically released 
acetylcholine (ACh), thereby terminating its activity. In 
the presence of cholinesterase inhibitors such as OPs, the 
degradative enzyme is inhibited and the synaptic activity of 
ACh is prolonged greatly. Cholinergic modification of the 
visual signal through the primary visual pathway is 
supported by a continuously increasing database, including 
results from biochemical, histochemical, and physiological 
studies on visual structures. So in addition to known 
cholinergic effects on the image forming apparatus (spasms 
of accomodation and miosis), any drug which enters the CNS 
and interfers with the normal functioning of the cholinergic 
pathway therefore might be expected to alter visual 
function. 

Carbamates are currently the pretreatment drugs of choice 
for protection against possible nerve agent exposure. 
Carbamates are reversible inhibitors of cholinesterase, 
being able to protect it from nerve agent exposure by 
reversibly binding to the enzyme. The enzyme then 
spontaneously decarbamylates, making it available once again 
to degrade synaptically released ACh. The two carbamates of 
primary interest are pyridostigmine and physostigmine. 
Pyridostigmine, a quaternary carbamate, does not cross the 
blood brain barrier easily, and therefore provides 
essentially no central protection. Physostigmine, a 
tertiary carbamate, readily enters the CNS and is available 
to protect central cholinesterase. Although it has a 
demonstrated protective effect against nerve agent lethality 
and toxicity (Harris and Stitcher, 1984; Leadbeater Inns, 
and Rylands, 1985), it also has been demonstrated to have 
pronounced effects on central sensory processing (Harding, 
Wiley, and Kirby, 1983). 

The experiments described here were designed to access 
the role of pyridostigmine and physostigmine on visual 
processing. Since anticholinesterases are known to cause 
image blurring, the experiments were designed to investigate 
only neural changes and by-pass the image forming apparatus. 
The visual evoked response (VER) was selected as our 
response measure, since it represents the sum of massed 
neural events in the visual system, and should indicate any 
changes occurring in or prior to the visual cortex. 
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Methods 

Experiments were done on anesthetized and paralyzed adult 
cats. Surgical preparation and recording techniques have 
been described in detail previously (Kirby et al., 1986). 
To minimize the ocular effects of excess ACh (spasms of 
accomodation and miosis), atropine and phenylephrine 
hydrochloride were instilled into the conjunctival sacs. 
Contact lenses with 3 mm-diameter artificial pupils were 
fitted to each eye to keep the corneae moist and reduce 
optical aberrations that would normally degrade retinal 
images. One eye was focused onto a cathode ray tube on 
which vertical square wave luminance gratings were 
generated. The other eye was occluded. The gratings were 
phase alternated (light bars become dark and dark bars 
light) at 2 Hz. The number of light and dark bars per unit 
of visual angle defines the spatial frequency of the grating 
(coarse bars, 
frequency). 

low spatial frequency: fine bars, high spatial 
VERs were recorded from bone screws over visual 

and parietal cortex. Six spatial frequencies, each having 
the same mean luminance, were presented in quasirandom 
fashion under computer control. The computer also collected 
2-minute response averages (12 lo-second collection periods) 
for each spatial frequency. Because responses generate 
harmonics of their fundamental, we were able to select as 
our response measure the sum of the amplitudes of the first 
five even Fourier harmonics of the fundamental less the sum 
of the first five odd harmonics, which represent noise in 
the response. 

Once baseline VERs and blood cholinesterase assays 
(Ellman et al., 1961) were obtained, pyridostigmine or 
physostigmine was administered i.v., and additional VERs and 
cholinesterase assays recorded periodically. 
rather than i.v. 

Intraocular, 
injections of physostigmine were made in 

several animals. Following the completion of an experiment, 
samples of visual cortex were removed for cholinesterase 
assay. Since a baseline cortex cholinesterase level was not 
available for each cat, we used a previously determined 
value based upon samples from 11 normal animals. 

Results 

VER changes following the i.v. administration of 
physostigmine have been reported previously (Harding Wiley, 
and Kirby, 1983; Kirby, Harding, and Wiley, 1986). 
physostigmine to inhibit 35-55 percent of blood 

Enough 

cholinesterase resulted in a preferential loss of responses 
to low spatial frequencies. Responses to the two lowest 
spatial frequencies often were abolished completely, while 
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the responses to the highest spatial frequencies essentially 
were unchanged. To be certain that the observed effect was 
due to cholinergic hyperactivity resulting from 
cholinesterase inhibition, atropine sulfate was given. 
Atropine competes with ACh for cholinergic receptor sites, 
thus reducing the effect of excess ACh. Following atropine, 
responses usually recovered to within baseline variation. 

Figure 1 demonstrates the relative lack of effect on the 
VER to our lowest spatial frequency (0.1 cycle/deg) of 
enough i.v. pyridostigmine to inhibit blood cholinesterase 
by 73 percent. We selected and tracked the response to the 
lowest spatial frequency grating since it is always strongly 
affected following physostigmine or OP administration. The 
four different doses correspond to blood inhibition of 20, 
23, 35, and 73 percent. There is very little change in the 
VER amplitude over this range. Similar cholinesterase 
inhibition levels following physostigmine or diisopropyl 

Figure 1. VER amplitude to a low spatial frequency grating 
during multiple doses of pyridostigmine. There 
is little change in the VER even though blood 
cholinesterase inhibition reaches 73 percent. 

5 



fluorophosphate (DFP - an OP) would result in very strong 
reduction or abolition of the VER to the same grating 
(Harding Wiley, and Kirby, 1983; Harding, Kirby, and Wiley, 
1985). 

Figure 2 shows a low spatial frequency loss following 
enough i.v. pyridostigmine to inhibit blood cholinesterase by 
80 percent. The upper curve (plotted with *) is the average 
of five baseline determinations and also shows one standard 
deviation about each baseline VER. The lower curve (plotted 
with f) shows the VER change following pyridostigmine. The 
VER to the three lowest spatial frequencies is reduced, while 
the VER to the three highest spatial frequencies remains 
within baseline levels. Although not shown in the figure, 

I I 
+ 

+ 

* Base 
+ Pyridostigmine 

0)‘ I I I I I I lff I 1 
.I 1.0 

Spatial frequency (cycles/degree) 

Figure 2. Low spatial frequency loss in VER following 
enough i.v. pyridostigmine to inhibit 80 percent 
of blood chofinesterase. Bars indicate standard 
deviation from baseline measures. 



administration of 3.0 mg/kg atropine immediately returned the 
lowest spatial frequencies to within baseline conditions. 

Since pyridostigmine does not cross the blood brain 
barrier easily and Figure 2 shows a definite low spatial 
frequency loss, we wanted to determine whether our low 
spatial frequency change could be due to some type of 
peripheral change, perhaps in blood flow. In Figure 3 we 
have plotted percent change in the VER for our six different 
spatial frequencies following enough pyridostigmine to 
inhibit 85 percent of the blood cholinesterase. There is a 
clear loss at the lower spatial frequencies and an 
enhancement at the higher spatial frequencies. If the low 
spatial frequency loss resulted from a peripheral change, 

0 

g 
+ 

+ 
m 

Pyridostigmine 

Atropine sulfate 

Methyl atropine 

100 ’ I I I I I I 

.I .2 .4 .8 1.3 1.6 
Spatial frequency 

Figure 3. Loss in VER low spatial frequencies following 
pyridostigmine (blood cholinesterase reduced 85 
percent). One mg/kg methyl atropine had little 
effect on the VER while 1.0 mg/kg atropine sulfate 
increased the response at all spatial frequencies, 
indicating a central rather than peripheral 
effect. 
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methyl atropine, which does not cross the blood brain 
barrier, should reverse it. Figure 3 (+s) shows the VER 
changes following the i.v. administration of 1.0 mg/kg methyl 
atropine. There is very little difference between the VER 
following pyridostigmine alone, and that following 
pyridostigmine and methyl atropine. We then administered 1.0 
mg/kg atropine sulfate (open symbols), and the low spatial 
frequency information was increased (previously reduced by 
pyridostigmine). Although we don't understand the mechanism 
behind the enhancement of higher spatial frequency 
information following pyridostigmine, it was enhanced even 
further after atropine sulfate. Although this experiment has 
only been done on one animal, the results support the 
conclusion that pyridostigmine is in fact entering the CNS. 

Table 1 compares blood and visual cortex acetyl- and 
butyrylcholinesterase activity and VER changes following 
pyridostigmine administration in five cats. VER changes are 
denoted either as no change (NC) or low spatial frequency 
loss (LSF), and are documented at the same time as the blood 
was drawn for the cholinesterase assay. Shortly thereafter, 
the animal was sacrificed and samples of visual cortex 
removed for assay. There is a lack of consistency in 

Table 1. 

Pyridostigmine administration 
to 

Blood AChE 

Blood BuChE 

CNS AChE 

CNS BuChE 

VER 

#I 

26% 

43% 

100% 

100% 

NC 

five cats 

i4c-2 #3 #4 

38% 21% 15% 

57% 45% 15% 

70% 70% 52% 

80% 60% 20% 

LSF LSF NC 

8 

#5 

18% 

95% 

- - 

- - 

LSF 



observed changes following pyridostigmine administration in 
different animals. Compare the results presented here for 
cats 1, 2, and 4. Animal number 1 had blood cholinesterase 
activity measuring 26 percent of control, but showed no 
inhibition of cortical cholinesterase, and as might be 
predicted, no VER loss. Animal 2 showed the least 
inhibition in blood cholinesterase activity (62 percent) of 
the three, and yet the VER showed a loss of low spatial 
frequency information. Animal number 4 demonstrated the 
greatest inhibition of cholinesterase activity in both blood 
(85 percent) and visual cortex (48 percent), and yet there 
was no change in the VER. 

Since the VER represents the sum of massed neural events 
in the visual system, and it can be demonstrated that both 
physostigmine and pyridostigmine (in sufficient quantities) 
are able to reduce the VER, we wanted to obtain a better 

** 

40- 

20- 

* 
* 

O- 
* * 

I I I I I II 
$2 .I 1.0 

2 Spatial frequency (cycles/degree) 

Figure 4. Changes in the VER (average from three cats) 
following intraocular injections of physostigmine. 
Note that there is either no change or a slight 
enhancement across all spatial frequencies instead 
of the preferential low spatial frequency loss 
normally seen following i.v. administration. 
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understanding of the location of cholinergic induced VER 
changes within the visual pathway. To obtain additional 
information, we made multiple intraocular injections of 
increasing amounts of physostigmine (from 2-100 g) in three 
different cats. Average percent VER change is plotted 
against spatial frequency in Figure 4 for our six different 
spatial frequency gratings following physostigmine. As the 
figure demonstrates, there is either no change or 
enhancement in the VER at all frequencies. Changes in blood 
cholinesterase activity in these studies indicated there was 
physostigmine spill over into the systemic circulation and 
data was no longer collected from that animal. Since we 
have seen previously that the i.v. administration of either 
carbamate results in a preferential loss of low spatial 
frequency information which is quite different from the 
results obtained here following retina exposure, we must 
conclude that the retina plays a minor role in the VER 
change. 

Discussion 

These experiments were undertaken to assess the effect of 
the carbamates pyridostigmine and physostigmine on visual 
processing, thereby estimating their usefulness as potential 
pretreatment compounds for protection against nerve agent 
exposure. Pyridostigmine, a quaternary compound, is 
currently the carbamate of choice as a pretreatment agent. 
At reasonable doses, it is thought not to enter the CNS, and 
therefore provides no central protection or degradation of 
sensory processing. Although our limited study involved the 
administration of pyridostigmine to only seven cats, there 
is little question that it was able to penetrate the CNS. 
Table 1 showed depression of cortical cholinesterase 
activity in three of the four cats in which it was measured, 
and.Figure 3 showed the effects of pyridostigmine to be 
sensitive to atropine sulfate and not methyl atropine. It 
should be emphasized that in most cases we used doses of 
pyridostigmine sufficient to inhibit close to 80 percent or 
more of the blood cholinesterase activity. It probably 
could be argued that there is ample safety factor between 
levels of cholinesterase inhibition resulting from fielded 
pretreatment doses of pyridostigmine and those reported 
here. And yet, again in a limited study, animal 2 from 
Table 1 showed a low spatial frequency loss with only 62 
percent inhibition of blood cholinesterase. This study did 
not address the effects of chronic administration of 
pyridostigmine. Since the blood brain barrier may become 
even more permeable after 6 to 8 days of administration, the 
effects of such treatment on sensory processing should 
probably be investigated. 
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, 

4 

Physostigmine, a tertiary carbamate, has been considered 
as a pretreatment compound which would cross the blood brain 
barrier and provide the necessary central protection. 
Unfortunately, because of its ready penetration into the 
brain, its effects upon CNS processing are widespread. We 
previously have described the loss of low spatial frequency 
information in the VER resulting from the administration of 
physostigmine at doses sufficient to inhibit 35 percent or 
more of blood cholinesterase activity (Harding Wiley, and 
Kirby, 1983; Kirby, Harding, and Wiley, 1986). More recent 
results suggest that similar losses occur at less than 25 
percent inhibition of blood cholinesterase (Kirby, 
unpublished observations). Neurochemical changes in retina 
and visual cortex also have been reported following its 
administration (Kirby et al., 1988). Although it is possible 
to counter many of the unwanted central effects of 
physostigmine through the combined use of other drugs, 
pronounced deficits in sensory processing tremendously 
complicate its possible use as a pretreatment against nerve 
agent exposure. 
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