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Nerve agents are organophosphorus compounds that irreversibly inhibit 

acetylcholinesterase, causing accumulation of the neurotransmitter 

acetylcholine and this excess leads to an overstimulation of acetylcholine 

receptors. Inhalation exposure to nerve agent can be lethal in minutes and 

conversely, skin exposure may be lethal over longer durations. Medical 

Countermeasures (MedCM) are fielded in response to the threat posed by nerve 

agents. MedCM with improved efficacy are being developed but the efficacy of 

these cannot be tested in humans, so their effectiveness is proven in animals. 

It is UK Government policy that all MedCM are licensed for human use.  

The aim of this study was to test the hypothesis that the efficacy of MedCM 

against nerve agent exposure by different routes could be better understood 

and rationalised through knowledge of the MedCM pharmacokinetics (PK). The 

PK of MedCM was determined in naïve and nerve agent poisoned guinea pigs. 

PK interactions between individual MedCM drugs when administered in 

combination were also investigated. In silico simulations to predict the 

concentration-time profiles of different administration regimens of the MedCM 

were completed using the PK parameters determined in vivo. These 

simulations were used to design subsequent in vivo PK studies and to explain 

or predict the efficacy or lack thereof for the MedCM.  

The PK data generated in this study are the first such data in conscious guinea 

pigs, the small animal species of choice for determination of MedCM efficacy. 

These data show how PK can improve the understanding of MedCM efficacy. PK 

studies such as those reported here should be integrated into the development 

programmes of future MedCM. 
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1. INTRODUCTION

1 



The Pharmacokinetics of Medical Countermeasures Against Nerve Agents 

1.1 Background 

The organophosphorus compounds, commonly known as nerve agents are 

designated as chemical warfare agents 1 and pose a significant risk to the UK 

and its Armed Forces 2. It is therefore essential that the Military have an 

effective response to counter the threat posed by these compounds. Medical 

countermeasures (MedCM) are part of an integrated approach (which includes 

physical means of protection such as respirators and collective protection) to 

defend against nerve agent poisoning. In addition to saving lives, MedCM act 

as deterrents to aggressors and also have a positive impact on morale of the 

Military personnel. 

 

Developing MedCM that are effective, practicable, acceptable and affordable is 

a challenge, as is their subsequent licensing for human use. Unlike the 

development of many other drugs by the mainstream pharmaceutical industry, 

there is no clinical population in which efficacy can be demonstrated. Although 

human volunteers have been exposed to nerve agents in both clinical and 

military trials in the past 3 :4, it is not now considered ethical to expose people 

to nerve agent in order to prove the efficacy of MedCM. The extrapolation of 

efficacy from animal studies is therefore critical to the development of MedCM. 

The pharmacokinetics (PK) and pharmacodynamics (PD) of drugs are accepted 

as standard data for these purposes. 

 

The PK or PD of MedCM have not been systematically determined in the animal 

species used to study efficacy, so they have not been considered in the 

interpretation of MedCM effectiveness. The lack of PK and PD data makes 

extrapolation of efficacious doses from animals to humans more difficult. The 

research detailed in this thesis investigated the PK of MedCM in guinea pigs, 

providing key data to aid the interpretation and extrapolation of efficacy data. 

The PK and PD of the nerve agents sarin and VX were also determined in 

guinea pigs, data which can also be used in the interpretation of MedCM 

efficacy. The project described here is part of a larger programme of work 

researching and developing MedCM against nerve agents. 
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The introduction of this thesis provides information on normal cholinergic 

function and how this is disrupted by nerve agents. The routes of exposure of 

the nerve agents are briefly discussed to highlight the challenges they pose for 

MedCM. The mechanisms of action of the MedCM are described, enabling the 

reader to understand later discussion of the impact of nerve agents on the 

body and how MedCM help to restore or protect function. Justification is 

provided for the use of the guinea pig as the animal species in which the 

studies reported here were carried out. Information on methods used as well 

as PK and PD parameters are provided. Finally, the aims of the studies and 

hypotheses tested are presented. 

 

1.2 Normal cholinergic function 

During normal function, cholinergic transmission is initiated by an action 

potential arriving at the synapse or neuromuscular junction (Figure 1.1). This 

action potential triggers the release of the neurotransmitter acetylcholine from 

vesicles through the terminal membrane by exocytosis into the synaptic cleft. 

The acetylcholine crosses the synaptic cleft and binds to receptors, eliciting a 

response from the post-synaptic nerve or muscle. Two types of post-synaptic 

receptor are activated by acetylcholine, nicotinic and muscarinic. Nicotinic 

receptors are ligand-gated ion channels, causing increased permeability to 

cations and therefore depolarisation. Muscarinic receptors are  

G protein-coupled receptors, which are linked to effectors such as adenylate 

cyclase and phospholipase C that induce changes of cellular biochemistry and 

physiology 5. The action of acetylcholine is terminated when it is hydrolysed to 

choline and acetate; this reaction is catalysed by the enzyme 

acetylcholinesterase (Section 1.3, Figure 1.2). 
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Figure 1.1. Schematic diagram of a cholinergic neuronal synapse or neuromuscular 

junction. 

An action potential arriving at the terminal membrane activates the release of 

acetylcholine from the vesicles into the synaptic cleft. The acetylcholine crosses the 

cleft and binds to post-synaptic receptors eliciting a response. The action of 

acetylcholine on the receptors is terminated when hydrolysed into acetate and choline 

by acetylcholinesterase.  
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Figure 1.2. Steps involved in acetylcholinesterase catalysed hydrolysis of acetylcholine.  

Acetylcholine enters the active site of the acetylcholinesterase enzyme, binding to the 

esteratic and anionic sites . It is hydrolysed into choline  and acetate , terminating 

its action at nicotinic and/or muscarinic receptors. Figure adapted from Moore et al 6, 

Eyer 7 and Rang et al 5. 
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1.3 Cholinesterases 

Acetylcholinesterase (EC 3.1.1.7) is a very efficient enzyme, responsible for 

terminating the action of acetylcholine at cholinergic synapses. It is capable of 

hydrolysing 6 × 105 molecules of acetylcholine per minute 8. The time taken to 

hydrolyse one molecule of acetylcholine is approximately 100 µs 9. This high 

turnover rate is essential for the rapid termination of chemical signalling at 

cholinergic synapses, allowing the maintenance of a high temporal fidelity of 

transmission. Acetylcholinesterase (AChE) has been found to exist in either 

globular or asymmetric forms. The globular form can be monomeric, dimeric 

and tetrameric, whereas the asymmetric forms exist as homomeric versions of 

the tetramer (A
4
, A

8
 or A

12
) 10. Tetramers also exist linked by disulphide bonds 

to collagen like strands 8 :10, which tether the enzyme in place at the synapse. 

AChE is also present in the blood, on erythrocyte membranes. It is this readily 

accessible erythrocyte cholinesterase that is utilized as a marker of synaptic or 

neuromuscular acetylcholinesterase activity in animal efficacy studies and is 

employed in studies described in this thesis. The related enzyme 

butyrylcholinesterase (BChE; EC 3.1.1.8), which is also able to hydrolyse 

acetylcholine, is present in the plasma. The physiological function of BChE is 

unclear but has been suggested as detoxification of ester-containing poisons 
11. 
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1.4 Nerve agents 

Nerve agents are organophosphate compounds which are extremely toxic: for 

example, the estimated human lethal dose of sarin is 1 mg 12 (estimated lethal 

concentration of 60 mg·min/m³ 12 and minute volume of 0.015 m³/min, Figure 

1.3). Organophosphates such as tabun, sarin, soman and cyclosarin were first 

synthesised during research to identify pesticides in the 1930s. The toxic 

properties of these compounds was reported to the Military and the research 

was subverted to investigate their use as weapons 4. The nerve agent VX was 

discovered in the UK during the 1950s 13, again through research investigating 

insecticides. The structures, chemical formulae and formula masses of 

acetylcholine, muscarine, nicotine and nerve agents are presented in Table 1.1. 

Nerve agents continue to pose a threat to the United Kingdom and its Armed 

Forces, as stated in the National Security Strategy 2. Nerve agents have been 

deployed in military conflicts and by terrorist organisations (Aum Shinrikyo) 13, 

with the most recent use of nerve agents occurring in August 2013 in Syria 14. 
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Figure 1.3. Photographs illustrating the approximate amount of nerve agent 

estimated to be lethal by the inhalation (left) and percutaneous (right) routes, 

being approximately 0.25 mg and 5 mg, respectively. †  

† The liquid used for this photograph was not nerve agent. 
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Volatility 
at 25 °C 
(mg/m³) 

Structure Formula Mass 

Acetylcholine n/a 

                    

 

C
7
H

16
NO

2

+ 146.21 

Muscarine n/a 

 

C
9
H

20
NO

2

+ 174.26 

Nicotine n/a 

 

C
10

H
14

N
2
 162.24 

Tabun 490 15 

                  

C
5
H

11
N

2
O

2
P 162.13 

Sarin 22,000 15 

                       

C
4
H

10
FO

2
P 140.09 

Soman 3,900 15 

                       

C
7
H

16
FO

2
P 182.18 

Cyclosarin 817 16 

                     

 

C
7
H

14
FO

2
P 180.16 

VX 10.5 15 

 

C
11

H
26

NO
2
PS 267.37 

Table 1.1. Nerve agent structures, chemical formulae and formula masses.  

Acetylcholine structure, formula and mass are included for reference. 
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Nerve agents exert their effect by inhibition of acetylcholinesterase (Figure 

1.4), the enzyme that terminates the action of the neurotransmitter 

acetylcholine. Inhibition of this enzyme leads to an accumulation of 

acetylcholine, so the rate of hydrolysis of acetylcholine into acetate and choline 

is greatly reduced. The excess neurotransmitter then causes overstimulation of 

synaptic ACh receptors and aberrant responses.  

 

There are two main types of acetylcholine receptors, muscarinic and nicotinic. 

Overstimulation of these receptors disturbs the normal inhibitory and 

excitatory balance in the nervous system 17. The symptoms of cholinergic 

syndrome are a mixture of muscarinic and nicotinic effects (see Figure 1.5). In 

severe cases of nerve agent exposure, overstimulation can lead to depolarising 

block at the nicotinic receptor, with paralysis ensuing. Likewise, 

overstimulation of muscarinic receptors in the central nervous system induces 

seizure activity, which in turn increases excitatory tone of the central nervous 

system and recruitment of other neurotransmitter systems to propagate the 

seizure 17. If the seizure is sustained, brain damage will occur. The 

overstimulation of muscarinic and/or nicotinic receptors causes death by 

respiratory failure either at the neuromuscular junction of the respiratory 

muscles, or the respiratory centre in the central nervous system 18 :19. As a 

result of these effects death may occur within minutes of exposure to nerve 

agents 20. For example, this was demonstrated dramatically when the Japanese 

cult Aum Shinrikyo released sarin on the Tokyo underground system in 1995 

and several people were killed very rapidly following their exposure to sarin 21.  
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Figure 1.4. Steps involved in inhibition of acetylcholinesterase by nerve agents. 

Nerve agent enters the active site of acetylcholine , phosphorylating the enzyme, 

irreversibly inactivating it , loss of an alkyl group (ageing) makes the nerve agent-

enzyme complex resistant to reactivation by oximes . Figure adapted from Moore et 

al 6, Eyer 7 and Rang et al 5.
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Figure 1.5. Schematic representation of nerve agent effects on the body and MedCM 

remedial mechanisms of action.  

Muscarinic and nicotinic symptoms of cholinergic syndrome can be remembered by the 

mnemonics SLUDGE and MTWThF (days of the week). Figure adapted from Gearhart et 

al 22.  
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1.4.1 Routes of exposure 

Nerve agents have similar chemical structures and the same mechanism of 

action. However, they can have very different physico-chemical properties and 

are classed as either persistent or volatile. The volatile agents (for example 

sarin, Table 1.1) readily form vapour and therefore the primary route of 

exposure for these agents is by inhalation. Agents such as VX have lower 

propensity to form vapours (Table 1.1) and therefore persist in the liquid state. 

Aerosols of these persistent agents can also pose an inhalation threat. 

However, if these agents contaminate the skin they persist as liquids and can 

be absorbed into the body. Therefore, percutaneous absorption is also a major 

route of entry into the body for persistent agents. The estimated human lethal 

dose of VX by the percutaneous route of exposure is 5 mg 12 :13. 

 

The rate of uptake of nerve agent into the body differs depending on the route, 

duration and amount of nerve agent to which the person is exposed. 

Therefore, the signs of poisoning which develop and their rate of onset also 

differ 3. The effects of exposure by inhalation occur rapidly, with death 

occurring within minutes 21 :23 :24. Conversely, exposure by percutaneous 

absorption is slow. The deleterious effects occur over a protracted period as 

the nerve agent continues to be absorbed through the skin, with death 

occurring several hours after exposure 25-27. There have only been two medical 

cases of human exposure to VX, one of which was by parenteral administration 

and was lethal. The second was by percutaneous exposure and following 

treatment this individual made a full recovery 28 :29.  

 

These two exposure scenarios pose different challenges for MedCM. The rapid 

onset of signs of poisoning associated with inhalation exposure means that 

there is a limited opportunity for intervention, thus necessitating MedCM which 

can be administered quickly. In response many Armed Forces developed 

autoinjectors for their personnel. These devices are self or buddy administered 

First Aid, enabling individuals to take action quickly in the event of inhalation 

exposure. The current Military doctrine for administration of the autoinjectors 

(3 autoinjectors at 15 minute intervals 30) is not optimal for protection against 
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percutaneous exposure to nerve agents 31. Continuous administration of 

MedCM is required to achieve maximum efficacy against exposure to nerve 

agent by the percutaneous route 31. The reduced efficacy of MedCM is most 

likely due to the nerve agent being absorbed from the skin and slowly 

inhibiting the AChE prior to manifestation of signs of poisoning. These signs 

trigger the administration of MedCM, as per the doctrine. The nerve agent 

continues to be absorbed, thus continuing to poison the individual throughout 

the treatment period. 

 

Regardless of the route of exposure all nerve agents are lethal by the same 

mechanism of action and it is these actions or effects that MedCM oppose. The 

effectiveness of MedCM is governed by which route of entry into the body the 

nerve agent passed. Understanding these routes of exposure by determining 

the PK and PD for nerve agents will enable optimised administration of MedCM 

(once their PK and/or PD have also been determined).  
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1.5 Medical countermeasures  

MedCM are part of an integrated approach to mitigating or preventing the 

deleterious and lethal effects of exposure to nerve agents. This includes 

assessment, disablement, deterrence and physical protection. The UK  

in-service MedCM consist of pretreatment tablets (pyridostigmine bromide 

tablets taken at 8 h intervals) supported by up to three self or  

buddy-administered autoinjection devices (containing atropine sulphate, 

avizafone hydrochloride and pralidoxime methane sulphonate) (Figure 1.6). 

The latter enable rapid treatment in the event of inhalation exposure to nerve 

agent. This combination of pretreatment and post-exposure therapy does not 

prevent nerve agent induced incapacitation 32-34. That is, the MedCM are 

expected to prevent lethality but casualties may still require significant medical 

management. Therefore, several new MedCM have been identified that show 

improved efficacy against the incapacitating effects of nerve agent in animals 32 

:35. These studies have led to proposed replacement MedCM, which comprise a 

pretreatment patch and modified autoinjection devices. The patch contains 

physostigmine and hyoscine and the autoinjector contains HI-6 

dimethanesulphonate as a replacement for pralidoxime methane sulphonate.  
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A       B 

   

 

C 

 

Figure 1.6. Photographs of the current in-service pretreatment, the proposed 

replacement and the current in-service autoinjectors.  

(A) Pyridostigmine bromide tablets 36, (B) physostigmine and hyoscine prototype patch, 

and (C) autoinjectors containing atropine sulphate, avizafone and pralidoxime methane 

sulphonate 37.  
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1.5.1 Post-poisoning therapy 

The current post-poisoning therapy provided to the UK Armed Forces contains 

atropine sulphate (2 mg), avizafone hydrochloride (10 mg) and pralidoxime 

methane sulphonate (500 mg) 30, the mechanisms of action for each of these 

drugs are detailed below. The aim of the autoinjectors is to oppose the effects 

of cholinergic overstimulation rapidly in the event of exposure. 

 

1.5.1.1 Atropine 

Atropine (Table 1.2) a muscarinic antagonist competitively antagonises 

acetylcholine at muscarinic receptors, so it counteracts the accumulated 

acetylcholine. Atropine has been the mainstay of nerve agent MedCM, having 

been the standard treatment for nerve agent poisoning since the 1940s 27. 

Atropine has proven efficacy as the sole therapeutic agent against nerve agent 
34 :38. In animal models, if sufficiently high doses of atropine are administered, 

the requirement for avizafone/diazepam or oxime as adjunct therapeutic 

agents is reduced 39. Atropine has the ability to prevent or stop nerve agent-

induced seizures, but this effectiveness is time dependent, reducing when 

administration is delayed 17. Atropine is toxic under normal circumstances (a 

minimal lethal dose can be 1 – 2 mg/kg 40, with hallucinations, delirium and 

coma occurring at doses of 10 mg and above 41) but the mutual antagonism of 

atropine and the nerve agent means that a much larger amount of atropine can 

be tolerated by organophosphate poisoned patients 42 :43. Typically large 

amounts of atropine are required to treat anticholinesterase poisoning  

(e.g. 60 - 480 mg 42).  

 

Even though large amounts of atropine are required in the treatment of 

anticholinesterase poisoned patients the dose of atropine used in animal 

efficacy studies is considered to be high 32 :44. This is particularly apparent when 

relative doses in immediate therapies are compared between animals and man. 

For example, the standard guinea pig dose of atropine originated from studies 

completed in 1952 and reported as;  
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 “a convenient dose which was well in excess of the minimum 

amount required to give the maximum degree of protection 

obtainable, under the conditions of the test” 45. 

The above dose of atropine was considered a protective pretreatment 

(atropinisation) against an LD
99 

of sarin in the absence of other MedCM. It has 

since been used in animal studies to preserve life, enabling the efficacy of 

other drugs to be determined. Subsequent studies have adopted this dose of 

atropine as the standard, in conjunction with the other drugs that are 

combined in the MedCM regimen 46-49. 

 

The use of other muscarinic antagonists such as caramiphen 50 or biperiden 51-53 

that have specificity for one of the receptor subtypes, or that have reduced 

ability to penetrate into the CNS (leading to increased activity at peripheral 

sites of action compared to less specific antagonists), may improve efficacy 

against nerve agents 54. However, caution must be exercised when interpreting 

efficacy of such drugs to ensure the receptor subtype expression in specific 

tissues is comparable between animals and humans.  
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acetylcholine 
        

C
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H

16
NO

2

+ 146.21 

muscarine 

          

C
9
H

20
NO

2

+ 174.26 

nicotine 
          

C
10

H
14

N
2
 162.24 

atropine 
(sulphate) 

  

C
17

H
23

NO
3
 

289.38 
(694.83) 

hyoscine 
(hydrobromide) 

  

C
17

H
21

NO
4
 

303.36 
(438.31) 

pralidoxime 
(methane sulphonate) 

 
C

7
H

9
N

2
O+ 

137.16 
(232.26) 

HI-6 
(dimethanesulphonate) 

     

 

C
14

H
16

N
4
O

3

2+ 
288.31 
(478.5) 

pyridostigmine 
(bromide) 

     

C
9
H

13
N

2
O

2

+ 
181.21 
(261.12) 

physostigmine 
(salicylate) 

     

C
15

H
21

N
3
O

2 

275.35 
(413.47) 

diazepam 
(avizafone 
hydrochloride) 

      

C
16

H
13

ClN
2
O 

284.74 
(503.85) 

Table 1.2. Chemical structures and formula mass for the neurotransmitter 

acetylcholine, acetylcholine receptor agonists and MedCM. 
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1.5.1.2 Avizafone 

Avizafone is a water soluble pro-drug of diazepam. It is included in the  

in-service UK therapy MedCM to prevent seizures, which can otherwise result in 

subsequent neuropathology 17 :55. Avizafone is rapidly metabolised in the blood 

to diazepam and lysine (Figure 1.7) within 0.5 minutes and 5 minutes in guinea 

pigs and humans, respectively 56. The water solubility of avizafone enables 

more rapid availability of diazepam (through improved absorption and rapid 

conversion to the active drug) than following administration of diazepam 57, 

thus providing better protection against seizure activity and lethality 39 :58 :59. 

Diazepam, a benzodiazepine, is an allosteric modulator of gamma 

aminobutyric acid (GABA) at the GABA
A
 receptor, enhancing the 

hyperpolarisation of the neuron produced by GABA 17.The efficacy of diazepam 

is most likely related to its PK profile in the brain 17. Diazepam prevents or 

stops nerve agent induced seizures and the associated brain damage by 

increasing inhibitory tone in the CNS. Avizafone was approved for human use 

in combination with atropine sulphate and pralidoxime methane sulphonate in 

1996 60. 

 

Other benzodiazepines have been considered for treatment of nerve agent 

induced seizures. These include lorazepam 15 and midazolam 61, with the latter 

stopping seizures more rapidly and at lower doses than diazepam in a guinea 

pig seizure model 44. Supported by antimuscarinic drugs (e.g. atropine), 

benzodiazepines have demonstrated the ability to stop seizures 40 minutes 

after they were established 62. However, concern has been raised regarding the 

respiratory depressant effects associated with benzodiazepines, so 

antimuscarinics with N-methyl-D-aspartate (NMDA) receptor antagonistic 

activity, such as biperiden or benactyzine have been suggested 55. Glutamate 

receptors, of which NMDA receptor is a subtype, have been implicated in 

having a key role in nerve agent induced seizure and subsequent 

neuropathology 17 :55. Thus treatment with antagonists of these receptors, such 

as ketamine, may prove beneficial. 
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Figure 1.7. The metabolic conversion of avizafone  into lysine  and diazepam . 

This reaction is rapid and extensive in the blood57, especially in guinea pigs 56. 
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1.5.1.3 Oxime 

Oximes are able to reactivate nerve agent inhibited acetylcholinesterase 

through nucleophilic attack of the phosphorus in the nerve agent-enzyme 

complex, cleaving the nerve agent from the enzyme (Figure 1.8). Pralidoxime 

(also known as P2S, pralidoxime methane sulphonate or 2PAM, pralidoxime 

chloride) is the current oxime therapy in many countries (including the UK) and 

is used as a standard against which other oximes are compared 63. Pralidoxime 

in combination with atropine provides greater protection against nerve agent 

than either compound alone 34 :48. However, pralidoxime is not efficacious in 

preventing incapacitation or lethality when administered alone 34.  

 

The efficacy of treatment against nerve agent inhibition with oximes is time 

dependent. Some nerve agents can become refractory to nucleophilic attack, 

due to the loss of an alkyl group from the nerve agent-enzyme complex 8 :18 :64 :65 

(Figure 1.4). This process is known as ageing. The rate at which an agent ages 

varies depending on the agent and the animal species studied 66-69. Some 

agents are particularly prone to ageing (e.g. soman), whereas others age more 

slowly and are readily reactivated (e.g. VX). Furthermore, the ability of an 

oxime to reactivate inhibited acetylcholinesterase is agent specific, due to the 

chemical and steric differences with each nerve agent-enzyme complex. For 

example, whilst pralidoxime and HI-6 reactivate sarin inhibited AChE efficiently 

they are very poor reactivators of tabun inhibited AChE 70. Obidoxime has 

greater effectiveness for reactivating tabun inhibited AChE 71. This problem 

may be overcome with a diagnostic technique suggested by Worek et al 72, 

which is able to identify the best oxime and dose required. 

 

The oxime HI-6 (also known as asoxime) is in advanced development to replace 

pralidoxime in the UK autoinjector. Animal studies have demonstrated the 

improved efficacy of HI-6 when compared to pralidoxime, in multiple species, 

against multiple nerve agents 73-76. This improved efficacy compared to 

pralidoxime has been attributed not only to its reactivating properties but also 

to a direct pharmacological action. Several mechanisms have been proposed, 
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including general ganglion blocking properties 77, nicotinic receptor blocking 78 

and reduction of pre-junctional acetylcholine release 79.  
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Figure 1.8. Steps involved in the reactivation of nerve agent inhibited 

acetylcholinesterase by oximes.  

Acetylcholinesterase inhibited by nerve agent  can be reactivated by oximes such as 

pralidoxime, which subject the nerve agent-enzyme complex to nucleophilic attack , 

generating a phosphorylated oxime . Figure adapted from Rang et al 5.  
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1.5.2 Pretreatment 

1.5.2.1 Pyridostigmine bromide 

Pretreatment with pyridostigmine bromide was introduced as a supplement to 

post-poisoning MedCM in response to the rapid ageing of soman and its 

consequent resistance to therapy with an oxime 47 :80 :81. The in-service and 

proposed replacement pretreatments are both carbamates, which reversibly 

inhibit cholinesterase (Figure 1.9), protecting a portion of the enzyme from 

being irreversibly bound by nerve agent 32 :82. The spontaneous process of 

decarbamoylation of the cholinesterase hydrolyses the carbamate, whilst 

reversing the inhibition. This happens at a much slower rate than the 

hydrolysis of acetylcholine. The carbamate therefore inhibits a proportion of 

AChE and the remaining active AChE is sufficient to support normal synaptic 

function. In the event of nerve agent poisoning the carbamoylated AChE is 

protected from inhibition by the nerve agent. Decarbamoylation of this AChE 

then recovers sufficient activity to support some synaptic function 47.  

 

Pretreatment is dependent upon supportive therapy, which includes atropine 

and an oxime. In the absence of supporting therapy pretreatment with 

carbamate alone fails to provide protection 48. Pretreatments provide maximal 

protection at high doses, protecting large amounts of AChE. However, due to 

the adverse effects associated with high doses and the resulting inhibition of 

AChE activity, lower doses that are tolerated by healthy individuals must be 

used 83. Knowledge of the carbamate concentration required to inhibit a target 

amount of AChE is critical for the determination of efficacious doses of 

pretreatment. Typically the target of 20 – 40 % inhibition of AChE is used in 

animal efficacy studies 84 :85. The UK Armed Forces in-service pretreatment is 

pyridostigmine bromide, more commonly known as Nerve Agent Pretreatment 

Set (NAPS, Figure 1.6). Pyridostigmine bromide is provided in tablet form (31.5 

mg), to be taken 3 times a day at 8 hour intervals 36 and was shown to inhibit 

AChE by a minimum of 15 % when taken by humans 86.  
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Figure 1.9. Steps involved in inhibition of acetylcholinesterase by carbamates such as 

physostigmine. 

Carbamates enter the active site of acetylcholinesterase , inhibiting activity by 

carbamoylating the enzyme . Hydrolysis of the remaining carbamoyl  is much 

slower than the hydrolysis of acetylcholine, sequestering a pool of acetylcholinesterase 

and preventing it from being irreversibly inhibited by nerve agent. Adapted from Rang 

et al 5.   

26 



  Chapter 1: Introduction 

1.5.2.2 Hyoscine and physostigmine 

Hyoscine and physostigmine, formulated in a transdermal patch (Figure 1.6), 

are in advanced development to replace the pyridostigmine bromide tablets, as 

the pretreatment against nerve agent exposure. Unlike pyridostigmine, 

physostigmine (also a carbamate) is able to cross the blood brain barrier 8 :87 

and can inhibit central AChE. As a result physostigmine is able to protect 

against nerve agent induced incapacitation 33. Physostigmine has also been 

shown to have an agonist action on nicotinic receptors, similar to that of 

galantamine 88. This action has not been implicated in physostigmine's 

protective efficacy against nerve agents. The combination of hyoscine and 

physostigmine has proven efficacy as a nerve agent pretreatment in proof-of-

concept studies that used guinea pigs 35 :84 :89 and marmosets 90. Evidence 

suggests that recovery from nerve agent poisoning is quicker following pre-

treatment with physostigmine compared to pyridostigmine 48. High doses of 

physostigmine in the absence of supporting therapy have also demonstrated 

efficacy against the lethality of both soman and sarin 33.  

 

Hyoscine, a muscarinic antagonist akin to atropine, is more potent but shorter 

acting than atropine 91. Addition of a muscarinic antagonist to physostigmine 

has been demonstrated to be more effective as a pretreatment for nerve agent 

poisoning than physostigmine alone 33 :89 :92. Hyoscine in combination with 

physostigmine was found to provide greater protection against nerve agent 

than other antimuscarinic drugs, including atropine and caramiphen 93. 

Subsequent studies have shown physostigmine and hyoscine improve nerve 

agent induced cognitive effects, changes in neurochemistry, incapacitation and 

lethality 35 :84 :85 :90 :94 :95. Physostigmine and hyoscine are ideally suited for  

co-administration as they have complimentary pharmacological activities 91 :96. 

Hyoscine reduces the adverse effects caused by physostigmine, enabling 

greater doses of physostigmine to be administered, which protect sufficient 

central AChE (typically 20 - 40 % 35 :84 :97) to provide improved protection against 

nerve agent induced incapacitation compared to physostigmine alone 84.  
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1.5.2.3 Other pretreatments 

Other anticholinesterases have also been investigated as pretreatments, for 

example, huperzine and galantamine 98 :99. Huperzine has demonstrated 

improved efficacy over pyridostigmine bromide when supported by atropine 98, 

but has also been shown to be toxic at therapeutic doses 100. Galantamine has 

demonstrated benefit as a pretreatment to nerve agent exposure with and 

without atropine 99 and also has a neuroprotective action 88. However, 

galantamine has not demonstrated efficacy against nerve agents at the high a 

challenge dose at which pyridostigmine has proven efficacious.  

 

1.5.3 Bioscavengers 

A different approach to providing protection against exposure to nerve agent 

has been investigated, using exogenous butyrylcholinesterase (BChE) as a 

bioscavenger. This enzyme is similar to the target AChE molecule. 

Administration of large amounts of BChE can inactivate nerve agent by 

irreversibly binding with and preventing it from inhibiting endogenous AChE. 

Wolfe et al were the first to report the protective efficacy of exogenous 

cholinesterase administration 101. Bioscavengers have been investigated as 

pretreatments, with human plasma-derived BChE (huBChE) and a recombinant 

human BChE (rBChE) progressing to advanced development for this indication 
102. However, the development of the most promising source of rBChE 

(transgenic goats) has stopped, due to the prohibitive costs, the sub-optimal 

PK profile and decreasing yields of rBChE 103. This recombinant enzyme had 

successfully completed a Phase I Clinical Trial 104. Alternative recombinant 

sources of huBChE include plants 105, animal cells 106, and human cells107 . The 

majority of recombinant huBChE produced in these expression systems remain 

at the proof-of-concept stage of development. Recombinant bioscavengers 

must overcome a series of challenges associated with recombinant proteins, 

including more rapid rate of clearance than the native huBChE. These issues 

were the subject of a solicitation for proposals to develop recombinant 

huBChE, published by the US Defense Threat Reduction Agency. This 

solicitation aimed not only to address these issues but also scale up of the 

production systems, to manufacture the amount of bioscavenger required 108. 
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In the UK, the focus has been on the post-exposure use of BChE, for effective 

treatment of percutaneous exposure to nerve agent 109 :110. BChE based 

bioscavengers are stoichiometric (bind in a 1:1 ratio), requiring large doses to 

be administered to effectively neutralise the nerve agent. These large doses of 

stoichiometric bioscavengers have implications for scale of production, costs 

and feasibility of administration, as the main source is from outdated human 

blood products. The amount of the enzyme in the human body is low at 

approximately 700 nmol 111. Large volumes of blood are therefore required to 

produce the bioscavenger. The maximum amount of bioscavenger that could 

be produced annually is expected to be 1 – 2 kg, from 1,200,000 L of outdated 

plasma 112. This annual amount is equivalent to 4,000 – 8,000 doses of circa 

250 mg 113, thus making the use of plasma derived huBChE prohibitively 

expensive 108. 

 

Catalytic bioscavengers increase the rate at which nerve agents are broken 

down into inactive products 114 and require lower doses to be administered. 

Unlike stoichiometric bioscavengers such as BChE, catalytic scavengers are not 

expended when inactivating the nerve agent. Site directed mutagenesis of 

several enzymes has been investigated, with the aim of improving their 

catalytic efficiency. However, the transgenic production systems from which 

they originate may cause the bioscavengers to induce an immunologic 

response in humans, as well as potentially leading to unfavourable PK profiles 
114. The immunological response may be overcome by gene therapy 

approaches, in which the bioscavenger can be introduced by a viral vector 115, 

although more work is required to ensure these vectors do not produce toxic 

proteins or other immune responses 100. The PK profile of bioscavengers may 

be improved by fusing the recombinant molecules with human serum albumin, 

prolonging the residence time of the bioscavengers 116. These latter 

bioscavenger approaches are still at the proof-of-concept stage of 

development. HuBChE remains the most advanced bioscavenger, with studies 

proving its efficacy in animals 100 and completed Phase I Clinical Trials in man.  
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MedCM have mechanisms of action that either directly oppose the mechanism 

of action of nerve agent or oppose/alleviate the deleterious effects of nerve 

agents (Figure 1.5). Determination of the efficacy of MedCM against nerve 

agents is not ethically possible in human clinical trials. Therefore, it is of 

utmost importance to fully understand the efficacy in animals, to enable 

effective extrapolation to the clinical scenario. The period of the 

pharmacological effects or concentrations of MedCM has not systematically 

been studied in animals. Addressing this knowledge gap through PK studies 

will help to understand efficacy and enable extrapolation of effective 

doses/concentrations to man.  

 

1.6 Choice of animal species  

The choice of animal species in which efficacy is demonstrated is key. Variation 

in efficacy between species and experimental protocols creates uncertainty 

when extrapolating efficacy to humans. Thus, developing a logical procedure 

with which to do so is important 117. PK and PD (discussed in section 1.7) are 

integral to the development of drugs by the pharmaceutical industry 118. To 

date, the PK and PD studies in this field of research have concentrated on 

investigating nerve agents. There has been no systematic determination of 

MedCM PK in animals, with studies being completed in different species. The 

majority of animal studies of MedCM have primarily investigated efficacy.  

 

The research presented in this thesis aims to address the paucity of PK and PD 

data in animal species. Guinea pigs were chosen as the appropriate species for 

these studies, due their sensitivity to nerve agents and their response to 

treatment, which is closer to non-human primates than either rats or mice 76. 

Rats and mice have been reported to not respond well to post-poisoning 

treatment 119. The difference in response to nerve agent between these species 

is due to the amount of carboxylesterase in the blood. Carboxylesterase (CaE; 

EC 3.1.1.1) is an enzyme that catalyses the hydrolysis of a variety of different 

compounds containing esters and amides. CaE detoxifies nerve agents. Rats 

and mice have large amounts of CaE in their blood, whereas guinea pigs have 

less and humans none 11 :120. The greater the amount of CaE the greater the 
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dose of nerve agent required to achieve lethality. This CaE theory to explain 

species differences in nerve agent toxicity was first proposed by Sterri and 

Fonnum 121. Recent studies using CaE-knockout mice support this theory, as 

these mice were more sensitive to soman coumarin (a nerve agent simulant) 

than wild type mice 122. The influence of CaE on nerve agent toxicity has 

previously been reduced through the use of specific CaE inhibitors 120. 

However, this may further complicate interpretation of the data generated, 

especially with MedCM, as oximes have been shown to reactivate this enzyme 

(increasing the detoxification of the nerve agent) 119. 

 

Whilst there is no CaE expressed in human plasma there are considerable 

amounts in the tissues, particularly the liver. Evidence in the literature has 

shown that inhibition of CaE by di-isopropyl fluorophosphate (an 

organophosphate insecticide) affects atropine metabolism 123. Therefore it is 

possible that inhibition of CaE by nerve agent could alter the PK profile of 

MedCM. As such, using guinea pigs, a species in which the CaE effect is 

minimal, is preferable. Furthermore, the majority of MedCM efficacy studies in 

small animals have used guinea pigs. It is this wealth of existing efficacy data 

from guinea pigs which must be understood in terms of  

concentration-time and concentration-effect, hence guinea pigs were used in 

the studies described in this thesis.  

 

1.7 Pharmacokinetics and pharmacodynamics 

Pharmacokinetics (PK) is the study of drug concentration over time in plasma 

or tissues following administration. It can in essence be considered as what the 

body does to the drug. Determination of the concentration-time profile for a 

drug enables many parameters to be calculated. The primary parameters are: 

apparent volume of distribution (the volume into which the drug appears to 

distribute), clearance (the volume of blood cleared of drug per unit time) and 

absorption/elimination rate constants (the rates at which drug concentrations 

change). From these primary parameters many other secondary parameters can 

be calculated, including (but not exclusively), the elimination half-life (duration 

over which the concentration of drug decreases by a factor of 2), area under 
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the curve (total exposure to the drug), mean residence time (average time a 

molecule of drug remains in the body). Integration of many of these 

parameters with physiological parameters or processes aids the interpretation 

of the PK data. For example, drugs x and y have apparent volumes of 

distribution of 5 L and 43 L, respectively. These values correspond 

approximately to blood volume and total body water in an adult, indicating 

that drug x remains in the systemic circulation, whereas drug y is distributed 

extensively in the body. 

 

Pharmacodynamics (PD) is the study of concentration or time dependent effect 

of a drug. It can be thought of as what the drug does to the body. In a similar 

manner to PK, a concentration-effect profile or effect-time profile can be 

determined and parameters calculated from the data. Parameters include, 

maximum response, concentration required to achieve 50 % of the maximal 

response, threshold concentration (minimum concentration required to elicit 

an efficacious response) and duration of response. The PD can be linked to the 

PK, i.e. drug concentration is correlated to response at a specific time-point. 

Hysteresis loops may also be identified, to account for lags in response at a 

measured concentration 124. 

 

The determination of MedCM efficacy in humans is not ethical. Therefore, 

providing evidence of efficacy of MedCM for inclusion in a Marketing Authority 

Application to the drug licensing authorities is dependent on non-clinical 

animal data. In “first in human” clinical trials of new drugs the doses are 

proposed on the basis of in vitro and non-clinical data 125 :126. The approach of 

using animal PK parameters can be used for this purpose 126 and should be 

used for MedCM. Indeed, this has been suggested for HI-6 127 but for no other 

MedCM. 

 

To date the extrapolation of efficacious MedCM doses from animals to humans 

has been scaled on body mass or body surface area 32. These arbitrary methods 

do not account for the absorption, distribution, metabolism or excretion 

(ADME) of each component drug and how these differ for each drug. Other 
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MedCM (pyridostigmine and physostigmine) have been scaled on a specific PD 

endpoint (erythrocyte AChE inhibition). This is an empirical method, which is 

more accurate than scaling by body mass or surface area but does not provide 

a correlation to blood concentration in a PKPD relationship. Knowledge of such 

a relationship can improve the understanding of efficacy in the different 

species. To enable scaling of MedCM doses using PK parameters, as is the 

norm in the pharmaceutical industry, these PK parameters must first be 

determined.  

 

Whilst the PK or PD of physostigmine 128, avizafone/diazepam 57, HI-6 129 and 

bioscavengers 130 have been studied individually in guinea pigs, extensive 

characterisation of their PK and the effect of interactions that may or may not 

occur  following combined administration 5 :113-115 have not been determined. 

Surprisingly, given that it is the mainstay of nerve agent therapy, the PK of 

atropine has not been described previously in the guinea pig. This lack of PK 

data from systematic studies means that its efficacy is not well understood in 

terms of concentration-time profiles or concentration-effect relationships.  

 

An example of the lack of PK knowledge and its implication for efficacy is 

provided by the high dose of atropine used in guinea pigs, which could result 

in either an overestimation or a masking of the efficacy of the drugs that are 

administered in combination with atropine 58 :131 :132. The putative existence of 

atropinesterase (EC 3.1.1.10), an enzyme that metabolises atropine, in guinea 

pig plasma has been claimed to necessitate the use of this high atropine dose 
46. However, investigation of guinea pig atropinesterase activity by Harrison et 

al, found none to be present in plasma 133. Therefore, CaE in guinea pig liver or 

tissues may account for a rapid elimination of atropine in this species. In 

general, the doses of MedCM used in proof-of-concept efficacy studies are not 

well correlated with the doses that can be administered to humans or vice 

versa.  

 

The PK of nerve agent MedCM in animals has been determined in unpoisoned 

animals. It is conceivable that nerve agent exposure may have an effect on the 
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MedCM PK 134 :135, through disrupted physiology and therefore altered ADME 

processes. However, there has only been one study that has determined the PK 

of MedCM in nerve agent poisoned animals 134. That study suggested the brain 

bioavailability of HI-6 was reduced in soman poisoned animals 134. The PK of 

MedCM following nerve agent exposure can only be determined in animals. 

Knowing and quantifying these differences in PK from unpoisoned animals will 

allow appropriate scaling of doses to humans, ensuring the doses are 

efficacious.  

 

Knowledge of the PK and PD of nerve agents will also improve the 

understanding of MedCM efficacy, by determining the period during which they 

are present at toxicologically relevant concentrations. Several studies have 

investigated nerve agent PK (or toxicokinetics: the study of the concentration-

time profile of toxic doses) but these studies used anaesthetised, artificially 

ventilated and/or atropinised guinea pigs 136-139. These experimental conditions 

are in themselves likely to affect the data obtained, especially as they are 

designed to prevent nerve agent lethality in the guinea pigs. To date, only one 

study has investigated the PK and PD of nerve agent in conscious untreated 

guinea pigs 140. 

 

The kinetic studies of percutaneous nerve agent have, to date, been short term 

studies of 6 – 8 hours 136 :141, whereas guinea pigs exposed to percutaneous VX 

in efficacy studies died between 24 and 48 hours after exposure 31 :110 :142. In 

those studies the signs of poisoning occurred on average 6.5 hours after 

exposure 110. Therefore, a requirement exists for longer duration PK studies of 

percutaneous VX.  

 

There is little PK/PD data for nerve agent MedCM in guinea pigs but this is the 

key species in which the efficacy of these MedCM is determined. Therefore, it 

is difficult to link efficacy with PK/PD and subsequently to define 

pharmacologically effective plasma and tissue concentrations. This information 

is required for the extrapolation of efficacious doses of nerve agent MedCM to 
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humans, in support of the advanced development and licensing of these 

MedCM. 

 

1.8 Microdialysis 

The PK of drugs is generally measured in blood or plasma, but the circulation 

is not the site of action for nerve agents or MedCM. Cholinergic synapses in 

central and peripheral tissues are the target sites at which nerve agents act and 

therefore where the PK and PD of nerve agents and MedCM should be 

determined. The concentration of MedCM at these target sites may lag behind 

that in the plasma, if the drug does not readily distribute from the systemic 

circulation into the tissues. Thus, effective tissue concentrations may not be 

achieved as suggested by plasma PK, as has been reported for the antibiotic 

clarithromycin in soft tissues 143. 

 

Microdialysis is an established sampling technique, which enables the 

measurement of analytes in the extracellular space of tissues 144. Microdialysis 

probes have semi-permeable membranes that, when perfused with 

physiological buffer, enable analytes to pass from the tissue into the buffer 

(Figure 1.10). The flow of buffer maintains a concentration gradient, across 

which the analyte diffuses. Fractions of the buffer are collected and the 

concentration of the analytes of interest determined. Microdialysis probes are 

available with different membranes, allowing different analytes to be sampled, 

ranging from small molecule drugs 144 to large molecule proteins 145.  
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Figure 1.10. Schematic diagram illustrating the flow of physiological buffer within the 

probe enabling analyte to pass through the semi-permeable membrane for analysis. 

Physiological buffer (perfusate) flows from the inlet to the microdialysis probe  

semi-permeable membrane . Some perfusate diffuses out of the probe into the 

interstitial space. Analyte (red sphere) passes down a concentration-gradient through 

the semi-permeable membrane into the probe . The perfusate (now dialysate) flows 

into the outlet from the probe, fractions of this dialysate are collected and assayed . 

  

Inlet 
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Outlet 
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The alternative methods of open-flow microsampling 146, cerebro-spinal fluid 

sampling 135 and post-mortem tissue sampling (with subsequent 

homogenisation) 17 could be used in place of microdialysis. Open-flow 

microsampling is similar to microdialysis but without the membrane. It is 

typically used for high molecular mass analytes. As the MedCM are of low 

molecular mass open-flow microsampling was not considered necessary or 

appropriate. Cerebro-spinal fluid sampling is able to provide a good estimation 

of concentration in the CNS but only relatively few samples can be collected 

from individual animals. These samples could not be collected without 

analgesia or anaesthesia and are therefore usually collected post-mortem, due 

to the volumes required 135. Microdialysis provides the distinct advantage over 

post-mortem sampling that multiple samples can be collected from individual 

animals, thus reducing the total number of animals required.  

 

Death following exposure to nerve agents is usually by respiratory arrest, 

caused either by failure of the central respiratory centre or directly by paralysis 

at the diaphragm neuromuscular junction 16 :17. Using microdialysis in the brain 

and skeletal muscle has the potential to improve the understanding of toxic 

concentrations of nerve agent and therapeutic concentrations of MedCM in 

these target tissues. To date, there has been no systematic study of nerve 

agent or MedCM PK using microdialysis in any species, although microdialysis 

has been used to investigate the PK of HI-6 in rat brain 134, as well as the effect 

of nerve agent and subsequent MedCM treatment on neurotransmitter 

concentrations 26 :31 :95 :147-151. The use of microdialysis in the brain is an 

established technique, whereas fewer studies have used microdialysis in 

skeletal muscle of anaesthetised animals 152-155. One such study reported the 

effect of pyridostigmine bromide on the release of ACh from the skeletal 

muscle 155. The studies by Newman et al 154 and Close et al 153 :156 in which 

microdialysis probes were used in contracting skeletal muscle of anaesthetised 

animals, indicate that it is possible to use microdialysis in the skeletal muscle 

of conscious ambulatory animals to determine the PK of MedCM.  
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1.9 Aims and hypotheses 

The aim of the studies described in this thesis was to determine the PK and PD 

of nerve agents and MedCM against nerve agents, in the blood and tissues of 

guinea pigs, to enable a better understanding of nerve agent MedCM efficacy. 

In order to determine these PK and PD data a new methodology was developed. 

This novel methodology included vascular cannulation (both venous and 

arterial) and implantation of microdialysis probes in brain and muscle. The 

combination of discrete blood samples and integrated microdialysis sampling 

enabled parallel sampling in three different compartments of individual 

animals (Figure 1.11).  

 

The efficacy of nerve agent MedCM in guinea pigs has been established in 

many studies, yet there have been very few studies of the PK and PD of these 

MedCM in this species. Furthermore, the PK of MedCM has not been integrated 

with the PK and/or PD of nerve agents. To address this knowledge gap the 

studies reported here will test three linked hypotheses: 

1. The efficacy of MedCM against nerve agents in guinea pigs can be better 

understood, rationalised and explained through determination of the PK 

and/or PD of MedCM and nerve agents in the blood and target tissues.  

2. Co-administration of MedCM or administration of combined MedCM 

following nerve agent exposure may impact on efficacy through 

disrupted physiology and therefore, alteration of their PK. Assessment 

of the PK in these different administration scenarios can be used to 

understand the interactions and their impact on protection.  

3. Simulation and modelling of MedCM and nerve agent  

concentration-time or concentration-effect profiles can be used to 

design animal efficacy studies and optimise MedCM administration 

regimens, to achieve maximal efficacy.  
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Chapter specific aims in support of these over-arching and broad aims and 

hypotheses can be found in Sections 3.2, 4.2 and 5.2 on pages 88, 147 and 

184, respectively.  
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Figure 1.11. Schematic diagram illustrating concept for new methodology required to 

complete PK and PD studies of MedCM and nerve agents, in conscious ambulatory 

guinea pigs. 
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2.1 Animals 

All procedures using guinea pigs were carried out under a Home Office 

Animals (Scientific Procedures) Act 1986 Procedure Project Licence.  

 

Male Dunkin Hartley guinea-pigs (Harlan Interfauna, UK) 387 ± 39 g (mean ± 

standard deviation (SD), n=125, range = 299 – 538 g) were used in the studies 

reported here. Animals were implanted on arrival with subcutaneous 

temperature/identity transponders (IPTT300, Plexx B.V., Netherlands) under 

local anaesthetic (Xylocaine 2%). Following arrival the guinea pigs acclimatised 

to their home cages in the laboratory for a minimum of four days. Body mass 

was recorded daily until surgery and connection to the blood sampling 

equipment. Temperatures were recorded prior to and immediately following 

surgery, to ensure the animals had emerged from anaesthesia and had 

returned to normal body temperature. Animals were kept in UK Home Office 

defined, standardised conditions throughout the study (room temperature 21 

°C, humidity 50 %). The laboratory lights were on from 06:00 to 18:00 with 30 

minutes graduated dawn and dusk periods. 

 

2.1.1 Animal supply and background 

Part way through the studies described in this thesis the supplier (Harlan 

Interfauna, UK) changed the colony from which the guinea pigs were supplied. 

This change was from a colony with a Porcellus background to a colony with a 

David Hall background and was made for animal welfare purposes. The strain 

remained Dunkin-Hartley throughout the studies described in this thesis. A 

bridging study carried out to determine whether this change in colony 

background had an effect on the PK of nerve agent MedCM, showed little 

difference between these two sources of guinea pigs. The results from the 

bridging study are detailed in Appendix A. 
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2.1.2 Animal training 

Animals were trained to be accustomed to wearing a harness attached to a 

tether (Covance Harness, Instech Solomon, USA) and liquid swivel (2 channel 

and 5 channel swivel, Instech Solomon, USA). This equipment (Figure 2.1) was 

needed to enable blood sampling from conscious ambulatory animals. The 

training commenced following the initial acclimatisation of the guinea pigs to 

their home cages. Animals wore a harness attached to a tether and a 1 channel 

liquid swivel (Instech Solomon, USA) for a period of 10 – 15 minutes on the 

first occasion. Subsequent training sessions with increasing duration each 

time, were carried out to the point where the animal was harnessed and 

tethered for a period greater than 2 hours and did not show adverse behaviour. 

Animals that displayed adverse behaviour, such as biting and vocalisation 

during training, were trained on fewer occasions. All animals were suitably 

accustomed to the harness and tether prior to surgery taking place.  
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Figure 2.1. (A) Photograph of a guinea pig wearing a harness connected to a 

tether and swivel (latter not shown). (B) Schematic diagram showing areas close 

clipped prior to surgical procedures.   

A 

B 
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2.1.3 Pre-surgical preparation 

To ensure that the cannulae and microdialysis probe (inlet/outlet) tubing were 

exteriorised at the correct site the areas of fur at the surgical incision sites 

were close clipped approximately 18 hours prior to anaesthesia as illustrated 

in Figure 2.1.  

 

A multimodal analgesic regime and a broad-spectrum antibiotic were 

administered by the subcutaneous route to all animals. This consisted of the 

antibiotic duphatrim (30mg/kg), the non-steroidal anti-inflammatory carprofen 

(3.3–3.5 mg/kg) and the µ-opioid receptor agonist tramadol  

(10 mg/kg).  

 

Tramadol with subsequent anaesthesia can have an additive effect on the 

respiratory centre in the brain 157, making adjustment of the anaesthetic dose 

required to achieve the appropriate depth of anaesthesia difficult. For this 

reason tramadol was removed from the pre-medication regime, following 

review of the anaesthetic and analgesic regimen, in response to the death of 

one animal during surgery. The Veterinary Surgeon recommended that 

buprenorphine was introduced to the regimen, as a substitute 158. 

 

2.2 Surgical procedures  

All surgical procedures were agreed with the Veterinary Surgeon prior to 

commencement of the studies, to ensure current best practice was followed 

and stress on the animals minimised. Implantation of cannulae and 

microdialysis probes were carried out at the same time, in order to reduce the 

number of separate surgical procedures each animal was subjected to. 

 

The in vivo studies detailed in this thesis were carried out over a 32 month 

period. To ensure that the animals were treated with the appropriate 

anaesthesia and analgesia pursuant with the Home Office Personal Licence 
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standard conditions, several changes were made to the surgical protocol. Each 

of these changes to the protocol was recommended by the Veterinary Surgeon 

and was introduced in response to adverse events or changes in best practice. 

The changes made are detailed in the appropriate sections of this chapter. All 

changes made to the peri-operative anaesthetic / analgesia protocol are not 

expected to have affected the results of the PK studies. For all substances 

administered as part of the protocol, the recovery period between surgery and 

commencement of the PK studies (2 or 7 days) was adequate to provide 

suitable washout. 

 

Local anaesthetic (Xylocaine) was applied to wound margins at the time of 

incision. Initially the xylocaine (2 %) solution contained adrenaline (the 

adrenalin is contained in the formulation for its vasoconstrictive action to 

increase the speed of onset and duration of action). Following review of the 

anaesthetic/analgesic regimen, the Veterinary Surgeon recommended that the 

total amount of xylocaine used during surgery should be reduced below  

4 mg/kg, used without adrenaline and the volume used recorded. The initial 

doses of xylocaine used were in the toxic range (12 mg/kg); approximately 0.3 

mL of 2% solution ≈ 6 m g total ≡ 15 m g/kg 159. Adrenaline was excluded from 

the analgesic regimen because it is a natural product that is not stable and was 

not supplied at a known concentration. 

 

Local anaesthetic gel (Lignocaine 2%, Biorex Laboratories, UK) was introduced 

to the ear canals of animals undergoing brain microdialysis guide cannulae 

implantation. This was completed immediately after induction of anaesthesia. 

 

2.2.1 Anaesthesia 

Anaesthesia was induced with halothane (5% with 4 L/min O
2
 for 5 min) and 

maintained using isoflurane (1.5-2% with O
2
 0.8 L/min and N

2
O 0.8 L/min). The 

level of isoflurane and the proportions of the gases were adjusted during the 

procedure as required, according to the depth of anaesthesia and the rate and 

depth of respiration for each individual animal. N
2
O was turned off at least 5 
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minutes before the end of anaesthesia, to prevent hypoxia during recovery. 

Supplementary heat was used throughout anaesthesia and for a minimum of 

30 minutes following emergence from anaesthesia.  

 

The N
2
O was removed from the anaesthetic/analgesic regime following the 

death of one animal during surgery (the same review in which Tramadol was 

removed from the analgesic regimens) and review by the Veterinary Surgeon. 

The benefit of N
2
O in small animal species is not as marked as in humans 160. 

Transfer of N
2
O to gaseous spaces (e.g. gastrointestinal tract and alveoli) due 

to its greater blood solubility 160, may worsen hypoxia should an animal stop 

breathing whilst under anaesthesia. For these reasons the use of N
2
O during 

surgery was stopped.  

 

2.2.2 Implantation of venous and arterial cannulae 

All guinea pigs had a cannula implanted in their carotid artery. Animals in 

which MedCM were administered by the intravenous route also had a cannula 

implanted in their jugular vein. The procedure for cannulation was as follows: 

the anaesthetised guinea pig was placed in a supine position and an incision 

was made on the ventral side of the neck. The jugular vein was isolated by 

blunt dissection and was tightly ligated at the rostral end of the isolated vessel, 

stopping flow. A loose ligature was tied at the caudal end of the isolated 

section. An incision was made in the vein and a 25 cm round tip polyurethane 

3 French gauge cannula (Instech Solomon, USA) filled with heparin solution (5 

or 100 IU/mL) was inserted approximately 3 cm into the vessel. The loose 

ligature was tightened around the cannula and vessel (patency of the cannula 

was checked prior to the cannula being secured with two ligatures). The carotid 

artery was isolated by blunt dissection and was ligated as described above for 

the jugular vein. A small vessel clamp (Fine Science Tools, Canada) was applied 

to the caudal end of the exposed section below the loose ligature to occlude 

flow. An incision was made in the artery using small sprung iris scissors (Fine 

Science Tools, Canada) and a 25cm round tip polyurethane 2 French gauge 

cannula (Instech Solomon, USA) filled with heparin solution (5 or 100 IU/mL) 

was inserted approximately 3cm into the vessel. The loose ligature was 
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tightened around the cannula near the incision; patency of the cannula was 

checked prior to the cannula being secured with the two ligatures. The guinea 

pig was then placed in the prone position and a small incision made in the 

animals back, between the scapulae. The cannula(e) was/were tunnelled and 

exteriorised through the incision on the animals back using a trochar (Data 

Sciences International, USA). The guinea pig was returned to the supine 

position and the wound on the animal’s neck was closed with sutures. 

 

2.2.3 Muscle microdialysis probe implantation 

The anaesthetised guinea pig was moved to a prone position and an incision 

was made to the right of the midline on the animal’s back, to expose the 

surface of the sacrospinalis muscle. The inlet/outlet tubing for the 

microdialysis probe (CMA20, 20 kDa cut-off, 4 mm PAES membrane, CMA 

microdialysis, Sweden. Figure 2.2) was tunnelled to the same exteriorisation 

site as the vascular cannulae using a trochar. A needle and split introducer 

were used to implant the microdialysis probe in the sacrospinalis muscle 152 :153 

:161. The microdialysis probe was then secured in position using silk sutures 

prior to the split introducer being removed. The incision over the muscle was 

closed with sutures. The exteriorisation site was then closed with cyanoacrylate 

glue, to secure both the microdialysis tubing and cannula(e).  
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Figure 2.2. Photographs of CMA guide cannula and probes surgically implanted in 

guinea pigs. 

(A) CMA12 guide cannula. (B) CMA20 microdialysis probe with a 4 mm PAES 

membrane. (C) CMA12 microdialysis probe with a 4 mm PAES membrane.  

A 

B 

C 
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2.2.4 Brain microdialysis probe implantation 

Anaesthetised guinea pigs were positioned centrally (median plane), straight 

and horizontal in a stereotaxic frame using atraumatic ear bars (David Kopf 

Instruments, USA). An incision was made along the midline of the scalp 

approximately 15mm in length, the skull was exposed and using a trephine 

drill bit (CMA microdialysis, Sweden) a hole was drilled in the skull at co-

ordinates from bregma: Rostral +1.3, Lateral +2.8 (Figure 2.3). A guide cannula 

(CMA microdialysis, Sweden. Figure 2.2) was inserted over the caudate nucleus 

as detailed by Bourne and Fosbraey 162 and secured in place using two bone 

screws (Figure 2.3) and dental cement (Glass Ionomer Cement, Fujichem). The 

wound was closed with sutures. 
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Figure 2.3. Schematic representation of a guinea pig skull during microdialysis guide cannula implantation surgery.  

The vertical line and horizontal lines represent the sutures with Bregma labelled. The circles represent the approximate locations of the guide 

cannula and anchor screws, with co-ordinates for their positioning.  
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2.2.5 Post-surgical recovery procedures 

Following the final surgical procedure, fluid replacement (Duphalyte 5ml 

intraperitoneal) was administered to animals, prior to their being placed in a 

warming cabinet (MH1200, Peco Services, UK) to assist with restoration of body 

temperature during emergence from anaesthesia. Following a recovery period 

of not less than 1 hour and on resumption of normal posture/mobility the 

guinea pigs were returned to their home cages.  

 

On return of the guinea pigs to the home cage, the cannula(e) were 

immediately connected via the harness and tether to a syringe (1.0 mL volume 

60 mm stroke, BD, UK) containing heparinised saline (5 IU/mL heparin). 

Cannula patency was checked and a flow of heparinised saline established, to 

maintain patency (0.5 µL/min, CMA402 syringe pump, CMA microdialysis, 

Sweden). Syringes were changed daily using fresh heparinised saline. Following 

a review of procedures by the Veterinary Surgeon, the use of bionectors 

(Vygon, UK) with heparin saline syringes was introduced, to follow best 

practice and reduce the risk of infection in the animals. 

 

Muscle microdialysis probes were connected to a syringe (5.0 mL volume, 45 

mm stroke, BD, UK) in the syringe pump and were perfused (~0.1 µL/min, T1 

perfusate, NaCl 147 mM, KCl 4 mM, CaCl
2
 2.3 mM, CMA microdialysis, 

Sweden).  

 

Guinea pigs were administered the multimodal antibiotic and analgesic 

regimen once daily, for two days following surgical procedures. If animals 

appeared not to be recovering and thriving post-surgery (e.g. piloerection, 

hunched posture, response to handling or lack of faecal production) the 

regime was continued, once daily, as required.  
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2.3 Study protocol 

All studies were carried out after a recovery period of 2 – 7 days if animals 

were cannulated and 7 days if guinea pigs were cannulated and had 

microdialysis probes/guide cannulae implanted. 

 

2.3.1 Administration of test compounds 

All drugs administered to animals were dissolved or diluted in sterile saline 

(0.9 % w/v, NaCl), unless otherwise stated. 

 

2.3.1.1 Intravenous administration of medical countermeasures 

An intravenous bolus dose of the individual MedCM drugs (atropine sulphate 

[5.8 mg/kg], avizafone hydrochloride [1.05 mg/kg] or HI-6 

dimethanesulphonate [9.3 mg/kg]), were administered via indwelling venous 

(jugular vein) cannulae at a constant dose volume of 333 µL/kg, in sterile 

saline. 

 

2.3.1.2 Intramuscular administration of medical countermeasures 

A single intramuscular dose of the MedCM either individually or as a 

combination (atropine sulphate [17.4 mg/kg], avizafone hydrochloride [3.14 

mg/kg] and HI-6 dimethanesulphonate [27.9 mg/kg]) was administered at a 

constant dose volume (333 µL/kg), in sterile saline, into the biceps femoris 

muscle of the hind leg. This enabled the PK profile of these drugs by the 

proposed route of human administration to be determined in the guinea pig. 

The doses studied were the same as those used in previous efficacy studies 32.  

 

2.3.1.3 Administration of human butyrylcholinesterase 

The bioscavenger, huBChE (20.9 mg/mL) was purified from outdated human 

plasma by Baxter (Baxter International Inc., USA) and supplied for these studies 

by the United States Army Medical Institute of Chemical Defense, under an 
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Equipment and Materials Transfer Memorandum of Understanding. The huBChE 

was administered by the intravenous or intramuscular routes, at a volume of 

163 µL/kg (3.4 mg/kg ≡ 10  nm ol/kg ,  form u la weig     

 

2.3.1.4 Subcutaneous administration of sarin 

Sarin was supplied by Detection Department, Dstl, Porton Down, at a 

concentration of approximately 5.0 mg/mL (98 % pure by 31P nuclear magnetic 

resonance), in isopropyl alcohol. Sarin (43.7 µg/kg ≡ 1  × LD
50

) 163 was 

administered by the subcutaneous route to guinea pigs at a constant dose 

volume (1.0 mL/kg). 

 

2.3.1.5 Application of percutaneous VX 

VX was supplied by Detection Department, Dstl, Porton Down, at a 

concentration of approximately 10 mg/mL (>95 % pure by 31P nuclear magnetic 

resonance) in isopropyl alcohol. The site of VX application on the dorsal side of 

the animal over the rump, was close clipped approximately 18 hours prior to 

dosing. Administration of VX by the percutaneous route was at a constant 

volume of 33 µL/kg, in isopropyl alcohol, at a dose of 267.4 µg/kg ≡ 1  

µmol/kg. 

 

2.3.2 Automated blood sampling 

To enable multiple samples of blood to be collected from individual animals, 

an automated blood sampling system (ABS: Instech Solomon, USA) was used. 

This enabled full PK profiles to be determined from individual animals. The ABS 

was calibrated and animals connected to the unit by the harness and tether . 

The keep vessel open (KVO) function was enabled to give a 5 µL pulse of 

heparinised saline (5 U/mL) every minute, ensuring cannula patency was 

maintained. The trim volume (interface between blood and saline, Figure 2.4) 

was set to 80 µL and the wash volume was set to 120 µL. The ABS unit was 

used in low-loss mode to ensure that all but ≈ 4 µL of surplus blood removed 

from the animal was returned to the circulating volume of the animal. Blood 
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samples, when collected, were withdrawn from animals at a rate of 250 

µL/min. Figure 2.5illustrates the different steps the ABS completes to collect a 

sample. 

 

 

 

 

Figure 2.4. Schematic representation of blood sample in the tubing of an ABS. 

The interface of saline and blood is referred to as the trim volume. Setting the trim 

volume on an automated blood sampler protocol ensures that only pure blood is 

collected in the sample vial.

Saline Blood Trim volume 
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Figure 2.5. Schematic representation of procedures carried out by automated blood samplers.  

 KVO ensures patency of cannulae is maintained; heparinised saline is pumped from reservoir to animal.  Blood flows from guinea 

pig, trim volume stored in reservoir.  Blood sample collected from guinea pig into vial for further processing.  Trim volume returns 

Automated blood sampler 

Saline 

reservoir 

 
 

 

 

Sample vial 

Trim volume reservoir  

(low loss mode) 
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from reservoir to guinea pig.  Saline, of the same volume as the blood sample, is administered to maintain fluid volume in the guinea 

pig. 
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2.3.2.1 Sampling volumes 

In order to comply with the Home Office project licence, the volumes of blood 

collected were restricted to <10 % of total blood volume for a single sample 

and ≤15 % of total blood volume for repeated samples over a 28 day period. 

The total blood volume of a guinea pig is 67 – 92 mL/kg 164, therefore, a 350 g 

guinea pig was assumed to have 23.5 – 32.2 mL of blood. As the sampling 

from the animal was repeated a total 15 % of blood volume or 3.5 – 4.8 mL 

could be collected. Using the ABS unit enabled a total of 15 pre-programmed 

samples to be collected automatically, so a volume of 230 - 320 µL per sample 

was possible. The sample volume collected was set to 150 - 250 µL on the ABS. 

These volumes of blood provided approximately 75 - 125 µL of plasma, 

sufficient for quantitation of the MedCM and determination of cholinesterase 

activity.  

 

2.3.3 Blood sampling protocols 

The fifteen pre-programmed blood samples were collected by ABS at different 

time-points. These were altered depending on the MedCM or nerve agent being 

studied and the route of administration. The time-points for each protocol are 

listed in Table 2.1 and schematic figures of each protocol are also presented in 

the relevant chapter of this thesis.   
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Time of sample acquisition (hours) 

MedCM Nerve Agent huBChE 

i.v. i.m. s.c. p.c. i.v. i.m. 

0.02 0.02 0.02 0.5 0.02 6.0 

0.08 0.08 0.08 1.0 0.25 12.0 

0.17 0.17 0.17 1.5 0.5 18.0 

0.25 0.33 0.33 2.0 1.0 20.0 

0.33 0.5 0.5 2.5 1.5 22.0 

0.50 0.67 0.67 3.0 2.0 24.0 

0.75 0.83 0.83 3.5 4.0 26.0 

1.0 1.0 1.0 4.0 6.0 28.0 

1.5 1.25 1.25 4.5 8.0 30.0 

2.0 1.5 1.5 5.0 12.0 36.0 

3.0 2.0 2.0 5.5 24.0 42.0 

6.0 2.5 2.5 6.0 36.0 48.0 

8.0 3.0 3.0 7.0 48.0 60.0 

12.0 3.5 3.5 8.0 60.0 72.0 

24.0 4.0 4.0 12.0 72.0 84.0 

No  

0 hours 

time-point 

Manual 0 hours  

time-point 

 

Manual 

samples at 

0, 18, 24, 

30 and 48 

Manual samples at 0, 96, 

120 and 144. 

Table 2.1. Blood sampling protocols used with the automated blood sampling system.  

Each of these protocols aimed to achieve greatest temporal resolution at the expected 

T
max

 130 :136 or the fastest rate of change in concentration of the MedCM or nerve agent 

being studied. All time-points are listed in hours and notes indicate times that blood 

samples were collected manually via the cannulae. 
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2.3.4 Microdialysis sampling 

Prior to the administration of nerve agent or MedCM, the stop in the surgically 

implanted guide cannula was removed and a microdialysis probe (CMA12, 20 

kDa cut-off, 4 mm PAES membrane, CMA microdialysis, Sweden) inserted into 

the brain, via the guide cannula. These brain microdialysis probes were 

perfused with CNS perfusate (NaCl 147 mM, KCl 2.7 mM, CaCl
2
 1.2 mM, MgCl

2
 

0.85 mM, CMA, Sweden). The rate of perfusion of the surgically implanted 

muscle microdialysis probe was also increased from 0.1 µL/min (rate used to 

maintain patency) to the rate to be used in the pharmacokinetic study (2.0 or 

1.0 µL/min for conventional MedCM studies or percutaneous VX and 

bioscavenger studies, respectively). Both microdialysis probes were perfused 

for a 60 minutes period, to enable equilibration of the probes, prior to the 

administration of the test compound, as detailed for previous studies 134 :151 :152 

:165. Microdialysate fractions were collected at regular intervals and these were 

altered depending on the MedCM or nerve agent being studied and the route 

of administration. The time-points for each protocol are listed in Table 2.2. 

Schematic figures of each protocol are also presented in the relevant chapter of 

this thesis. 

 

  

60 



  Chapter 2: Materials and Methods 

Time of fraction collection (hours) 

MedCM Nerve agent  

i.m. s.c. p.c. 

2.0 µL/min 2.0 µL/min 1.0 µL/min 

0 – 0.25 0 – 0.25 0 – 1 

0.25 – 0.5 0.25 – 0.5 1 – 2 

0.5 – 0.75 0.5 – 0.75 2 – 3 

0.75 – 1.0 0.75 – 1.0 3 – 4 

1.0 – 1.25 1.0 – 1.25 4 – 5 

1.25 – 1.5 1.25 – 1.5 5 – 6 

1.5 – 2.0 1.5 – 2.0 6 – 7 

2.0 – 2.5 2.0 – 2.5 7 – 8 

2. 5 – 3.0 2. 5 – 3.0 8 – 10 

3.0 – 3.5 3.0 – 3.5 10 – 12 

3.5 – 4.0 3.5 – 4.0 12 – 14 

  14 – 16 

  16 – 18 

  18 – 20 

  20 – 22 

  22 – 24 

  24 – 28 

  28 – 32 

  32 – 36 

  36 – 40 

  40 – 44 

  44 - 48 

Table 2.2. Microdialysis fraction collection protocols.  

Each of these protocols aimed to achieve greatest temporal resolution at the expected 

time of the fastest rate of change in concentration of the MedCM or nerve agent being 

studied. All time-points are listed in hours.  
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2.3.5 Sample preparation 

Following collection, blood samples were removed from the refrigerated ABS 

carousel and centrifuged for 1 minute (13,300 revolutions per minute ≡ 

17,000 × gravity, Heraeus Pico 17 centrifuge, Thermo Scientific, UK). The 

plasma was decanted from the erythrocyte pellet into a separate vial. The 

erythrocytes were re-suspended in saline (0.9 % w/v, NaCl) to the original 

volume. Aliquots (5 µL) of plasma or re-suspended erythrocytes from animals 

exposed to VX were diluted in 1 mL of 0.1 M phosphate buffer (pH 8.0), for 

cholinesterase analysis. The plasma and erythrocyte samples were immediately 

frozen (-20 °C) and stored at -80 °C until analysis.  

 

Microdialysate samples were removed from the refrigerated fraction collector 

carousel, sealed and immediately frozen (-20 °C) and subsequently stored at  

-80 °C until analysis. 

 

2.4 Assay of cholinesterase activity 

Both plasma butyrylcholinesterase and erythrocyte acetylcholinesterase activity 

were determined spectrophotometrically using a modified version of the 

method described by Ellman et al 166. Briefly; the reagents 5-5’-Dithiobis(2-

nitrobenzoic acid) (Sigma-Aldrich, UK), acetylthiocholine or butyrylthiocholine 

(Sigma-Aldrich, UK) were prepared in distilled water to achieve final cuvette 

concentrations of 330 µM, 1 mM or 10 mM, respectively. The plasma or 

erythrocyte samples were diluted 1:200 in 0.1 M phosphate buffer (pH 8.0) and 

subsequently 1:3 in the cuvettes. The samples, reagents and assay were 

incubated at 30 °C. The reaction was started by addition of the sample and the 

change in absorbance was measured at 412 nm on a spectrophotometer (UV 

1800, Shimadzu, UK) over six minutes for plasma samples and over ten 

minutes for erythrocyte samples. If the reaction rate was not linear over this 

period the samples were diluted to achieve linearity (this occurred primarily 

with samples containing human butyrylcholinesterase, for which a dilution of 

1:1000 was routinely required). The rate of change in absorbance and 
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subsequent activities were calculated (Equation 2.1) from raw absorbance data 

using Prism (version 5.01, GraphPad Software, Inc. USA).  

 

𝑅𝑅 =  �
∆ 𝐴𝐴
𝜀𝜀
�  × 𝐿𝐿 ×  �

𝑉𝑉
𝑣𝑣
�  × 𝐷𝐷 

Equation 2.1. Method of calculating AChE or BChE activity using spectrophotometric 

data.  

Where, R = rate (µmol/min/mL); ΔA = change in absorbance (mAbs/min); ε = molar 

extinction coefficient of 5-5’-Dithiobis (2-nitrobenzoic acid) = 13,600 (L/mol/cm);  

L = cuvette path length (cm); V = cuvette volume (mL), v = sample volume (mL) and  

D = dilution factor of sample.  

 

2.5 Quantitation of analytes 

2.5.1 Quantitation of VX 

Quantitation of VX in microdialysates, plasma and erythrocytes was carried out 

by the Dstl Analytical Chemistry team, Detection Department, using liquid 

chromatography tandem mass spectrometry with electrospray ionisation (LC-

MS-MS-ESI). The methods were similar to those described by Wetherell et al 141 

but with some modifications.  

 

The methods detailed here were written by Robert Read, the analytical chemist 

who developed the methodology for quantitation of VX in the samples. 

 

Microdialysates in both muscle and brain buffer were analysed as received, 

with no dilution necessary. VX was quantitated against calibration standards 

prepared in the appropriate buffer over the range 0.002 to 1 ng/mL. Following 

addition of Russian VX (o-isobutyl S-(N,N-diethylaminoethyl)methyl 

phosphonothioate, RVX) internal standard (final concentration = 0.05 ng/mL) 

and basification with sodium hydroxide (1 M), plasma and erythrocytes were 
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extracted with methanol / hexane and the solvent exchanged to water as 

previously described 141. Plasma (50 µL) was extracted without dilution; entire 

samples of erythrocytes were diluted to the original blood volume (250 µL) 

prior to extraction. VX was quantitated against calibration standards prepared 

in plasma and erythrocytes over the range 0.01 to 1 ng/mL (plasma) or 0.002 

to 0.5 ng/mL (erythrocytes). Linear calibrations with R2 >0.99 were obtained. 

 

LC-MS-MS of microdialysates and plasma extracts was performed using an 

Accela 1250 pump and autosampler (Thermo Scientific, UK), and TSQ Quantum 

Ultra triple quadrupole mass spectrometer (Thermo Scientific, UK). The mass 

spectrometer was equipped with a heated electrospray ionisation (HESI) source. 

Liquid chromatography was performed on Gemini-NX C18, 3 µm particle size, 

columns (Phenomenex, UK). A 150 x 2.1 mm column with isocratic elution was 

used for microdialysates and a 50 x 2.1 mm column with gradient elution, for 

plasma and red cell extracts. The mobile phase consisted of A: 0.05 % 

trifluoroacetic acid in water and B: 0.05% trifluoroacetic acid in acetonitrile. The 

isocratic elution for microdialysates used a composition of 80 % A: 20 % B at a 

flow rate of 0.2 mL/min. The gradient for plasma and red cell extracts was 5 % 

B for 1 min, increasing to 90 % B at 9 min, and held at 90 % B for 1 min, at a 

flow rate of 0.2 mL/min. In both cases, the column was held at 25 °C and 

column eluent was diverted to waste for the first 2 min. Autosampler tray 

temperature was 10 °C and injection volume 10 µL. 

 

The mass spectrometer was operated in positive ion selected reaction 

monitoring mode. Transitions monitored were m/z 268 → 128  at 17  eV 

collision energy for VX and m/z 268 → 100  at 17  eV coll ision  ene   RVX. 

Collision gas was argon at 1 mTorr pressure. Source conditions were: HESI 

vaporiser 350 °C, spray voltage 4.5 kV, sheath gas (nitrogen) 40 (arbitrary 

units), auxiliary gas (nitrogen) 15 (arbitrary units) and ion transfer tube 

temperature 300 °C. Skimmer offset was set at 5 V. 

 

Red cell extracts were analysed using a Surveyor MS pump, autosampler, and 

TSQ Quantum mass spectrometer with electrospray ionisation (Thermo 
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Scientific, UK) as previously reported 141. The LC column and conditions were as 

above, and mass spectrometer settings as previously reported, with the 

addition of the transition for RVX internal standard. 

 

2.5.2 Quantitation of pharmacological medical countermeasures 

Quantitation of atropine, diazepam, hyoscine, HI-6 and physostigmine in 

guinea pig plasma was carried out by Dstl Analytical Chemistry team, Detection 

Department, Porton Down, UK. Quantitation was performed using LC-MS-MS-

ESI. 

 

The methods detailed here were written by Sarah Stubbs, the analytical chemist 

who developed the methodology for quantitation of the MedCM in the samples. 

 

Calibration curves were prepared in guinea pig plasma (50 µL) across the range 

0.1 – 100 ng/mL for atropine and diazepam, 0.1 – 50 ng/mL for hyoscine and 

0.1 – 20 ng/mL for physostigmine.  Calibration curves were prepared in guinea 

pig plasma (20 µL) across the range 100 – 50,000 ng/mL for HI-6.  

 

HI-6-d
4
 chloride was used as an internal standard for HI-6 quantitation. Where 

deuterated internal standards were not available alternative compounds were 

used. Atropine was used as an internal standard for quantitation of hyoscine 

and vice versa, prazepam was used as an internal standard for diazepam and 

phenserine was used as an internal standard for quantitation of physostigmine.  

 

Where necessary, samples were diluted with guinea pig plasma prior to 

extraction to enable quantitation within the calibration range.   

 

For quantitation of atropine, diazepam, hyoscine and physostigmine, guinea 

pig plasma (50 µL) was spiked with corresponding internal standard at a 
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concentration of 10 ng/mL. Guinea pig plasma (50 µL) was precipitated with 

acetonitrile (150 µL), vortexed (30 s) and centrifuged (12,000 × g, 10 min).  

Supernatant (150 µL) was removed and taken to dryness using a centrifugal 

evaporator (40 °C, 80 min).  Extract was re-dissolved in water (50 µL) and 

analysed by LC-MS-MS-ESI. 

 

Samples were quantitated using calibration curves, by comparison of peak area 

ratios between compound and corresponding internal standard.  All calibration 

curves were linear with R2 > 0.99. 

 

LC-MS-MS of plasma extracts for atropine, diazepam, hyoscine and 

physostigmine quantitation, was performed using a Surveyor MS pump and 

autosampler (Thermo Scientific, UK), and TSQ Quantum triple quadrupole mass 

spectrometer with electrospray ionisation (Thermo Scientific, UK). Liquid 

chromatography was performed on Gemini-NX C18, 3 µm particle size, 150 x 2 

mm I.D. columns (Phenomenex, UK), fitted with Gemini-NX C18 security guard 

cartridges (Phenomenex, UK). Mobile phase consisted of A: 0.05% formic acid 

in water and B: 0.05% formic acid in acetonitrile. The gradient was 2% B for 2 

min, increasing to 90% B at 5 min, held at 90% B for 2 min, decreasing to 2% B 

at 10 min and held for 2 min. Mobile phase flow rate was 0.2 mL/min. Column 

oven temperature was 30 °C. Autosampler tray temperature was 10 °C, needle 

wash solvent was acetonitrile: water (50:50) and injection volume was 10 µL. 

 

The mass spectrometer was operated in positive ion selected reaction 

monitoring mode. Ion transitions and collision energies for target compounds 

and internal standards are detailed in Table 2.3. 

 

Collision gas was argon at 1.5 mTorr pressure. Source conditions were: spray 

voltage 3.0 kV, sheath gas (nitrogen) 45 (arbitrary units), auxiliary gas 

(nitrogen) 20 (arbitrary units) and ion transfer tube temperature 275 °C. 

Skimmer offset was set at 15 V. 
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For quantitation of HI-6, guinea pig plasma (20 µL) was precipitated with 0.1% 

formic acid in water: methanol, 1:1, v/v, (250 µL) containing internal standard 

(200 ng/mL HI-6-d
4 
chloride). Extracts were vortexed (30 s) and centrifuged 

(13,800 × g, 10 min). Supernatant (200 µL) was removed and analysed by LC-

MS-MS-ESI. 

 

Samples were quantitated using calibration curves, by comparison of peak area 

ratios between compound and corresponding internal standard.  All calibration 

curves were linear with R2 > 0.99. 

 

LC-MS-MS of plasma extracts for HI-6 quantitation, was performed using a 

Surveyor MS pump, autosampler and TSQ Quantum triple quadrupole mass 

spectrometer with electrospray ionisation (Thermo Scientific, UK). Liquid 

chromatography was performed on ZIC HILIC, 3.5 µm particle size, 50 x 2.1 

mm I.D. columns (Phenomenex, UK). Mobile phase consisted of A: 40 mM 

ammonium formate in water (adjusted to pH 3 with formic acid) and B: 

methanol. Isocratic separation was performed using a mobile phase 

composition of 50% A and 50 % B with a flow rate of 0.2 mL/min, the run time 

was 5 min. Column oven temperature was ambient and autosampler tray 

temperature was 10 °C. Needle wash solvents were A: 0.1% formic acid in 

acetonitrile: propan-2-ol: water (4:3:3, v/v) and B: methanol. Injection volume 

was 5 µL. 

 

The mass spectrometer was operated in positive ion selected reaction 

monitoring mode. Ion transitions monitored were m/z 287.1 → 165 .1  at 12 eV 

collision energy for HI-6 and m/z 291.2 → 165 .1  at 1      

HI-6-d
4 
chloride.  

 

Collision gas was argon at 1.0 mTorr pressure. Source conditions were: spray 

voltage 3.0 kV, sheath gas (nitrogen) 45 (arbitrary units), auxiliary gas 
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(nitrogen) 20 (arbitrary units) and ion transfer tube temperature 275 °C. 

Skimmer offset was set at 12 V.  
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Compound Selected reaction monitoring 

ion transition (m/z) 

Collision energy (eV) 

Atropine 290.0 → 124 .0 30 

Diazepam 285.0 → 257 .0 20 

Hyoscine 304.0 → 138 .0 20 

Physostigmine 276.3 → 162 .2 20 

Prazepam 325.4 → 271 .2 25 

Phenserine 338.4 → 281 .2 15 

Table 2.3. Selected reaction monitoring ion transitions and collision energies for target 

compounds and internal standards.  
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2.5.3 Quantitation of butyrylcholinesterase 

The concentrations of human butyrylcholinesterase in plasma samples from 

guinea pigs administered human butyrylcholinesterase were determined from a 

standard curve. The standard curve was constructed from serial dilutions of 

the stock solution supplied from Baxter and the concentrations used were 

209.9 – 0.1 µg/mL. The cholinesterase activity of each of these concentrations 

was assayed in triplicate by the Ellman method. GraphPad Prism (version 5.01, 

GraphPad Software, Inc. USA) was used to determine the unknown 

concentrations from the standard curve. 

 

2.6 In vitro calibration of microdialysis probes 

Brain and muscle microdialysis probes were calibrated ex vivo to determine the 

efficiency with which they were able to equilibrate with the MedCM or VX 

concentration in the interstitial fluid in which they were sited.  

 

2.6.1 Medical countermeasure calibration 

Atropine sulphate, diazepam or HI-6 dimethanesulphonate were used to 

calibrate the probes. Ex vivo microdialysis probes (n=4) were placed in 

chambers (1.5 mL volume) containing 5 ng/mL of the atropine or diazepam or 

5 µg/mL of HI-6. The chambers were maintained at 37 °C. The probes were 

perfused as per the in vivo studies (2.0 µL/min with T1 or CNS perfusion fluid 

for muscle and brain probes respectively). Microdialysate fractions were 

collected at 60-minute intervals. The equilibration of the probes with the 

analyte solution was carried out over four hours (the same duration as the in 

vivo studies. Microdialysate fractions were immediately frozen, stored at  

-80 °C prior to transfer to the analytical chemistry laboratory for analysis by LC-

MS-MS-ESI. 
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2.6.2 VX calibration 

Radiolabelled (14C) VX (radiochemical purity > 98% measured by 1H and 31P NMR, 

specific activity = 1.33 GBq/mmol) was used to determine the efficiency of the 

probes. Microdialysis probes, both new and ex vivo probes ( n=4), were placed 

in chambers containing 250 ng/mL of VX (5.32 kBq/µg VX) which were 

maintained at 37 °C. The probes were perfused as per the in vivo studies (1.0 

µL/min, with T1 or CNS perfusion fluid for muscle and brain probes 

respectively). Microdialysate fractions were collected at hourly intervals. After 

six hours of equilibration and fraction collection, the VX solution chambers 

were replaced with chambers containing saline (0.9 % w/v, NaCl) and sampling 

continued for further 18 hours. 

 

Scintillation fluid (20 mL, Ultima Gold cocktail, Perkin-Elmer, UK) was added to 

the dialysate fractions (60 µL) and radioactivity was counted for five minutes 

on a liquid scintillation counter (Tri-Carb 2910 TR, Perkin-Elmer, UK), using the 
14C-quench curve library supplied by the manufacturer. Single-photon (non-

radioactive) events were excluded. Radioactivity counts in both microdialysates 

and the original chamber solutions were converted to VX amounts and 

concentrations using specific activity of the VX and the respective volumes. 

Efficiency of the microdialysis probes was calculated using these 

concentrations.  

 

2.7 Pharmacokinetic analyses 

All pharmacokinetic and pharmacodynamic analysis was carried out using 

Phoenix WinNonlin (version 6.1, Pharsight, USA).  

 

2.7.1 Noncompartmental analysis 

Noncompartmental analysis was initially carried out on mean concentration-

time data, to provide area under the concentration-time curve, terminal rate 

constants (λ
z
) and a semi-logarithmic XY plot of the concentration-time data. 
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To calculate λ
z
 (slope of the terminal decrease in concentration, Figure 2.6) the 

software completes regression using the natural logarithm of the last three 

data points (non-zero), then the last four, the last five and so on until C
max

. An 

R² value is calculated for each regression and the λ
z
 for the regression with the 

largest R² is reported. 

 

2.7.2 Compartmental analysis 

The concentration-time data were examined on the semi-logarithmic XY plot to 

determine whether the concentration declined in an exponential,  

bi-exponential or tri-exponential manner. A compartmental model with 

corresponding number of compartments was then fitted to the pooled 

concentration data and PK parameters were generated (Table 2.4, Figure 2.6 

and Figure 2.7). In addition, the choice of model was also based on which 

compartmental model or weighting had the lowest Akaike Information 

Criterion (AIC), as detailed in Abbara et al 167. The AIC provides a measure of 

goodness of fit of a compartmental model.  

 

Initial estimates of parameters for the compartmental models were taken from 

noncompartmental analysis of the same data. However, if compartmental 

analysis had already been carried out on data for the same MedCM, by a 

different route or under different experimental conditions (e.g. individual 

intramuscular administration), the PK parameters generated from these 

analyses were used as initial estimates. 
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Table 2.4. PK parameters and the equations for calculating them.  

Parameter Definition Equation 

Maximum 
concentration  
( Cmax) 

Highest 
concentration of 
the drug following 
extravascular 
administration. 

see Figure 2.6 

Time of 
maximum 
concentration  
( Tmax) 

Time at which Cmax 

was achieved.  
see Figure 2.6 

Exposure  
(AUC) 

Area under the 
concentration-time 
curve. 

Calculated using trapezoidal 
rule (see Figure 2.6)  
 
or       𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝐶𝐶𝐶𝐶
  

Volume of 
distribution  
(Vd) 

Apparent volume 
of distribution of 
the drug. 

 
𝑉𝑉 =  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝐶𝐶0
     or     𝑉𝑉 =  𝐶𝐶𝐶𝐶

𝑘𝑘
 

 

Rate of 
clearance  
(Cl) 

Total clearance of 
the drug from 
plasma. 

𝐴𝐴𝐶𝐶 =  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝐴𝐴𝐴𝐴𝐶𝐶

      or      𝐴𝐴𝐶𝐶 = 𝑘𝑘 · 𝑉𝑉 

Rate constant  
(k, ka or k10 
etcetera) 

Rate of absorption  
or elimination  
(ka or k). 

𝑘𝑘 =  
𝐴𝐴𝐿𝐿
𝑉𝑉

 

(also see Figure 2.6) 

Half-life (T½) Amount of time 
taken for the 
concentration to 
increase or 
decrease by a 
factor of 2 

𝑇𝑇½ =
𝐶𝐶𝑙𝑙 (2)
𝑘𝑘

=  
0.693
𝑘𝑘
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Figure 2.6. Schematic concentration-time profile showing PK parameters calculated or 

measured.  

AUC can be calculated as detailed in Table 2.4 or by summing the trapezoid areas 

(mean concentration × time) of the measured concentrations at each time interval.  
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Figure 2.7. Schematic representation of one, two and three compartment PK models.  

 Shows a typical concentration time plot with a single exponential decrease  

(α = slope) and below is the theoretical one compartment model.  Shows a typical 

concentration time plot with a double exponential decrease (α and β = slopes) and 

below is the theoretical two-compartment model, with compartment 2 accounting for 

distribution into a reservoir.  Shows a typical concentration time plot with a triple 

exponential decrease (α,β and γ = slopes) and below is the theoretical  

three-compartment model, with compartments 2 and 3 accounting for distribution into 

two different reservoirs at different rates (e.g. low and high perfusion rates 

respectively).  
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2.8 Pharmacodynamic analysis 

All pharmacodynamic analysis was carried out using Phoenix WinNonlin 

(version 6.1, Pharsight, USA).  

 

2.8.1 Noncompartmental analysis 

Noncompartmental analysis was carried out on mean AChE or BChE activity 

data, where no concentration data was available. The analysis provided 

baseline effect (E
0
), maximum inhibition of activity (I

max
), minimum activity (R

min
) 

as a percentage of baseline and the time of R
min

 or I
max

 (T
min

). The analysis also 

calculated two slopes; the rate of inhibition and the rate of recovery of activity. 

To calculate these slopes the software completed regression analysis as for λ
z 

(see section 2.7.1), once at the beginning and once at the end of the activity-

time curves. 

 

2.8.2 Pharmacodynamic model 

Concentration data were plotted against cholinesterase activity on a  

semi-logarithmic scale. Inhibitory PD models were fit to the pooled 

concentration-effect data. The choice of model used to fit the data was based 

on the AIC, as detailed in Section 2.7.2. If PD analysis had already been carried 

out on concentration-effect data for the same MedCM drug, the PD parameters 

generated from these analyses were used as initial estimates. In cases where 

this information was not available, no initial estimates were provided.  

 

The PD parameters calculated by the inhibitory models and the equations used 

to calculate these are detailed in Table 2.5 and Figure 2.8. 
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Table 2.5. Pharmacodynamic parameters calculated by inhibitory pharmacodynamic 

models.  

The equations used to calculate these parameters are included.  

Parameter Definition Equation 

Baseline effect  
( E

0
) 

Baseline effect 
measurement. see Figure 2.8 

Maximum inhibition 
( I

max
) 

Maximum inhibition 
caused by drug.  see Figure 2.8 

Concentration at 50% 
inhibition. 
(IC

50
)  

Concentration at 
which half the 
maximum inhibition 
was achieved. 

see Figure 2.8 

Observed maximum 
inhibition 
(R

max
) 

Maximum inhibition 
from baseline 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐸𝐸0 −  𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 

Change from baseline 
effect  
(FI

max
) 

Fractional change in 
effect from baseline 𝐹𝐹𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸0

 

Gamma  

(ɣ) 

Hill slope (shape 
parameter) see Figure 2.8 
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Figure 2.8. Schematic concentration-effect profile showing PD parameters calculated or 

measured.  

The effect (E) at any given concentration can be calculated using the equation shown. If 

a sigmoidal model was used the shape parameter ɣ was added to the equation, as an 

exponent f or all concentration terms. 
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(𝐴𝐴 + 𝐼𝐼𝐴𝐴50) 
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2.9 Linked pharmacokinetic and pharmacodynamic 

analysis 

PK and PD data were linked in a model which combined the PK and PD models 

found to best fit the data. This enabled the characterisation of inhibition of 

cholinesterase with time and concentration. The same PK and PD parameters 

as defined in Sections 2.7.2 and 2.8.2 were calculated in addition to the exit 

rate constant from the effect compartment (k
e0

). The k
e0

 parameter linked the 

hypothetical effect compartment to the PK model 168 (Figure 2.9), by providing 

an estimate for the lag between the plasma concentration-time curve and the 

effect compartment concentration-time curve. The k
e0

 enabled the 

concentration in the effect compartment to be calculated. The choice of model 

and weighting used to fit the data was based on the AIC, as detailed in Section 

2.7.2. The PK and PD parameters generated from previous analyses were used 

as initial estimates for the model. 
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Figure 2.9. Schematic representation of the linked PKPD model showing the effect 

compartment exit constant, k
e0

.  

 
  

Ef
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 (
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2.10 Bioavailability 

Bioavailability (the fraction of the dose administered entering the systemic 

circulation) following intramuscular administration of a MedCM, was calculated 

using Equation 2.2. Mean AUCs were used to calculate bioavailability and 

therefore, the error on the bioavailability was calculated by compounding the 

errors associated with the two mean AUCs using Equation 2.3. The mean AUCs 

used to calculate bioavailability were determined by non-compartmental 

analysis. 

 

𝐵𝐵𝐵𝐵𝐷𝐷𝐵𝐵𝑣𝑣𝐵𝐵𝐵𝐵𝐶𝐶𝐵𝐵𝑎𝑎𝐵𝐵𝐶𝐶𝐵𝐵𝑑𝑑𝑎𝑎 (𝐹𝐹) =  �
𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑚𝑚
𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖

� ·  �
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑚𝑚

� 

Equation 2.2. Equation used to calculate bioavailability. 

AUC
im

 and AUC
iv
 are the area under the concentration curves following intramuscular 

and intravenous administration respectively. Dose
im

 and Dose
iv
 are the doses 

administered by these respective routes.  

 

𝐵𝐵𝐵𝐵𝐷𝐷𝐵𝐵𝑣𝑣𝐵𝐵𝐵𝐵𝐶𝐶𝐵𝐵𝑎𝑎𝐵𝐵𝐶𝐶𝐵𝐵𝑑𝑑𝑎𝑎 𝐷𝐷𝑒𝑒𝑒𝑒𝐷𝐷𝑒𝑒 =  ���
𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑚𝑚𝐷𝐷𝑒𝑒𝑒𝑒𝐷𝐷𝑒𝑒
𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑚𝑚

�
2

+ �
𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝐷𝐷𝑒𝑒𝑒𝑒𝐷𝐷𝑒𝑒
𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖

�
2

� · 𝐹𝐹 

Equation 2.3. Equation used to compound the errors associated with AUCs into an 

error associated with the bioavailability.  

The equation was adapted from Taylor 169. 
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The relative bioavailability of a MedCM (in which the reference was not 

intravenous administration, as for bioavailability) was calculated using 

Equation 2.4. For example, the relative bioavailability of MedCM in poisoned 

animals compared to naïve animals. 

 

𝑅𝑅𝐷𝐷𝐶𝐶𝐵𝐵𝑑𝑑𝐵𝐵𝑣𝑣𝐷𝐷 𝑎𝑎𝐵𝐵𝐷𝐷𝐵𝐵𝑣𝑣𝐵𝐵𝐵𝐵𝐶𝐶𝐵𝐵𝑎𝑎𝐵𝐵𝐶𝐶𝐵𝐵𝑑𝑑𝑎𝑎 (𝐹𝐹𝑅𝑅𝐷𝐷𝑅𝑅) =  �
𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚
𝐴𝐴𝐴𝐴𝐴𝐴𝑏𝑏

� ·  �
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑏𝑏
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑚𝑚

� 

Equation 2.4. Equation used to calculate the relative bioavailability. 

The different experimental conditions are represented by a and b (e.g. a = naïve 

animals, b = nerve agent exposed animals). The equation is adapted from Rowland and 

Tozer 170. 

 

2.11 Statistical analysis 

The raw concentration-time data were tested for normality using the Anderson-

Darling test at the 5% significance level using Minitab (v16, Minitab Ltd., UK).  

 

Statistical analysis was carried out using Prism (version 5.01, GraphPad, USA). 

PK or PD parameters were compared by two tailed unpaired t test at the 5 % 

significance level. Multiple comparisons were made using one way analysis of 

variance (ANOVA) and a post hoc test, with the confidence intervals set to 95 %.  

 

2.12 Histopathological analysis 

Brains and sacrospinalis muscles were collected from guinea pigs post mortem 

and were immediately immersion fixed, using neutral buffered formalin  

(NBF: 10% v/v), for a minimum of 48 hours. The tissue samples were resected 

into segments approximately 5 mm in width. These segments were further 

fixed in NBF for 24 hours, prior to vacuum infiltration with paraffin wax on a 

vacuum infiltration processor (Tissue-Tek E300, Sakura Finetek, UK). Tissues 

were embedded in wax blocks, cut into nominally 5 µm sections using a rotary 
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microtome (Leica; RM2035) and mounted on glass slides. Sections were stained 

with hematoxylin and eosin, using a Linear Stainer (DRS2000, Sakura Finetek, 

UK), before automated coverslipping with glass coverslips and DPX mountant 

(Sigma Aldrich, UK). Skin sections were examined using a microscope 

(Axioskop, Zeiss, UK) fitted with a camera (Axiocam; MRc5 CCD). Digital 

photomicrographs were captured using Axiovision 4.3 software (Zeiss Ltd). 

Low magnification micrographs were captured using the camera (Axiocam; 

MRc5 CCD) attached to a binocular dissection microscope (Olympus). 

 

2.13 Electron microscopy 

At the end of the in vivo studies microdialysis probes were removed from 

guinea pigs post mortem and immediately fixed by immersion in NBF, for a 

minimum of 24 hours. Probes were subsequently dehydrated, using an alcohol 

series (70 – 100 %), air dried and sputter coated with gold (approximately 20 

nm; Automatic Sputter Coater, Agar Scientific, UK), prior to examination in a 

scanning electron microscope, which operated at 15kV (SU3500, Hitachi, UK). 
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3.1 Chapter specific introduction 

As discussed in Chapter 1 of this thesis, post-poisoning MedCM currently fielded by 

the UK Armed Forces comprises atropine sulphate, avizafone hydrochloride and 

pralidoxime methane sulphonate 30. These MedCM supported by pretreatment with 

pyridostigmine bromide, have proven effective at preventing lethality following 

acute exposure to nerve agent 32-34. However, this combination does not provide 

protection against some of the incapacitating effects of nerve agent. In part this is 

because the pralidoxime has limited ability to reactivate AChE inhibited by several 

nerve agents and does not readily penetrate the BBB, which would enable it to 

protect central AChE. The replacement of pralidoxime with HI-6 

dimethanesulphonate in the autoinjectors has been proposed, because HI-6 

provides better protection against soman, cyclosarin and VX than does pralidoxime 
76 :171 :172.  

 

The efficacy of MedCM administered post-poisoning is dependent on their rapid 

administration following exposure to nerve agent, with protection being 

significantly reduced if delayed for 8 minutes or more 173. Understanding this 

efficacy in terms of the absorption and distribution of MedCM to target tissues can 

be achieved through determination of their PK, in plasma and the target tissues. 

The PK of some of the individual MedCM have previously been determined, in 

anaesthetised or poisoned guinea pigs 129 :135, however, there has been no systematic 

study of all the MedCM in conscious guinea pigs, either as individual drugs or in 

combination. Therefore, the first part of this study was carried out to investigate the 

PK of atropine, diazepam and HI-6 in conscious ambulatory guinea pigs following 

individual intravenous bolus administration of these MedCM. 

 

The intramuscular route is the proposed route of administration for MedCM against 

nerve agents in humans, so understanding the PK of these drugs by this route in 

the animal species used for efficacy testing is important. As the MedCM are 

physiologically active it is conceivable that when administered in combination their 

absorption, distribution or elimination may be altered, compared to when the 

MedCM are administered alone, this change in PK may have knock on effect on 
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efficacy. Thus the second part of this study was to determine the plasma 

concentrations of atropine, diazepam and HI-6 in conscious ambulatory guinea pigs 

following their individual, and subsequently their combined, intramuscular 

administration. PK parameters were determined for the MedCM and were compared 

to the intravenous bolus PK parameters, enabling the bioavailability of the MedCM 

to be calculated. These data also enabled any changes in PK to be identified 

following administration by the intramuscular route. The PK parameters determined 

for individual and combined MedCM (by the intramuscular route) were compared to 

identify PK interactions between the drugs. These PK data are discussed in light of 

the potential effects on efficacy against nerve agent.  

 

The MedCM PK data obtained in unpoisoned guinea pigs can be used for 

extrapolation of doses and administration regimens to humans. However, as nerve 

agents disrupt normal physiology it is hypothesised that the ADME of the MedCM in 

poisoned guinea pigs may differ from that in unpoisoned guinea pigs, so the PK of 

the MedCM may change. In addition direct drug-drug interactions (i.e. reactivation 

of nerve agent inhibited AChE by HI-6) may take place. The PK interactions between 

MedCM and nerve agents have, to date, not been systematically investigated. 

However, two published studies have indicated that nerve agent may alter the PK of 

MedCM. Cassel et al investigated the PK of HI-6 in naïve and nerve agent poisoned 

rats. From their study it can be inferred that the BBB may change, as brain 

concentrations of HI-6 were greater in poisoned animals  134. Separately, Capacio et 

al showed that the C
max

 of diazepam was significantly reduced in guinea pigs in 

which soman induced seizure was not terminated compared to guinea pigs in which 

soman induced seizure was terminated 135. Unfortunately, in these latter studies the 

PK of diazepam in unpoisoned guinea pigs was not determined. Therefore, to 

identify the PK interactions between MedCM and nerve agents, the plasma 

concentrations of atropine, diazepam and HI-6 were determined, following 

combined administration of atropine sulphate, avizafone hydrochloride and HI-6 

dimethanesulphonate to sarin-exposed guinea pigs. The PK parameters calculated 

for the atropine, diazepam and HI-6 were compared to their PK parameters in 

unpoisoned guinea pigs. These data are discussed in light of efficacy and the 

appropriate extrapolation of data from guinea pigs to humans, to provide the best 

estimate of an efficacious dose in humans.  
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3.2 Chapter specific aims 

To determine the pharmacokinetics of the MedCM, atropine, diazepam and HI-6. 

Thus providing data to aid the understanding of MedCM efficacy against acute 

exposure to nerve agent.  

a. To determine the PK of atropine, diazepam and HI-6 after intravenous 

bolus and intramuscular administration of individual atropine, 

avizafone and HI-6 in guinea pigs. 

b. To calculate the intramuscular bioavailability of these MedCM, using 

the intravenous bolus and intramuscular data. 

c. To determine the PK interaction between atropine, diazepam and HI-6 

when the MedCM are administered in combination. 

d. To determine the PK interaction of combined atropine, diazepam and 

HI-6 with sarin, when administered in association with one another. 

e. To determine the cholinesterase inhibition-time profile of the nerve 

agent sarin, by the subcutaneous route of exposure and the effect of 

administration of combined atropine, avizafone and HI-6 on this 

profile.  
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Figure 3.1. Concept for guinea pig studies investigating the PK of conventional pharmacological MedCM. 
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3.3 Materials and methods specific to the study of 

pharmacological medical countermeasure 

pharmacokinetics 

To determine the PK of atropine, diazepam and HI-6 after intravenous bolus 

administration, twelve male Dunkin-Hartley guinea pigs (0.387 ± 0.043 kg, mean ± 

SD) were implanted with arterial and venous cannulae, as detailed in Chapter 2. 

Atropine sulphate (5.8 mg/kg), avizafone hydrochloride (1.05 mg/kg) or HI-6 

dimethanesulphonate (9.3 mg/kg) were administered as an intravenous bolus to the 

animals (n=4 for each MedCM drug). Blood samples were collected at set time 

points post administration, as shown in Figure 3.2. The sample collection time 

points were set to provide the greatest resolution around the expected distribution 

phase of these MedCM 170. Blood samples were processed, stored, assayed and 

analysed as described in Chapter 2.  

 

To determine the PK of atropine, diazepam and HI-6 after intramuscular 

administration of individual and subsequently combined atropine, avizafone and HI-

6, fifty male Dunkin-Hartley guinea pigs (0.368 ± 0.020 kg, mean ± SD) were 

implanted with arterial cannulae and brain and muscle microdialysis probes, as 

detailed in Chapter 2. The brain and muscle microdialysis probes were perfused at 

2.0 µL/min with CNS and T1, respectively. All probes were perfused for a 1 hour 

equilibration period prior to administration of MedCM or sarin. Atropine sulphate 

(17.4 mg/kg), avizafone hydrochloride (3.14 mg/kg) and HI-6 dimethanesulphonate 

(27.9 mg/kg) were administered individually (n=8 for each MedCM drug), or in 

combination (n=8), by the intramuscular route. Sarin (43 µg/kg) was administered 

to animals by the subcutaneous route one minute prior to treatment with either 

saline (n=5) or combined intramuscular atropine sulphate, avizafone hydrochloride 

or HI-6 dimethanesulphonate (n=7, at the doses detailed above). Blood samples and 

microdialysis fractions were collected at set time points following administration of 

MedCM or exposure to sarin, as shown in Figure 3.3. These time points were 

chosen to give the greatest resolution around the likely C
max

 170. The samples were 

processed, stored assayed and analysed as detailed in Chapter 2. 
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Each of the different MedCM administration conditions (i.e. intravenous, individual 

intramuscular, combined intramuscular and combined intramuscular following sarin 

exposure) were statistically compared using one way ANOVA. The results of the 

Bonferroni post hoc  multiple comparisons test were reported for specific 

comparisons between two administration conditions.  
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Figure 3.2. Schematic representation of the blood samples (●) collected following individual 

intravenous bolus administration (▽) of atropine sulphate, avizafone hydrochloride or HI-6 

dimethanesulphonate in guinea pigs.  

 

 

 

Figure 3.3. Schematic representation of the PK discrete blood samples (●) and integrated 

microdialysate fraction samples (▀) collected following intramuscular administration of 

MedCM to conscious guinea pigs. 
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3.4 Results 

3.4.1 General results 

A total of 62 guinea pigs (372 ± 27 g, mean ± SD) were anaesthetised and 

underwent surgical procedures. Of these, 54 recovered from surgery (a surgical 

success rate of 87 %) and were administered MedCM in one of the studies. One 

vascular cannula did not remain patent, whereas 79 % of the muscle microdialysis 

probes remained patent during the surgical procedure, recovery and the study 

protocols. All brain microdialysis probes remained patent. A summary of the 

surgical procedure success and cannula/microdialysis probe patency is shown in 

Table 3.1. 

 

3.4.2 Characterisation of microdialysis probes 

3.4.2.1 Histopathological assessment 

Histopathological assessment of brain and muscle tissue collected post mortem at 

the end of the PK studies confirmed consistent placement of the microdialysis 

probes, at the base of the caudate putamen and centre of the sacrospinalis muscle, 

respectively (Figure 3.4 and Figure 3.5). These assessments also showed some 

haemorrhage and oedema, localised to the probes in the brain, as well as necrosis, 

most likely associated with the implantation of the guide cannula (Figure 3.4). The 

histopathological assessment of the muscle probes showed no oedema and where 

present inflammatory cell infiltration was mild (  
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Figure 3.5). When observed using scanning electron microscopy, microdialysis 

probes removed from guinea pigs post mortem had a biofilm on their surface 

(Figure 3.6 and Figure 3.7). This was not observed on unused sterile probes (Figure 

3.6 and Figure 3.7). The probes implanted in muscle for 7 days showed more 

biofouling than the probes that had been implanted in the brain for 5 hours (Figure 

3.6 and Figure 3.7). 

 

3.4.2.2 In vitro microdialysis probe efficiency 

The brain microdialysis probes recovered 23.2 ± 0.7 %, 21.7 ± 1.0 % and 19.4 ± 0.5 

% of the atropine, diazepam and HI-6, respectively. The muscle microdialysis probes 

recovered 15.6 ± 1.2 %, 13.6 ± 0.7 and 20.0 ± 0.9 % of the atropine, diazepam and 

HI-6, respectively. 
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 Dose 
(mg/kg) 

Body mass  
(kg) 

Number of animals   Cannula 
patency 

Microdialysis 
patency 

Notes 

Undergoing 
surgery 

Entering 
study 

Brain Muscle 

Atropine 
(i.v.) 

5.8 0.350 ± 0.051 4 4 
4/4 (arterial) 
4/4 (venous) 

n/a n/a  

Avizafone 
(i.v.) 

1.05 0.398 ± 0.016 4 4 
4/4 (arterial) 
4/4 (venous) 

n/a n/a  

HI-6  
(i.v.) 

9.3 0.414 ± 0.031 4 4 
4/4 (arterial) 
4/4 (venous) 

n/a n/a  

Atropine 
(i.m.) 

17.4 0.379 ± 0.027 8 8 8/8 8/8 6/8  

Avizafone 
(i.m.) 

3.14 0.378 ± 0.017 8 7 7/7 7/7 6/7 
• Muscle probe flow not optimal (n=1) 
• Animal culled (n=1) due to poor 

condition, the day after surgery. 

HI-6  
(i.m.) 

27.9 0.380 ± 0.014 8 7 6/7 7/7 6/7 
• Animal culled (n=1) due to poor 

condition, the day following surgery. 
• Muscle probe flow not optimal (n=1) 

Atropine,  
Avizafone  
HI-6 (i.m.) 

17.4 
3.14 
27.9 

0.357 ± 0.020 10 8 8/8 8/8 5/8 

• Animal died (n=1) due to 
complications, within 24 h following 
surgery 

. 

Sarin (s.c.) 0.043 0.360 ± 0.014 6 5 5/5 5/5 3/5 
• Animal culled (n=1) due to poor 

condition, three days after surgery. 
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Sarin (s.c.)  
+ 
Atropine,  
Avizafone 
HI-6 (i.m.) 

0.043 
 
17.4 
3.14 
27.9 

0.356 ̉± 0.013 10 7 7/7 7/7 7/7 

• Animals culled (n=2) due to poor 
condition, the day after surgery. 

• Animal died (n=1) during surgical 
procedures. 

• Cannula not patent (n=1). 

Table 3.1. Summary information on the surgical procedure success and cannula/microdialysis probe patency for the different study groups of 

guinea pigs used in the PK studies of conventional MedCM.  

Body mass data presented as mean ± SD. 
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Figure 3.4. Representative micrographs of hematoxylin and eosin–stained sections of guinea 

pig brain, in which microdialysis probes were surgically implanted. 

(A) and (B) are low magnification micrographs, showing the location of the probe in the 

brain. The areas of haemorrhage (*) were likely to have occurred immediately post mortem, 

as they were confined to the removal track of the probe (removal of the probe was post 

mortem). (C) Micrograph (scale bar = 200 µm) of the same section as (A), arrows indicate 

necrotic tissue likely to have resulted following the implantation of the guide cannula. (D) 

Micrograph (scale bar = 200 µm) showing tissue disruption toward the top of the 

implantation site, which was likely to have been due to probe removal post mortem. Arrows 

indicate a well-defined demarked edge with a thin area of necrotic tissue. (E) Micrograph 

(scale bar = 200 µm) showing an area of tissue with oedema around the probe implantation 

site (*). (F) Micrograph (scale bar = 200 µm) showing tissue oedema (*). (G) Micrograph 

(scale bar = 50 µm) of a section from the same animal as (F), the dark purple cells are 

neutrophils that have infiltrated the tissue.  
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Figure 3.5. Representative micrographs of hematoxylin and eosin–stained sections of guinea 

pig sacrospinalis muscle, in which microdialysis probes were surgically implanted. 

(A) and (C) are low magnification micrographs, showing the location of the probe in the 

muscle. In (A) the probe membrane remained in situ following removal of the probe post 

mortem. (B) Photomicrograph (scale bar = 200 µm) of the same section as (A), showing 

small areas of tissue necrosis proximal to the probe circumference. The PAES membrane 

from the microdialysis probe can clearly be seen in the image. (D) Photomicrograph (scale 

bar = 200 µm) of the same section as (C), showing tissue necrosis and fibrotic tissue in the 

location of the probe, which was likely to have been similar to (B), when the probe was in 

situ. (E) Photomicrograph (scale bar = 200 µm) showing tissue necrosis, fibrotic tissue is 

evident in the location of the probe. 
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Figure 3.6. Electron micrographs of microdialysis probes (CMA12). 

The pores on a sterile PAES membrane (20 kDa cut-off; images (A) and (C)) can clearly be 

seen. Biofouling of the surface of the microdialysis probe that had been implanted in a 

guinea pig brain (images (B) and (D)).  

  

A 

C 

B 
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Figure 3.7. Electron micrographs of microdialysis probes (CMA20). 

The pores on a sterile PAES membrane (20 kDa cut-off; images (A) and (C)) can clearly be 

seen. Biofouling of the surface of the microdialysis probe that had been implanted in 

skeletal muscle of a guinea pig is evident (images (B) and (D)) and to a greater extent than 

that on the microdialysis probe implanted in guinea pig brain (Figure 3.6, image (D)).  

 

 

 

D 

B 

C 

A 
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3.4.3 Medical countermeasure pharmacokinetics administered by the 

intravenous route 

The plasma concentration-time profiles of atropine, diazepam and HI-6 following 

individual intravenous bolus administration of atropine sulphate (5.8 mg/kg, n=4), 

avizafone hydrochloride (1.05 mg/kg, n=4) and HI-6 dimethanesulphonate (9.3 

mg/kg, n=4) were determined in conscious ambulatory guinea pigs. These 

pharmacological MedCM drugs were rapidly distributed from the blood and 

subsequently rapidly eliminated from the body (Figure 3.8). When plotted on  

semi-logarithmic graphs the concentration-time data for atropine and HI-6 

decreased in a biexponential manner and two-compartment PK models were fitted 

to the data to calculate the PK parameters. The diazepam concentration decreased 

in a tri-exponential manner when plotted on a semi-logarithmic graph and a  

three-compartment PK model was used to fit the data, to calculate the PK 

parameters. These models were those that best fitted the data, as determined by 

the AIC values associated with the fits. The PK parameters from these models are 

presented in Table 3.2. 

 

All concentration-time data were normally distributed. Data are presented as mean 

± standard error of the mean (SEM), unless stated otherwise. 

 

Atropine had the largest V
d 
of the three MedCM, at approximately 5.9 L. Atropine 

also had the fastest Cl, being approximately 230 mL/min (Table 3.2). In contrast HI-

6 had the lowest V
d
 and Cl, these being approximately 75 mL and 6 mL/min, 

respectively. Diazepam distributed into a V
d
 of approximately 300 mL; this 

distribution occurred in two phases (Figure 3.8). The elimination T½ for diazepam 

was determined as the shortest at less than one minute. However, the terminal T½ 

was much greater at approximately 13 hours, due to the redistribution from the 

third PK compartment. The terminal T½ of atropine and HI-6 were 16 and 116 

minutes, respectively. 
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Figure 3.8. Concentration-time profiles of MedCM, quantified in plasma from individual guinea pigs following intravenous administration. 

(A) Guinea pig plasma atropine concentration following administration of an intravenous bolus dose of atropine sulphate (5.8 mg/kg). (B) 

Guinea pig plasma diazepam concentration following administration of an intravenous bolus dose of avizafone hydrochloride (1.05 mg/kg). (C) 

Guinea pig plasma HI-6 concentrations following administration of an intravenous bolus dose of HI-6 dimethanesulphonate (9.3 mg/kg).  Open 

circles plot concentrations from individual animals (n=4 for each MedCM). Mean concentrations predicted by the PK model (solid lines) were 

calculated from the pooled data. Insets show the schematic compartmental PK model fitted to the data. 
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 Atropine diazepam HI-6 

Dose  
(mg) 1.70 ± 0.12 0.28 ± 0.01 2.32 ± 0.09 

Elimination T½ 
(min) 

17.4 ± 1.5 6.5 ± 1.2  8.6 ± 3.5 

AUC  
(min·µg/mL) 7.3 ± 0.7 8.8 ± 1.2 380 ± 39 

Cl  
(mL/min) 233.6 ± 21.0 31.4 ± 4.3 6.1 ± 0.6 

V
d
  

(L) 5.86 ± 0.91 0.30 ± 0.06 0.076 ± 0.034 

k
10 

 
(1/min) 0.040 ± 0.004 0.107 ± 0.020 0.080 ± 0.033 

k
12

  
(1/min) 0.002 ± 0.001 0.048 ± 0.009 0.097 ± 0.129 

k
21

  
(1/min) 0.006 ± 0.001 0.025 ± 0.005 0.129 ± 0.087 

k
13 

 
(1/min) n/a 0.068 ± 0.013 n/a 

k
31

  
(1/min) n/a 0.0009 ± 0.0003 n/a 

Table 3.2. Compartmental PK parameters for atropine, diazepam or HI-6 following their 

individual intravenous bolus administration. 

Atropine and HI-6 were best fit by a two-compartment PK model. Diazepam was best fit by a 

three-compartment model. Data are shown as the estimate of the parameter for the pooled 

concentration-time profile ± standard error of the estimate. 
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3.4.4 Plasma bioavailability of medical countermeasures following 

intramuscular administration 

The plasma concentration-time profiles of atropine, diazepam and HI-6 following 

individual intramuscular administration of atropine sulphate (17.4 mg/kg, n=4), 

avizafone hydrochloride (3.14 mg/kg, n=4) and HI-6 dimethanesulphonate (27.9 

mg/kg, n=4), were determined in conscious ambulatory guinea pigs. All drugs were 

rapidly absorbed, achieving C
max

 within 10 minutes. Atropine and diazepam were 

more readily absorbed than HI-6 and the intramuscular bioavailabilities were  

0.95 ± 0.20, 0.95 ± 0.24 and 0.43 ± 0.19, respectively. The MedCM were also 

distributed and subsequently eliminated rapidly from the plasma (Figure 3.8). The 

concentrations of HI-6 in the plasma decreased mono-exponentially, with the 

absorption of HI-6 into the plasma masking the rapid distribution phase, which was 

evident following intravenous bolus administration (Figure 3.9). A  

one-compartment PK model was fit to the HI-6 data to calculate the PK parameters. 

Two-compartment models were fit to the atropine and diazepam data to calculate 

the PK parameters. These models best fit the data as determined by the AIC values 

associated with the fits. The PK parameters from these models are presented in 

Table 3.3.  

 

Of the three drugs atropine was again determined to have the greatest V
d
 and Cl 

following intramuscular administration and these were not significantly different  

(p > 0.05 and p > 0.05, respectively) from the corresponding values determined 

following intravenous bolus administration (Table 3.2). The PK model fit to the 

intramuscular diazepam data did not accurately define the rate constants for the 

second compartment, as shown by the large errors associated with these 

parameters (Table 3.3). The two-compartment model was chosen and best fit the 

data, as defined by the AIC value associated with the fit. The V
d
 of diazepam was 

significantly reduced compared to the V
d
 following intravenous bolus administration 

(p < 0.01). The Cl of HI-6 was significantly increased compared to intravenous bolus 

administration (p<0.01; Table 3.2), although this had no effect on the elimination 

T½ (p > 0.05).  
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Figure 3.9. Plasma concentration-time profiles of MedCM quantified in plasma from individual conscious ambulatory guinea pigs following 

individual intramuscular administration.  

(A) Atropine plasma concentrations determined following intramuscular administration of atropine sulphate (n=8,17.4 mg/kg). (B) Diazepam 

plasma concentrations determined following intramuscular administration of avizafone hydrochloride (n=6, 3.14 mg/kg). (C) HI-6 plasma 

concentrations determined following administration of HI-6 dimethanesulphonate (n=6, 27.9 mg/kg). Plasma concentrations of atropine, 

diazepam and HI-6 following intravenous administration (Figure 3.8) are included for comparison. Data shown as mean ± SEM. Mean 

concentrations predicted by the PK model (solid lines) were calculated from the pooled data. Insets show the schematic compartmental PK 

model fitted to the data.  

107 



The Pharmacokinetics of Medical Countermeasures Against Nerve Agents 

 atropine diazepam HI-6 

Dose  
(mg) 

5.50 ± 0.14 0.78 ± 0.1 6.38 ± 0.08 

Cmax  

(ng/mL) 
1,457 ± 274 569 ± 42 23 ± 3     

(µg/mL) 

Tmax  
(min) 

2.3 ± 1.9 3.2 ± 0.7 9.9 ± 1.5 

Elimination T½ 
(min) 

19.35 ± 3.08 0.75 ± 0.23 10.51 ± 1.28 

AUC  
(min·µg/mL) 

44.4 ± 5.6 26.1 ± 4.4 666.6 ± 66.0 

CL  
(mL/min) 

123.9 ± 15.7 30.0 ± 5.0 9.6 ± 1.0 

Vd  
(L) 

3.46 ± 0.74 0.03 ± 0.01 0.15 ± 0.02 

k01  

(1/min) 
1.667 ± 1.834 0.031 ± 0.003 0.147 ± 0.050 

k10  

(1/min) 
0.036 ± 0.006 0.929 ± 0.287 0.066 ± 0.008 

k12  

(1/min) 
0.002 ± 0.001 0.251 ± 0.148 n/a 

k21  

(1/min) 
0.006 ± 0.014 0.004 ± 0.005 n/a 

Table 3.3. Compartmental PK parameters for atropine, diazepam or HI-6 following their 

individual intramuscular administration. 

Atropine and diazepam were best fit by a two-compartment PK model. HI-6 was best fit by a 

one-compartment PK model. Data are shown as the estimate of the parameter for the pooled 

concentration-time profile ± standard error of the estimate.  
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3.4.5 Muscle and brain pharmacokinetics of medical countermeasures 

following intramuscular administration 

Concentration-time profiles of free atropine, free diazepam and free HI-6 were 

determined in muscle and brain by microdialysate, from the same guinea pigs that 

contributed the plasma data. Data are presented in Figure 3.10. The concentrations 

of all MedCM drugs in these tissues decreased mono-exponentially and  

one-compartment PK models were fitted to the data, to calculate PK parameters. 

The diazepam and HI-6 concentrations in brain and muscle showed a delay before 

they were quantified in the microdialysate. These data were best fit with PK models 

that incorporated a lag time following administration.  

 

Atropine concentration was determined in muscle and brain microdialysate 

fractions, with the AUC being significantly greater (p< 0.0001, unpaired t-test) in 

the former compared to the latter tissue. The concentrations of diazepam in brain 

and muscle were similar and remained below the plasma concentrations. HI-6 was 

quantified in muscle, with the exception of two animals, in which the concentration 

was below the limit of quantitation. HI-6 was not measured in the brain, with the 

exception of one guinea pig (see Figure 3.10 (C)). Correction of the concentrations 

determined in the microdialysate fractions for probe efficiency showed them to be 

the same as plasma concentrations (see section below). Diazepam and HI-6 had a 

lag time in the brain and muscle compared to plasma, whereas atropine did not. 

The time to achieve peak concentrations of the MedCM in the brain and muscle 

were delayed compared to the plasma. The λ
z
 (calculated by non-compartmental 

analysis) of all the MedCM in the tissues was the same as that in the plasma (p > 

0.05). 
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 atropine Diazepam HI-6 

Cmax  

 (ng/mL) 

Brain 

Muscle 

19.8 ± 2.7 
1,343 ± 305 

17.8 ± 1.3 
6.1 ± 0.7 

n/a 
12,348 ± 2,372 

Tmax  

(min) 

Brain 
Muscle 

42 ± 9 
35.6 ± 6.9 

53 ± 6 
98 ± 13 

n/a 
27 ± 4 

Tlag 

(min) 

Brain 
Muscle 

n/a 
n/a 

28 ± 1 
38 ± 8 

26 ± 10 
15 ± 0 

Elimination 
T½ 

(min) 

Brain 

Muscle 

29 ± 811 
26 ± 73 

72 ± 8 
67 ± 55 

n/a 
18 ± 2 

AUC  

(min·µg/mL) 

Brain 

Muscle 

2.2 ± 0.3 
129.9 ± 21.0 

2.4 ± 0.1 
1.1 ± 0.2 

n/a 
514.7 ± 50.5 

λz 

(1/min) 

Brain 
Muscle 
Plasma 

0.020 ± 0.002 
0.023 ± 0.002 
0.029 ± 0.006 

0.010 ± 0.001 
0.010 ± 0.001 
0.010 ± 0.001 

n/a 
0.039 ± 0.007 
0.042 ± 0.006 

Table 3.4. Tissue compartmental PK parameters for atropine, diazepam or HI-6 following 

their individual intramuscular administration. 

Each of the drugs was best fit by a one-compartment PK model. Data are shown as the 

estimate of the parameter for the pooled concentration-time profile ± standard error of the 

estimate. The terminal rate of decrease in concentration λ
z
; calculated by  

non-compartmental analysis of the mean data are included for comparison between the 

tissue data and the plasma data. These tissues were considered to be individual PK 

compartments, so no volume or clearance values are presented. 
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Figure 3.10. Plasma, muscle and brain concentration-time profiles of MedCM quantified in plasma and microdialysates, from individual 

conscious ambulatory guinea pigs, following individual intramuscular administration. 

(A) Atropine plasma (n=8), muscle (n=6) and brain microdialysate (n=8) concentrations determined following intramuscular administration of 

atropine sulphate (17.4 mg/kg). (B) Diazepam plasma (n=6), muscle (n=6) and brain microdialysate (n=7) concentrations determined following 

intramuscular administration of avizafone hydrochloride (3.14 mg/kg). (C) HI-6 plasma (n=6), muscle (n=6) and brain microdialysate (n=1,  

HI-6 was only quantified in the brain of one animal) concentrations determined following administration of HI-6 dimethanesulphonate (27.9 

mg/kg). Microdialysis concentrations shown, were corrected for microdialysis probe efficiency and shown as mean ± SEM. The number of 

samples is indicated in parentheses. The plasma data was shown in Figure 3.9.  
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3.4.6 Medical countermeasure pharmacokinetics following combined 

administration by the intramuscular route 

The plasma, muscle and brain concentration-time profiles of atropine, diazepam 

and HI-6 following the combined intramuscular administration of atropine sulphate 

(17.4 mg/kg), avizafone hydrochloride (3.14 mg/kg) and HI-6 dimethanesulphonate 

(27.9 mg/kg) were determined in conscious ambulatory guinea pigs (Figure 3.11, 

Figure 3.12 and Figure 3.13). The PK parameters are presented in Table 3.5. 

 

The plasma PK parameters determined for atropine or diazepam were not 

significantly different from their PK parameters determined following their 

individual intramuscular administration (p > 0.05). Compared to the PK parameters 

determined following individual intramuscular administration of HI-6, Cl was 

significantly reduced (p < 0.0001), whereas C
max

, elimination T½, and AUC were 

significantly increased (p < 0.05, p < 0.01 and p < 0.001, respectively). 

Furthermore, HI-6 was quantified in brain microdialysate fractions, whereas 

measurable concentrations were only observed in one of six animals following 

intramuscular administration of HI-6 alone (Figure 3.10 (C)). The concentration of 

HI-6 in both brain and muscle showed a lag compared to plasma concentrations, 

prior to being measureable. The lag for diazepam reduced in brain and was not 

evident in muscle, compared to the diazepam concentration-time profiles in these 

tissues following individual administration of avizafone. Conversely, atropine 

concentration showed a lag in the brain, whereas, there was no lag evident in the 

brain following administration of the atropine alone. Non-compartmental analysis 

calculated λ
z
 (the rate of terminal decrease in concentration, akin to k

10
, Figure 2.6), 

which was the same in brain, muscle and plasma for the three MedCM drugs. 
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 Figure 3.11. Plasma concentration-time profiles of MedCM quantified in plasma (n=6) following their combined intramuscular administration to 

conscious ambulatory guinea pigs. 

(A) Atropine (B) diazepam and (C) HI-6 plasma concentrations determined following their combined intramuscular administration (atropine 

sulphate 17.4 mg/kg, avizafone hydrochloride 3.14 mg/kg HI-6 dimethanesulphonate 27.9 mg/kg). Plasma concentration-time profiles of 

atropine, diazepam and HI-6 following individual intramuscular administration (Figure 3.9) are included for comparison. Data shown as mean ± 

SEM. Mean concentrations predicted by the PK models (lines) were calculated from the pooled data.  
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Figure 3.12. Muscle concentration-time profiles of MedCM quantified in microdialysates (n=4) following their combined intramuscular 

administration to conscious ambulatory guinea pigs.  

(A) Atropine (B) diazepam and (C) HI-6 muscle microdialysate concentrations determined following their combined intramuscular administration 

(atropine sulphate 17.4 mg/kg, avizafone hydrochloride 3.14 mg/kg HI-6 dimethanesulphonate 27.9 mg/kg). Muscle microdialysate 

concentration-time profiles of atropine, diazepam and HI-6 following their individual intramuscular administration (Figure 3.10) are included for 

comparison. Concentrations shown were corrected for microdialysis probe efficiency and shown as mean ± SEM. Mean concentrations predicted 

by the PK models (lines) were calculated from the pooled data. 
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Figure 3.13. Brain concentration-time profiles of conventional MedCM quantified in microdialysates (n=7) following their combined 

intramuscular administration to conscious ambulatory guinea pigs.  

(A) Atropine (B) diazepam and (C) HI-6 brain microdialysate concentrations determined following their combined intramuscular administration 

(atropine sulphate 17.4 mg/kg, avizafone hydrochloride 3.14 mg/kg HI-6 dimethanesulphonate 27.9 mg/kg). Brain microdialysate 

concentration-time profiles of atropine, diazepam and HI-6 following their individual intramuscular administration (Figure 3.10) are included for 

comparison. Concentrations shown were corrected for microdialysis probe efficiency and shown as mean ± SEM. Mean concentrations predicted 

by the PK models (lines) were calculated from the pooled data. 
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 atropine diazepam HI-6 

Dose  
(mg) 

5.23 ± 0.12 0.75 ± 0.02 6.06 ± 0.14 

Cmax  

(ng/mL) 
1,680 ± 198 594 ± 49 39 ± 2     

(µg/mL) 

Tmax  
(min) 

2.3 ± 1.3 2.4 ± 1.0 
 

11.4 ± 1.0 

Elimination T½ 
(min) 

22.12 ± 3.28 0.48 ± 0.29 21.41 ± 0.57 

AUC  
(min·µg/mL) 

57.9 ± 6.0 29.6 ± 14.2 1730.0 ± 77.8 

CL  
(mL/min) 

90.3 ± 9.4 25.3 ± 12.1 3.7 ± 0.2 

Vd  
(L) 

2.88 ± 0.39 17.6 ± 9.6 0.11 ± 0.01 

k01  

(1/min) 
1.743 ± 1.274 0.027 ± 0.004 0.186 ± 0.027 

k10  

(1/min) 
0.031 ± 0.005 1.436 ± 0.856 0.032 ± 0.001 

k12  

(1/min) 
0.002 ± 0.002 0.391 ± 0.677 n/a 

k21  

(1/min) 
0.004 ± 0.011 0.003 ± 0.008 n/a 

Table 3.5. Compartmental plasma PK parameters for atropine, diazepam or HI-6 

following their combined intramuscular administration to conscious ambulatory guinea 

pigs (n=6). 

Atropine and diazepam were best fit by a two-compartment PK model. HI-6 was best fit 

by a one-compartment PK model. Data are shown as the estimate of the parameters for 

the pooled concentration-time data ± standard error of the estimate.  
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 atropine diazepam HI-6 

Cmax  

(ng/mL) 
Brain 
Muscle 

29.4 ± 8.9 
1,277 ± 275 

4.6 ± 0.4 
5.4 ± 0.4 

2,031 ± 455 
33,606 ± 5,643 

Tmax  

(min) 
Brain 
Muscle 

30 ± 13 
20 ± 8 

77 ± 11 
86 ± 15 

30 ± 7 
19 ± 4 

Tlag  
(min) 

Brain 
Muscle 

15 ± 1 
n/a 

5 ± 8 
n/a 

n/a 
n/a 

Elimination T½  
(min) 

Brain 
Muscle 

35 ± 10 
37 ± 3 

50 ± 4,070 
180 ± 114 

31 ± 5 
27 ± 1 

AUC  
(min·µg/mL) 

Brain 
Muscle 

2.0 ± 0.3 
98.8 ± 11.4 

0.9 ± 0.1 
1.9 ± 0.7 

175.9 ± 26.7 
2,104 ± 204 

λz  
(1/min) 

Brain 
Muscle 
Plasma 

0.022 ± 0.002 
0.023 ± 0.002 
0.026 ± 0.004 

0.011 ± 0.002 
0.006 ± 0.001 
0.013 ± 0.002 

0.020 ± 0.003 
0.026 ± 0.001 
0.026 ± 0.003 

Table 3.6. Tissue compartmental PK parameters for atropine, diazepam or HI-6 following their combined intramuscular administration. 

Each of the drugs was best fit by a one-compartment PK model. Data shown as the estimate of the parameter for the pooled concentration-time 

profile ± standard error of the estimate. The terminal rate of decrease in concentration λ
z
; calculated by non-compartmental analysis of the 

mean data is included for comparison between the tissues data and the plasma data. 
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3.4.7 Medical countermeasures pharmacokinetics in sarin-exposed 

guinea pigs  

Due to the operational requirement for LC-MS-MS analysis of samples from 

different projects 174, there was a long delay between sample collection and  

LC-MS-MS analysis for atropine, diazepam and HI-6. Atropine and diazepam 

were not stable in the samples over the duration of storage 175. Therefore, the 

concentration-time data for atropine and diazepam was not reliable and was 

not included in this section. These data are available in Appendix B for 

reference. HI-6 was stable in plasma and microdialysate fractions over the 

duration of the delay prior to analysis.  

 

The plasma, muscle and brain concentration-time profiles of HI-6 following 

combined administration of atropine sulphate, avizafone hydrochloride and HI-

6 dimethanesulphonate (17.4 mg/kg, 3.14 mg/kg and 27.9 mg/kg, 

respectively) to guinea pigs previously exposed to sarin (43 µg/kg) were 

determined in conscious ambulatory guinea pigs (Figure 3.14). Microdialysate 

fractions were collected from seven animals but the fraction volume was too 

low following assay of atropine and diazepam to complete the analysis of HI-6 

in samples collected from four animals. 

 

The concentrations of HI-6 in the plasma decreased mono-exponentially, a one-

compartment PK model was the best fit for the data. The PK parameters from 

this model are presented in Table 3.7. Compared to the same plasma PK 

parameters determined in unpoisoned guinea pigs the HI-6 C
max 

was 

significantly increased (p < 0.05, one-way ANOVA). The HI-6 elimination T½ 

was significantly reduced (p < 0.01, one-way ANOVA), to a duration not 

significantly different from that following intramuscular administration of HI-6 

alone (p > 0.05, one-way ANOVA).  

 

The concentrations of HI-6 in muscle and brain decreased  

mono-exponentially, however compartmental models were not good fits for the 
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data, with large errors associated with the parameter estimates.  

Non-compartmental analysis was completed on the concentration-time profile 

data. There was no significant difference in λ
z
 between plasma, brain and 

muscle. There was no significant difference in λ
z
 in brain or muscle compared 

to HI-6 administered as part of the combination in unexposed guinea pigs. The 

AUC of HI-6 in muscle was significantly increased (p < 0.001) compared to the 

AUC following administration of combined HI-6, atropine and avizafone to 

unexposed guinea pigs.  

 

 

119 



The Pharmacokinetics of Medical Countermeasures Against Nerve Agents 

 

Figure 3.14. Guinea pig plasma, brain and muscle HI-6 concentration-time profiles determined following combined intramuscular 

administration of conventional MedCM, to sarin exposed guinea pigs. 

(A) Plasma (n=6), (B) brain (n=3) and (C) muscle concentrations (n=3) following combined intramuscular administration of atropine sulphate 

(17.4 mg/kg), avizafone hydrochloride (3.14 mg/kg) and HI-6 dimethanesulphonate (27.9 mg/kg). HI-6 plasma, brain and muscle 

concentration-time profiles following combined administration of the MedCM, to naïve guinea pigs (Figure 3.12 and Figure 3.13), are included 

for comparison. Concentrations shown were corrected for microdialysis probe efficiency and shown as mean ± SEM. Mean concentrations 

predicted by the PK models (lines) were calculated from the pooled data.  
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 HI-6 

Dose  
(mg) 

6.06 ± 0.08 

Cmax  

(µg/mL) 
54 ± 5 

Tmax  
(min) 

7.7 ± 1.3 

T½ 
(min) 

12.02 ± 1.84 

AUC  
(min·µg/mL) 

1443.8 ± 120.6 

CL  
(mL/min) 

4.2 ± 0.4 

Vd  
(L) 

0.07 ± 0.01 

k01  

(1/min) 
0.248 ± 0.081 

k10  

(1/min) 
0.058 ± 0.009 

Table 3.7. Compartmental plasma PK parameters for HI-6 following combined 

intramuscular administration of combined MedCM, to conscious ambulatory sarin 

exposed guinea pigs (n=6). 

HI-6 was best fit by a one-compartment model. Data shown as the estimate of the 

parameters for the pooled concentration-time data ± standard error of the estimate. 
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 HI-6 

Cmax  
 (µg/mL) 

Brain 
Muscle 

4.8 ± 4.1 
44.3 ± 11.9 

Tmax  

(min) 
Brain 
Muscle 

30 ± 9 
35 ± 5 

Tlag 
(min) 

Brain 
Muscle 

10 ± 5 
  5 ± 5 

Elimination T½ 
(min) 

Brain 
Muscle 

32 ± 2 
31 ± 4 

AUC  
(min·µg/mL) 

Brain 
Muscle 

   114 ± 62 
1,662 ± 460 

λz 

(1/min) 
Brain 
Muscle 
Plasma 

0.022 ± 0.001 
0.023 ± 0.003 
0.035 ± 0.006 

Table 3.8. Tissue compartmental PK parameters for HI-6 following intramuscular 

administration of combined MedCM in sarin exposed guinea pigs. 

The HI-6 did not fit any compartmental PK models, therefore mean  

non-compartmental parameter estimates are shown ± standard error of the mean. The 

terminal rate of decrease in plasma concentration (λ
z
) was also calculated by  

non-compartmental analysis from the mean data and is included for comparison. 
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3.4.8 HI-6 pharmacodynamics in sarin-exposed guinea pigs 

The erythrocyte AChE and plasma BChE activities were measured in blood samples 

from sarin-exposed guinea pigs receiving combined MedCM or saline. Sarin inhibited 

94.9 ± 2.3 % erythrocyte AChE activity and 94.5 ± 1.5 % plasma BChE activity, within 15 

minutes of exposure, in saline treated guinea pigs (Figure 3.15). Three of the five 

animals died between 15 and 30 minutes after exposure. The AChE and BChE 

inhibition increased to approximately 98 % and 95 %, respectively in the two surviving 

animals. In guinea pigs treated with atropine, avizafone and HI-6, the inhibition was 

only 67.2 ± 6.8 % and 71.4 ± 14.5 % for erythrocyte AChE and plasma BChE activities, 

respectively. The AChE and BChE activity showed a slow and partial recovery from 

maximal inhibition over the following hour. 
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Figure 3.15. Effect of treatment with combined conventional MedCM by the intramuscular route on sarin lethality, inhibition of erythrocyte 

AChE activity and plasma BChE activity.  

Treatment with intramuscular combined atropine, avizafone and HI-6: (A) prevented sarin lethality (group sizes of n=7 for MedCM and n=5 for 

saline treated guinea pigs); (B) reduced the inhibition of erythrocyte AChE activity compared to saline treated animals; (C) reduced the inhibition 

of plasma BChE activity. Cholinesterase data are shown as mean ± SEM.  
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3.5 Discussion 

The aim of the studies reported here was to characterise the MedCM PK, in 

order to understand and interpret the efficacy of these as  

post-exposure therapeutic MedCM against acute nerve agent (e.g. sarin) 

exposure. To achieve this, these studies used a novel methodology, involving 

guinea pigs with implanted vascular cannulae and microdialysis probes in brain 

and skeletal muscle. Multiple blood, muscle and brain samples were collected 

from individual conscious animals and, LC-MS-MS analysis of these samples 

enabled the determination of MedCM PK. The results of these studies have 

provided fundamental PK parameters for intravenous and intramuscular 

administration of the MedCM. Atropine, diazepam and HI-6 demonstrated rapid 

absorption, distribution and clearance following both intravenous and 

intramuscular administration. When the MedCM were administered in 

combination, the PK of atropine and diazepam was not affected but the 

clearance of HI-6 was significantly reduced. Furthermore, HI-6 was centrally 

available only following its combined administration with atropine and 

avizafone. The PK data for the drugs in the muscle and brain suggest that they 

are in equilibrium with the plasma, as the λ
z
 for the drugs in the tissues was 

the same as the plasma.  

 

The studies reported here are the first to use microdialysis sampling from 

skeletal muscle of conscious ambulatory animals and the first to combine 

muscle microdialysis, brain microdialysis and blood sampling, in individual 

animals. Understanding the concentrations of MedCM at these sites is 

important, as these tissues are the target sites for nerve agent and where the 

MedCM must exert their pharmacological action, to protect against the nerve 

agent. 

 

The methodology developed here used conscious animals to provide 

information about the pharmacokinetics of the MedCMs. These PK data could 

have been obtained using anaesthetised animals but the effects of anaesthesia 

on the autonomic nervous system would have been likely to alter physiology 
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and ADME processes. This altered physiology may also change the PD. 

Changes in the concentration-time or effect-time profiles may also have 

increased the variability of the PKPD parameters determined, necessitating an 

increase in the number of animals required 176. The mechanisms by which 

anaesthesia alters PKPD can involve reduced organ blood flow (absorption and 

elimination) 177, reduced renal function (elimination) 178, altered protein binding 

(distribution) 177 or even reduced metabolism 179. Furthermore, the duration of 

anaesthesia can increase the magnitude of the changes in PK 179. Evidence of 

differences in MedCM PK is provided by the differences in clearance and half-

life reported for HI-6 by Bohnert et al 129 when compared to that described in 

this chapter (see Section 3.5.1.3). Whilst determination of the PK of MedCM in 

anaesthetised animals would provide data this would be difficult to interpret 

compared to those generated in conscious ambulatory animals, as reported 

here. Similarly determining efficacy of MedCM in anaesthetised animals, as may 

be preferable from an animal welfare viewpoint, may underestimate MedCM 

efficacy as anaesthetics have demonstrated a protective effect against the 

nerve agent sarin 180.  

 

3.5.1 Medical countermeasure pharmacokinetics administered by the 

intravenous route 

3.5.1.1 Atropine 

The concentration-time profile of atropine determined in guinea pigs is the 

first PK data in this species to be reported for this drug. The large V
d
, being 

greater than the plasma volume and body mass for guinea pigs, suggesting 

atropine readily penetrates and is sequestered in tissues, so it is widely 

distributed. Similar V
d
 is seen in humans 181 :182 and these data are consistent 

with the tissue site of action of atropine at muscarinic receptors. . 
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The rate of clearance of atropine of approximately 250 mL/min, is greater than 

both liver and kidney blood flow at approximately 30.5 mL/min* in total, 

implying that extra-hepatic metabolism of atropine occurs in the guinea pig. 

The reported rate of clearance of atropine in humans 181 :182 was less than total 

liver blood flow (1.35 L/min/70 kg 184), with the hepatic extraction being 

considered intermediate. This species difference will need to be considered if 

rate of clearance is to be used in extrapolation of efficacious atropine doses, 

from guinea pigs to humans. These clearance data for atropine in guinea pigs 

provide a PK rationale for the use of large doses of atropine in efficacy studies. 

The hypothesis that atropinesterase metabolises the atropine has previously 

been proposed to justify these large atropine doses in efficacy studies 46. 

However, Harrison et al reported guinea pig plasma did not contain 

atropinesterase based on in vitro assays in which the concentration of atropine 

was determined by high performance liquid chromatography 133. The rapid 

clearance of atropine observed could be effected by carboxylesterase (CaE) 

which is known to be present in the blood, liver and lungs of guinea  

pigs 120 :185-187. It is possible that CaE binds and metabolises atropine. For 

example, Bencharet et al used homatropine, a closely related analogue of 

atropine and cocaine (Table 3.9), to determine the crystal structure of the 

enzyme-drug complex and provide evidence for the metabolism of cocaine by 

CaE 188. To confirm the metabolism of atropine by CaE, a series of in vivo 

studies could be completed, in which a specific inhibitor of CaE such as a 

bisbenzene sulphonamide 189 could be administered to guinea pigs, prior to the 

concentration-time profile of atropine being determined.  

  

* Guinea pig cardiac output is 17.64 L/h/kg, liver and kidney perfusion rates 

are 18 % and 11.4 % of cardiac output, respectively183. The calculations below 

provide values for the guinea pigs in which the concentrations of atropine were 

determined. 

𝑅𝑅𝐷𝐷𝑙𝑙𝐵𝐵𝐶𝐶𝑎𝑎𝐶𝐶𝐷𝐷𝐷𝐷𝑑𝑑 𝑓𝑓𝐶𝐶𝐷𝐷𝑓𝑓 = (17.6  𝐿𝐿/ℎ/𝑘𝑘𝑘𝑘 × 0.35 𝑘𝑘𝑘𝑘) × 11.4 % = 0.7 𝐿𝐿/ℎ ≡ 11.7 𝑚𝑚𝐿𝐿/𝑚𝑚𝐵𝐵𝑙𝑙 

𝐿𝐿𝐵𝐵𝑣𝑣𝐷𝐷𝑒𝑒 𝑎𝑎𝐶𝐶𝐷𝐷𝐷𝐷𝑑𝑑 𝑓𝑓𝐶𝐶𝐷𝐷𝑓𝑓 = (17.64  𝐿𝐿/ℎ/𝑘𝑘𝑘𝑘 × 0.35 𝑘𝑘𝑘𝑘)  × 18 % = 1.11 𝐿𝐿/ℎ ≡ 18.5 𝑚𝑚𝐿𝐿/𝑚𝑚𝐵𝐵𝑙𝑙 
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Homatropine  

 
C

16
H

21
NO

3
 

275.35 

Atropine 

 C
17

H
23

NO
3
 

289.38 

Cocaine 

 C
17

H
21

NO
4
 

303.36 

Table 3.9. Chemical structure and formula mass of homatropine and cocaine.  

The structure, formula and mass of atropine are provided for reference. Homatropine 

was used in studies of crystal structure as a cocaine analogue to elucidate the 

metabolism of cocaine by carboxylesterase188. 
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3.5.1.2 Diazepam 

Diazepam following administration of avizafone, was rapidly distributed but 

with slow elimination, following distribution into two different compartments 

(rapid and slowly equilibrating). The diazepam was rapidly detected following 

administration of avizafone. Avizafone is rapidly converted to diazepam by a 

plasma aminopeptidase, with a conversion half-life of approximately 25 

seconds in the guinea pig 56. There may have been some ex vivo conversion of 

the avizafone into diazepam, as no stabilising compound was added. However, 

the avizafone was circulating in the blood of the animal following 

administration and on conversion to diazepam, would exert its effect 56 :57. The 

Cl and the AUC reported in this chapter for diazepam following the 

administration of avizafone were similar to those previously reported by 

Maidment and Upshall 57. However, the V
d
 was approximately half of that 

previously determined 57, with the distribution T½ and the elimination T½ being 

longer in the data reported here. The V
d
 was equivalent to total body water, 

indicating that diazepam was likely to have partitioned into lipid rich tissues, 

thus having lower plasma concentrations than a less lipophilic drug for a given 

dose. While there are no comparable data for the distribution of diazepam 

following intravenous administration of avizafone in humans, there are data 

following intramuscular administration of avizafone 190. Therefore, these 

intramuscular data will be discussed in the next section, with the guinea pig 

intramuscular data.  

 

3.5.1.3 HI-6 

HI-6 was less well distributed than either atropine or diazepam, having a V
d
 

smaller than that of these two drugs. This V
d
 was approximately twice the 

blood volume of a guinea pig, indicating HI-6 is likely to distribute within the 

extracellular fluid. The slower Cl gave rise to an elimination T½ (Equation 3.1) 

that was comparable to both atropine and diazepam. The PK of HI-6 in 

anaesthetised guinea pigs have previously been reported 129. In that study the 

Cl was more rapid than reported here and consequently the T½ was shorter. HI-

6 appeared to have different V
d
 in conscious and anaesthetised guinea pigs but 

the difference was not significant (p > 0.05, unpaired two-tailed t test). The 

likely reason for the differences in these PK parameters is the anaesthesia and 
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the resultant changes in heart rate and blood flow. Previously, approximately 

50 % of HI-6 has been shown to be excreted in the urine unchanged 191 :192. 

However, without collecting the urine from the guinea pigs it was not possible 

to estimate the rate of renal excretion in this species. It should be noted that 

the Cl of HI-6 was within the range of renal blood flow of guinea pigs 183. The 

PK of HI-6 has been investigated in humans but only by the intramuscular route 

of administration 192, so these data will be discussed in the next section.  

 

𝑘𝑘 ↑= 𝐶𝐶𝑅𝑅↔
𝑉𝑉↓

    ⇨  𝑇𝑇½ ↓ = ln 2
𝑘𝑘↑

 

Equation 3.1. Relationship of volume of distribution and rate of clearance to the 

elimination rate constant and therefore half-life. 

 

In summary the PK parameters determined for the three MedCM drugs 

following intravenous administration provide fundamental data. These data 

were generated from a small number of animals (n=4), but a low n has been 

used in other recent intravenous PK studies 193-197. The intravenous route is less 

variable than other routes, due to absorption of the drug from the site of 

administration being negated. These PK data for the MedCM have now been 

characterised and can be used for reference when the MedCM are administered 

by other routes or under different experimental conditions. Future studies 

investigating the PK of atropine, diazepam and HI-6 should collect urine for 

determination of the concentration-time profile in urine. This will enable the 

renal excretion of these drugs to be better understood. The rapid distribution 

of the drugs highlighted by these studies can be interpreted as advantageous 

for the protection against acute nerve agent poisoning, as the MedCM are likely 

to penetrate target tissues and exert their pharmacological effect quickly after 

administration.   
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3.5.2 Plasma bioavailability of medical countermeasures following 

their intramuscular administration 

3.5.2.1 Atropine 

Following intramuscular administration atropine was more rapidly absorbed 

than diazepam (following administration of avizafone) and HI-6, with the 

concentration at peak in the first sample collected within 1 minute after 

administration. The absorption of atropine did not mask its distribution phase, 

so the PK parameters for atropine following intramuscular administration were 

similar to those determined following intravenous administration (Table 3.2 

and Table 3.3). Atropine can be considered bioequivalent by the intravenous 

and intramuscular routes of administration, with the fraction of the dose 

absorbed by the latter route being approximately 1.0. The PK of atropine was 

very similar for the two routes of administration, as shown in Figure 3.9, with 

the concentration-time profiles being parallel.  

 

The AUC of atropine achieved after intramuscular administration was 

approximately 10 times greater than the reported human AUC following 4.0 

mg ( approximately 60 µg/kg for a nominal 70 kg human) by the intramuscular 

route 198, these being approximately 45 and 3.7 min·µg/mL‡, respectively. The 

C
max

 in guinea pigs was approximately 100 times greater than that in humans 

following the 4.0 mg dose 198, these being approximately 1500 and 14 ng/mL, 

respectively. These differences in exposure to atropine suggest that the dose 

used in guinea pig efficacy studies is high compared to human doses, 

especially as the dose contained in an autoinjector is only 2.0 mg of atropine 

sulphate 30. However, studies have shown the importance of higher doses of 

atropine in combination with other MedCM drugs for the protection against a 

range of nerve agents 58 :199. One of those studies did suggest that atropine 

masks the protective action of the other MedCM 199. Atropinisation of nerve 

‡ From Ellinwood et al 198 Cl = 64.38 L/h ≡ 1,073 mL/min. Substituting this 

value and the dose into the following equation (previously presented in  

Table 2.4). 𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝐶𝐶𝑅𝑅

=  4.0 𝑚𝑚𝑚𝑚
1,073 𝑚𝑚𝑅𝑅/𝑚𝑚𝑖𝑖𝑚𝑚

= 3.7 𝑚𝑚𝐵𝐵𝑙𝑙 · µ𝑘𝑘/𝑚𝑚𝐿𝐿 
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agent poisoned humans has long been the standard MedCM approach, with 

administration based on control of the muscarinic signs of cholinergic 

poisoning 27. In a clinical study the requirement for atropine was correlated 

with the degree of AChE inhibition and worsening muscarinic symptoms 200. 

The requirement for atropine may differ between the First Aid,  

buddy-administered, scenario and the continued Medical Management of a 

poisoned patient, as with the clinical trial data. The Medical Management of 

nerve agent casualties is discussed in more detail in Chapter 6.  

 

3.5.2.2 Diazepam 

The absorption of avizafone and its subsequent conversion to diazepam, 

following administration of avizafone by the intramuscular route, was fast with 

T
max

 being achieved within 5 minutes following administration. The absorption 

phase of diazepam masked the fast distribution phase previously determined 

following intravenous administration, reducing the number of compartments in 

the PK model used to fit the data. Diazepam had a high bioavailability, with the 

fraction of the dose absorbed by the intramuscular route being 0.95. This is 

the first study to calculate intramuscular bioavailability of diazepam following 

avizafone administration, as to date, published studies have used diazepam 

administration as the reference AUC 57 :59. Administration of avizafone by the 

intramuscular route in guinea pigs can be considered as bioequivalent to 

intravenous administration of avizafone. This bioequivalence is in agreement 

with the bioavailability of avizafone calculated using data presented by 

Maidment and Upshall57, which was approximately 1.0‡. 

 

The reduced V
d
 of diazepam following intramuscular administration compared 

to intravenous administration was likely to have been due to absorption from 

the administration site being slower than the rapid distribution phase following 

‡𝐹𝐹 = �𝐴𝐴𝐴𝐴𝐶𝐶𝑖𝑖𝑖𝑖
𝐴𝐴𝐴𝐴𝐶𝐶𝑖𝑖𝑖𝑖

� · �𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

� =  � 90.6±11.0
111.9±19.2

� · �3.5 µ𝑀𝑀/𝑘𝑘𝑚𝑚
2.8 µ𝑀𝑀/𝑘𝑘𝑚𝑚

� = 1.01 ± 0.21 

Bioavailability calculated using AUCs and doses from Maidment and Upshall57. 
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intravenous administration. This slow absorption possibly prevented 

distribution of a large amount of the drug into the compartments. The 

diazepam elimination T½ was significantly shorter following intramuscular 

administration of avizafone, compared to intravenous administration. The 

change in T½ may have been related to the reduced V
d
. That is, the elimination 

rate constant is inversely proportional to V
d
, so a reduction in V

d
 leads to an 

increase in the elimination rate constant and subsequently a reduction in half-

life. The diazepam elimination rate constant appeared to increase when 

avizafone was administered by the intramuscular route but the difference was 

not statistically significant. The other PK parameters for diazepam were the 

same as those determined following intravenous administration of avizafone. 

 

The AUC of diazepam following intramuscular administration of avizafone was 

more than 250 fold greater than the AUC in humans following a dose of 20 mg 

of avizafone hydrochloride 190. However, the C
max 

in that human study was 

approximately half of that reported here, whereas the Cl was very similar, 

these being approximately 30 mL/min and 34 mL/min in guinea pigs and 

humans, respectively. A proposed C
max

 of > 1 µg/mL required to stop soman 

induced seizures, achieved following an intramuscular dose of 10 mg/kg 

diazepam 135, was approximately twice the C
max

 reported here. Preventing 

seizures is critical for survival following nerve agent poisoning 201. It should be 

noted that the diazepam median effective dose (ED
50

) for stopping nerve agent 

associated seizures (tabun = 2.57 mg/kg, sarin = 0.47 mg/kg, soman 2.33 

mg/kg, cyclosarin 1.24 mg/kg and VX 0.74 mg/kg) when administered with a 

low dose of atropine and pralidoxime was less than the dose studied here 131. 

These data suggest that the dose of avizafone used in efficacy studies is 

appropriate compared to the human dose.  

 

3.5.2.3 HI-6 

HI-6 by the intramuscular route was quickly absorbed, with T
max

 being achieved 

within 10 minutes following administration. The absorption phase of HI-6 

masked the distribution phase previously determined following intravenous 

administration, reducing the number of compartments in the model used to fit 
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the data. HI-6 was shown to have the lowest bioavailability of the three MedCM 

following intramuscular administration, with the fraction of the dose absorbed 

being approximately 0.5. Concentrations of HI-6 were equivalent to those 

achieved following intravenous administration of one third of the dose. This 

reduced systemic availability was not expected, as HI-6 had previously been 

determined to be bioequivalent by the intramuscular route in rats 202. This 

change in bioavailability may have been related to the significant increase in 

Cl, reducing the plasma concentrations of HI-6, thereby reducing the AUC and 

subsequently bioavailability. The change in Cl did not change the elimination 

T½ of HI-6. The duration over which HI-6 remains at effective concentrations 

will be reduced, not because of increased clearance but due to the lower 

concentrations achieved. 

 

The HI-6 AUC in guinea pigs following intramuscular administration was lower 

than that achieved in humans (1037 min·µg/mL) following an intramuscular 

dose of 250 mg 192. Conversely, the C
max

 in guinea pig was greater than the 

human C
max

 achieved following a 500 mg intramuscular dose. The data 

reported here can be used in PK guided scaling 126 or basic in silico simulation 
203, to ensure the dose of HI-6 used in efficacy studies is equivalent to a specific 

human dose (such as one that could be contained within an autoinjection 

device ≈ 600 mg). Scaling of MedCM doses is discussed in more detail in 

Chapter 6. The use of equivalent doses must be completed with caution, as no 

single therapeutic concentration akin to that suggested by Sundwall 204 (2 × 10-5 

M; the minimum therapeutic concentration of oximes; cited many times 

erroneously as 4 µg/mL) can be used in two species due to differences in the 

nerve agent-AChE complex 69 :205. 

 

3.5.3 Muscle and brain pharmacokinetics following intramuscular 

administration 

This study is the first to determine the concentration-time profile of MedCM 

against nerve agent in tissues as well as plasma, using microdialysis probes in 

conscious ambulatory animals. The data obtained demonstrate that with the 

exception of HI-6 in the brain, these MedCM are available in the target tissues 
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to exert their pharmacological actions against nerve agents. Atropine, 

diazepam and HI-6 rates of elimination in the tissues mirrored those in the 

plasma, the tissue concentrations decreasing in a single exponential pattern, 

indicating the drugs re-distributed back into the plasma, subsequently being 

cleared.  

 

HI-6 was not measured in brain microdialysate samples from guinea pigs 

except in one animal. The corresponding muscle microdialysate fractions 

collected from this animal did not contain HI-6. It is probable that 

microdialysate fractions from this animal were mislabelled at some point in the 

processing and LC-MS-MS assay. Notwithstanding this single animal, the 

microdialysis data provides evidence that HI-6 is not able to cross the blood 

brain barrier (BBB) and penetrate into the brain (at the dose tested). The brain 

is a critical site of action of nerve agents and optimising the ability of oximes 

to penetrate into the brain has been shown to improve efficacy, through 

reactivation of central AChE 206. There was an apparent lag in the appearance of 

HI-6 in the muscle compared to plasma, which may have been due to slower 

penetration of HI-6 into the interstitial space of the muscle than was indicated 

by the plasma PK. Alternatively, this lag time could be an artefact of the 

integrated microdialysis sampling, which was unable to sample at sufficient 

temporal resolution to determine rapid changes in concentration. It is 

conceivable, that the lag could be a combination of both of these explanations. 

 

There are no PK data for atropine in brain or muscle with which to compare the 

data reported here, so therapeutic concentrations of atropine in these tissues 

are not known. Studies using microdialysis could be carried out to determine 

therapeutic concentrations of atropine with the possibility of linking these to 

plasma PK and subsequently, to efficacious doses (this is discussed in more 

detail in Chapter 6). 

 

The brain concentrations of diazepam reported here were much lower than 

those reported by Capacio et al, in guinea pig brain tissue collected post 

mortem, following administration of diazepam to soman exposed guinea pigs 
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(0.3 – 1.0 µg/mL) 135. These differences were most likely due to the differing 

sample collection methods, i.e. microdialysis samples unbound drug, whereas 

tissue homogenate provides total drug concentrations. Another reason for the 

difference may be that the samples were from naïve animals, in the present 

study, whereas the data collected by Capacio et al was from poisoned animals. 

Microdialysis presents the opportunity to link the brain concentrations to 

plasma concentrations. Therefore, a study in which plasma and brain 

concentrations are correlated with electroencelaphograpy, similar to those 

carried out by Bourne and Fosbraey 162, may identify the therapeutic 

concentrations required to prevent seizure. The brain concentration of 

diazepam appeared to lag behind the plasma concentrations. This may have 

been due to the lipophilicity of this drug causing it to preferentially distribute 

to the lipids in the brain and muscle, prior to being available in the aqueous 

interstitial space, from which the microdialysis probe collects samples. 

However, as stated previously, these lags may be artefacts of the integrated 

sampling. 

 

The muscle and brain PK data reported here can be referenced as baseline data 

for muscle and brain PK data following combined intramuscular administration 

of MedCM, in naïve or sarin poisoned animals. 

 

3.5.4 Effect of combined administration of medical countermeasures 

on the pharmacokinetics of the component drugs 

The absorption, distribution and elimination of atropine and diazepam did not 

change in plasma after combined administration of atropine, avizafone and  

HI-6, compared to individual intramuscular administration of these MedCM 

drugs. However, atropine concentration in the brain appeared to lag behind 

both plasma and muscle. Conversely, the lag was reduced and eliminated for 

diazepam in the brain and muscle, respectively.  

 

In contrast to atropine and diazepam the plasma PK of HI-6 did change 

following combined administration with atropine and avizafone. These changes 
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in PK were unlikely to be direct drug-drug interactions between atropine or 

diazepam and HI-6. It is more likely that the pharmacological action of atropine 

caused physiological changes, such as increased heart rate or vasoconstriction, 

leading to the reduced Cl and increased C
max

, T½ and AUC. The exact 

mechanisms by which the PK has changed cannot be determined from the data 

presented here; further investigation is required to understand the 

physiological interaction between HI-6 and atropine. These increases in 

concentration and elimination T½ should be viewed as positive changes for  

HI-6, in that the duration HI-6 was at therapeutic concentrations was increased.  

 

The most marked difference on HI-6 PK following combined administration 

with the other MedCM was the change in ability to penetrate the BBB. Previous 

studies have implicated P-glycoprotein, an efflux transporter, in the ability of 

HI-6 to cross the BBB 206. Studies investigating the membrane permeability of 

HI-6 in vitro may identify the transporter(s) that prevent this drug from 

penetrating the brain when administered alone and may identify additional 

opportunities to increase the penetration of HI-6 into this tissue to exert its 

protective effect. This finding possibly renders current research designing, 

evaluating and developing centrally active oximes 207-212 unnecessary. The data 

reported here suggest that administration of HI-6 with atropine and avizafone 

alters the BBB, beneficially enabling HI-6 to penetrate and reactivate central 

AChE. In addition, the lag in HI-6 muscle concentrations following individual 

administration of HI-6 was not evident when HI-6 was administered in 

combination with atropine and avizafone. This can again be viewed as 

beneficial, with the HI-6 being available in target tissues a short time after 

administration. 

 

3.5.5 Effect of acute exposure to sarin on the pharmacokinetics of 

medical countermeasures 

Administration of atropine, avizafone and HI-6 following exposure to sarin 

changed the PK of HI-6. The increase in C
max

, caused by a more rapid 

absorption than in naïve animals, was likely to have been due to physiological 

changes elicited by the over-stimulation of the cholinergic system. The 
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reduction in HI-6 Cl back to the rate determined following intramuscular 

administration of HI-6 alone can be rationalised through the mutually 

antagonistic effects of atropine and sarin. If muscarinic receptor effects are 

involved in clearance, it can be expected that the changes in HI-6 PK discussed 

in the previous section of this chapter were reversed in the presence of sarin. 

As noted in the previous section, the mechanism of these changes cannot be 

determined from the data presented here and further studies will need to be 

carried out to elucidate them. 

 

The PD cholinesterase data determined following exposure of guinea pigs to 

sarin, illustrate the rapid nature of the effects following acute exposure to 

nerve agents. Even when MedCM were administered one minute post exposure 

the cholinesterase activity in plasma and erythrocytes quickly decreased. This 

decrease was to a lesser extent and was followed by a recovery of activity not 

observed in the saline animals. Integrating the PK with the PD provides a 

rationale for the recovery of cholinesterase in activity in MedCM treated 

animals to approximately 1 hour but not beyond this time (Figure 3.16). 

Coincidentally, the concentration of HI-6 prior to 1 hour was above  

5.77 µg/mL, equivalent to the concentration of 2 × 10-5 M, proposed by 

Sundwall et al as the minimum therapeutic concentration required for an 

oxime 204 (discussed in Section 3.5.2.3). In a human PK study of intramuscular 

HI-6, the time above this arbitrary threshold concentration was approximately 

90 and 150 minutes, following doses of 250 and 500 mg, respectively. That 

study indicated the doses used in guinea pigs may need to be increased to 

achieve this duration at the target concentration and to model the human 

scenario. 

 

The significant increase in HI-6 AUC determined in the muscle and brain after 

sarin exposure when compared to the AUC in naïve animals, should be viewed 

as beneficial. As discussed in the previous section, the recent research into 

oxime with improved penetration through the BBB seems unnecessary. The 

data reported here indicate that sarin alters the BBB, enabling HI-6 to penetrate 

into this tissue and reactivate the nerve agent inhibited AChE.  
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Figure 3.16. Erythrocyte and plasma cholinesterase activity inhibited by sarin recovers 

up to approximately 1 hour post administration of HI-6, after which the HI-6 

concentration decreases below 5.77 µg/mL.  

Composite figure uses data previously presented in Figure 3.11 and Figure 3.15. The 

dotted lines on the x and y axes indicate the 1 hour post administration time point and 

the threshold concentration of 5.77 µg/mL (2 × 10-5 M). 
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3.5.6 Summary 

The studies reported in this chapter are the first using a new methodology 

combining vascular cannulae, brain and muscle microdialysis in individual 

conscious ambulatory guinea pigs. Indeed, these studies were the first to 

sample drug concentrations in skeletal muscle of conscious animals using 

microdialysis. This methodology was used to determine the PK of atropine, 

diazepam and HI-6 by various routes, individually, in combination with one 

another and in sarin poisoned animals. 

 

Atropine, diazepam and HI-6 were quickly distributed and eliminated from the 

plasma. Following intramuscular administration atropine and diazepam were 

bioequivalent to intravenous administration, with approximately 95 % of the 

administered dose being systemically available. Conversely, approximately  

50 % of the administered dose of HI-6 was available following intramuscular 

administration. Tissue concentrations of atropine, diazepam and HI-6 were 

generally in equilibrium with the plasma, with the decrease in concentration 

seemingly governed by plasma clearance. The one exception was HI-6, which 

was not able to penetrate the BBB. 

 

Combined administration of the MedCM by the intramuscular route altered the 

PK of HI-6 but not atropine or diazepam. The major change was the ability of 

HI-6 to penetrate the BBB in the presence of atropine and diazepam, enabling 

this drug to act centrally. This finding has implications for the efforts of several 

research groups to design central acting oximes, i.e. there may not be an 

applied requirement for these oximes. The microdialysis PK data provide 

evidence that the combined MedCM are able to penetrate target tissues and 

exert their pharmacological action to protect against nerve agent poisoning. 

However, the PK models fitted to these microdialysis data may not accurately 

describe the concentration-time profiles, due to the integrated sampling and 

lack of temporal resolution, as shown by the various lag times. The fitting of 

non-compartmental PK models to microdialysis data may be a better approach, 

particularly as the tissues in which the microdialysis probes are implanted can 

be considered as individual PK compartments. Combining such microdialysis 
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PK data with PD data in the same tissues (e.g. ACh concentrations or 

electroencephalographic data), as has already been reported by Bourne et al 150 

:162, Joosen et al 26 and O’Donnell et al 147 :148, will enable the determination of the 

concentrations required to counter the effects of nerve agent in these target 

tissues. 

 

Following administration of combined MedCM, HI-6 reached greater 

concentrations in sarin poisoned animals compared to naïve animals, although 

it was more rapidly cleared from the plasma (meaning there was no change in 

plasma AUC). These data are further evidence that the HI-6 is able to penetrate 

the target tissues of poisoned animals to reactivate the inhibited AChE and 

protect against nerve agent lethality, notwithstanding the survival of the sarin 

poisoned animals treated with combined MedCM that includes HI-6. 

 

The PK data presented in this chapter can now be used to extrapolate the 

doses used in guinea pig efficacy studies to human equivalent doses, be that 

through allometric scaling or through a PK guided approach as suggested by 

Baggot 127 and Sharma and McNeill 126, respectively. Extrapolation of doses is 

discussed in Chapter 6. 
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4.1 Chapter specific introduction 

Bioscavengers such as human butyrylcholinesterase (huBChE) have proven 

efficacious as pretreatments to acute nerve agent exposure 130 and  

plasma-derived huBChE is in advanced development in the United States of 

America. Their development, specifically as pretreatments, is in response to 

the requirement for inactivation of nerve agents, prior to their binding to 

endogenous cholinesterases and inhibiting normal cholinergic function 102 

(Figure 4.1). Stoichiometric bioscavengers, of which huBChE is one example, 

inactivate nerve agents by irreversibly binding to them in a 1:1 ratio, in the 

same way as endogenous AChE or BChE. 

 

Ensuring sufficient bioscavenger is present in the systemic circulation and over 

a long enough period of time is critical to ensure a pretreatment regimen is 

effective and practicable. The PK of huBChE has previously been determined in 

several species 130 :213-215, with the aim of assessing the longevity of huBChE in 

the systemic circulation. More recently huBChE has demonstrated efficacy as a 

post exposure therapeutic MedCM against percutaneous nerve agent exposure 
109. In this scenario the speed of absorption may be more important than the 

longevity of huBChE in the systemic circulation. The PK of huBChE has 

previously been determined in guinea pigs 130 but the PK interaction between 

the bioscavenger and the nerve agent when huBChE is administered to nerve 

agent poisoned animals has not. Quantifying the amount of bioscavenger 

consumed in neutralising nerve agent will improve the understanding of 

efficacy of bioscavengers. Knowing the threshold amount of bioscavenger 

required to neutralise the nerve agent will enable efficacious doses that are 

known to maintain this amount in the circulation for a prolonged duration, to 

be calculated for humans. Of equal importance for the effectiveness of 

bioscavenger approaches is knowledge of the amount of the nerve agent 

absorbed into the circulation following percutaneous exposure, ensuring the 

amount of bioscavenger in the blood is appropriate to the amount of said 

nerve agent.  
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Determination of the PK or toxicokinetics (TK; PK of a toxic dose) of a nerve 

agent following percutaneous exposure can complement the huBChE PK, to 

show the fraction of the exposure dose that penetrates the systemic 

circulation, which therefore must be neutralised by the bioscavenger. Such PK 

data may be supplemented with target tissue PK data, which can be used to 

demonstrate the ability of bioscavenger to prevent the nerve agent from 

reaching its sites of action (as shown in Figure 4.1). The PK/TK of nerve agents 

following percutaneous exposure has previously been investigated 136 :141, these 

studies were of short duration ( 6 – 8 hours) and were carried out in 

anaesthetised and atropinised animals. Percutaneous poisoning occurs over a 

protracted time-course compared to inhalation/acute nerve agent poisoning. 

For example, signs of poisoning that triggered administration of MedCM in 

guinea pig efficacy studies did not occur until ≈ 6 hours after percutaneous 

exposure 110. Long duration PK/PD studies of percutaneous nerve agent (≥ 48 

hours) have to date, not been carried out. This is probably due to the doses of 

nerve agent studied having been supralethal (> 1 × LD
50

) and animals are not 

likely to survive a longer duration study, thus limiting observations to a shorter 

period. The PK of percutaneous nerve agent in target tissues has not been 

studied. Thus, the studies reported in this chapter were completed to 

determine the plasma PK of huBChE following intravenous and intramuscular 

administration, as well as the PK of percutaneous VX. Studies reported here 

were also completed to determine the PK interaction between huBChE and 

percutaneous VX. The data from these studies are discussed with respect to 

efficacy of huBChE as a post exposure therapeutic MedCM against 

percutaneous nerve agent. 
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Figure 4.1. Schematic diagram showing percutaneous route of entry of nerve agent 

into the body, through the vascular system, to its sites of action.  

Nerve agent moves from the skin, through the extracellular space, to the blood (arrow) 

and once here the nerve agent is transported around the body. From the blood the 

nerve agent moves into the extracellular space of the tissues and to the target sites 

(CNS; central nervous system, NMJ; neuromuscular junction), where it inhibits 

acetylcholinesterase. Pretreatment with bioscavenger increases the irreversible binding 

sites for nerve agent, effectively forming a sink, preventing onward movement to the 

target sites. 
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4.2 Chapter specific aims 

To determine the pharmacokinetics of human butyrylcholinesterase and the 

toxicokinetics of VX following exposure by the percutaneous route and thus 

provide data to aid the understanding of huBChE efficacy against 

percutaneous nerve agent exposure, including limitations of bioscavenger 

therapy.  

a. To determine the PK of huBChE bioscavenger after intravenous 

and intramuscular administration in guinea pigs. 

b. To calculate the intramuscular bioavailability of huBChE using the 

intravenous and intramuscular data. 

c. To determine the TK and TD profile of the nerve agent VX by the 

percutaneous route of exposure. 

d. To determine the PK interactions between VX and huBChE when 

this bioscavenger is administered to poisoned guinea pigs. 
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Figure 4.2. Diagram showing concept/aims and design of the in vivo guinea pig studies described in this chapter. 

Determining the concentration-time profile of huBChE following intravenous administration will characterise the PK. Determining the 

concentration-time profile of huBChE following intramuscular administration will enable calculation of huBChE bioavailability by this route. 

Determining the concentration-time and effect-time profile of percutaneous VX will characterise the TK and TD of this nerve agent. Each of 

these can be used to provide fundamental data to improve the understanding of huBChE bioscavenger efficacy against percutaneous nerve 

agent poisoning. The determination of the PK interaction of huBChE and VX in the final part of the study will further improve the understanding 

of efficacy.  
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4.3 Materials and methods specific to the study of 

bioscavenger medical countermeasure and 

percutaneous nerve agent pharmacokinetics 

To determine the PK of huBChE after intravenous bolus and separate 

intramuscular administration, eleven male Dunkin-Hartley guinea pigs (470 ± 

45 g, mean ± SD) were implanted with arterial and venous cannulae 

(intravenous bolus) or just arterial cannulae (intramuscular), as detailed in 

Chapter 2. HuBChE (3.4 mg/kg) was administered as an intravenous bolus 

(n=4) or as an intramuscular dose (n=7). Blood samples were collected at set 

time points following administration of huBChE, as shown in Figure 4.3. These 

sample collection time points were chosen based on previously published 

studies 130 and aimed to focus on determining the T
max

. Blood samples were 

collected for up to 7 days (168 hours). Blood samples were processed, stored, 

assayed and analysed for cholinesterase activity, as described in Chapter 2.  

 

To determine the TK and TD of VX after percutaneous exposure and separately 

the effect of huBChE on the PK of VX (and vice versa), 20 male Dunkin-Hartley 

guinea pigs (374 ± 22 g, mean ± SD) were implanted with arterial cannulae and 

brain and muscle microdialysis probes, as detailed in Chapter 2. The brain and 

muscle microdialysis probes were perfused at 1.0 µL/min with CNS and T1 

perfusion fluids (CMA microdialysis, Sweden), respectively. All probes were 

perfused for a 1 hour equilibration period, prior to exposure to VX. Animals 

(n=8) were exposed to VX (267.4 µg/kg) by application of VX onto the skin 

(percutaneous route). HuBChE (3.4 mg/kg) was administered to animals two 

hours after percutaneous exposure to VX (n=8). Blood samples and 

microdialysis fractions were collected at set time points for 48 hours after 

exposure to VX, as shown in Figure 4.4. These blood sample time points were 

chosen to enable the greatest temporal resolution around the VX T
max

, which 

was reported by van der Schans et al 136. The blood samples were processed, 

stored, assayed and analysed for VX concentration and cholinesterase activity, 

as detailed in Chapter 2. Microdialysis samples were immediately frozen at  

-20 °C and subsequently stored at – 80 °C before being assayed for VX 

concentration, as detailed in Chapter 2.  
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To determine the effect of bioscavenger on the blood PK of VX after 

percutaneous exposure to VX, 10 male Dunkin-Hartley guinea pigs (382 ± 14, 

mean ± SD) were anaesthetised and implanted with cannulae in the jugular vein 

and microdialysis probes (6 kDa cut-off PAES membrane, Microbiotech AB, 

Sweden) in the carotid artery. These guinea pigs remained anaesthetised 

throughout the study, which was of eight hours duration. Microdialysis probes 

were perfused at 1.0 µL/min with physiological Ringer’s solution (Vetivex® 9, 

NaCl 147 mM, KCl 4 mM, CaCl
2
 3 mM, Dechra, UK). Animals were exposed to 

VX (740 µg/kg) by the percutaneous route and 30 minutes later were treated 

with either recombinant human butyrylcholinesterase (rBChE; 71.96 mg/kg, 

PharmAthene Inc., USA) or albumin (73.62 mg/kg, Sigma Aldrich, UK). 

Microdialysis fractions were collected at 30-minute intervals. Microdialysis 

samples were immediately frozen at -20 °C and subsequently stored at – 80 ºC 

before being assayed for VX concentration, as detailed in Chapter 2. 
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Figure 4.3. Schematic representation of the pharmacokinetic study sampling protocol 

for huBChE. 

The bioscavenger was administered at time zero (▽) by the intravenous or 

intramuscular routes, samples were collected at set time-points following 

administration (○ intravenous protocol or ● intramuscular protocol). The majority of 

samples were collected around the expected T
max

.  

 

 

 

 

Figure 4.4. Schematic representation of the pharmacokinetic study sampling protocol 

for percutaneous VX.  

The majority of blood samples (●) and microdialysate fractions (▀) were collected to 

give greater temporal resolution around the expected absorption and distribution of 

VX. Each bar represents a microdialysate fraction, the duration of which became longer 

throughout the protocol.  
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4.4 Results 

Of the 30 guinea pigs that underwent surgery 27 successfully recovered from 

surgery and entered the study. The majority of cannulae and microdialysis 

probes remained patent. Details for each experimental group are listed in 

Table 4.1. The 10 guinea pigs that were terminally anaesthetised, cannulated 

and had microdialysis probes implanted in the carotid arteries survived the 

surgical procedures. All of these animals were used in, and survived, the 

subsequent eight-hour study. 
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 Dose 
(mg/kg) 

Body mass 
(g) 

Animals 
undergoing 
surgical 
procedures 
(n) 

Animals 
used in 
study 
(n) 

Cannula 
patency 

Microdialysis 
patency 

Notes 

huBChE 
(iv) 

3.4 0.439 ± 0.019 4                               4 
4/4 (arterial) 
4/4 (venous) 

n/a  

huBChE 
(i.m.) 

3.4 0.487 ± 0.047 7 7 7/7 n/a 
• Animals had greater body 

mass due to postponement 
of surgical procedures. 

VX 
(pc) 

0.267 0.370 ± 0.015 9 8 8/8 
6/8 (brain) 
7/8 (muscle) 

• One animal died during 
surgical procedures. 

VX + huBChE 
(pc)    (i.m.) 
 

0.267 
+3.4 

0.377 ± 0.028 10 8 7/8 
8/8 (brain) 
6/8 (muscle) 

• One animal died during 
surgical procedures. 

• One animal found dead the 
morning after surgical 
procedures. 

Table 4.1. Summary information on the surgical procedure success and cannula/microdialysis probe patency, for the different study groups. 
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4.4.1 Human butyrylcholinesterase bioscavenger pharmacokinetics and 

intramuscular bioavailability  

The plasma concentration-time profile of huBChE following intravenous 

administration was determined in conscious guinea pigs (Figure 4.5). PK 

parameters were calculated from these data and are presented in Table 4.2. 

The V
d
 following intravenous administration was approximately 60 mL/kg, 

similar to the reported plasma volume of guinea pigs (67 – 93 mL/kg) 164. The 

Cl of huBChE was approximately 1 mL/h/kg. The huBChE remained in the 

plasma at measurable concentrations for the seven day duration of the study. 

Based on the AIC value, the two-compartment model fit to the data to describe 

the distribution and subsequent elimination was not as good a fit as the  

one-compartment model.  

 

The plasma concentration of huBChE following intramuscular administration 

increased for approximately 24 hours (Figure 4.6 and Table 4.2). The 

concentrations of huBChE after intramuscular T
max

 were not significantly 

different to those achieved following intravenous administration. The huBChE 

Cl after intramuscular administration was significantly lower from the Cl 

following intravenous administration (P < 0.05, unpaired two-tailed t test), 

however, the V
d
 was not different following intramuscular administration. The 

terminal half-life of huBChE appeared to be longer following intramuscular than 

intravenous administration but this difference was not statistically significant 

(p > 0.05, unpaired two-tailed t test). The absorption of huBChE following 

intramuscular administration was extensive, with the fraction of the dose 

absorbed being 0.83 ± 0.15 (mean ± SEM). The 0 – 24 hour bioavailability of 

butyrylcholinesterase was 0.38 ± 0.03. 
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Figure 4.5. Concentration-time profile of huBChE bioscavenger quantified in plasma 

from individual conscious ambulatory guinea pigs following intravenous 

administration.  

Concentrations from individual animals (n=4, ○) are shown with the mean 

concentration predicted by the PK model (solid line), which was calculated from the 

pooled data. The dose of huBChE administered was 3.4 mg/kg. Inset shows the 

schematic compartmental PK model fitted to the data. 
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Figure 4.6. Concentration time profile of huBChE bioscavenger quantified in plasma 

from individual conscious ambulatory guinea pigs following intramuscular 

administration.  

Data shown as mean ± SEM (n=7), plasma concentrations following intravenous 

administration (Figure 4.5) are included for comparison. Mean concentrations 

predicted by the PK model (solid line) were calculated from the pooled data. The dose 

administered was 3.4 mg/kg. Inset shows the schematic compartmental PK model 

fitted to the data. 
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 Intravenous Intramuscular 

Dose (mg) 1.49 ± 0.03 1.66 ± 0.06 

C
max

 (ng/mL) n/a 24.2 ± 1.3 

T
max 

(h) n/a 22.3 ± 4.8 

Elimination T½ (h) 67.8 ± 9.6 113.3 ± 28.4 

AUC (h·µg/mL) 4878 ± 562 4527 ± 820 

V
d
 (mL) 68.2 ± 4.9 61.4 ± 5.6 

Cl (mL/h) 0.70 ± 0.08 0.38 ± 0.07* 

k
01

 (1/h) n/a 0.15 ± 0.05 

k
10

 (1/h) 0.0102 ± 0.0015 0.0061 ± 0.0015 

Table 4.2. Compartmental PK parameters huBChE following intravenous and 

intramuscular administration in conscious ambulatory guinea pigs. 

HuBChE PK profiles were best fit by a one-compartment PK model. Data shown as the 

estimate of the parameter for the pooled concentration-time profile ± standard error of 

the estimate.  

* =p<0.05, unpaired two-tailed t test. 
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4.4.2 Percutaneous VX pharmacokinetics and pharmacodynamics  

Following percutaneous exposure to VX (267.4 µg/kg) plasma VX 

concentrations were below the limit of quantitation in all the plasma samples 

collected. Therefore, the concentration-time profile and TK parameters could 

not be determined in plasma. 

 

The inhibition-time profiles of guinea pig erythrocyte AChE and endogenous 

plasma BChE activities were determined (Figure 4.7) following percutaneous 

exposure to VX (267.4 µg/kg). Maximal inhibition of cholinesterase activity by 

VX was 67.4 ± 5.2 % and 79.2 ± 3.7 % in plasma and erythrocytes, respectively 

(Table 4.3). The rate of inhibition of erythrocyte AChE activity (20.5 ± 6.3 %/h) 

was significantly faster than inhibition of plasma BChE activity (11.5 ± 2.1 %/h)  

(p < 0.05, unpaired two-tailed t test). Erythrocyte AChE activity did not recover 

from the maximal inhibition, whereas plasma BChE activity recovered at a 

significantly increased rate (p < 0.01, unpaired two-tailed t-test). 
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Figure 4.7. Effect-time profile of VX on guinea pig erythrocyte acetylcholinesterase  

(○, n=7) and plasma butyrylcholinesterase (●, n=7) following VX exposure by the 

percutaneous route (267.4 µg/kg). Data shown as individual replicate cholinesterase 

activities with median values (solid and dotted lines, erythrocytes and plasma, 

respectively).   
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 Erythrocyte AChE Plasma BChE 

E
0 
(µmol/min/mL) 0.807 ± 0.065 1.449 ± 0.077 

I
max 

(µmol/min/mL)  0.229 ± 0.036 0.482 ± 0.096 

Rate of inhibition (%/h) -20.5 ± 6.3* -11.5 ± 2.1 

R
min 

(%) 20.8 ± 3.7 32.6 ± 5.2 

T
min 

(h) 18.5 ± 6.2 15.6 ± 3.1 

Rate of recovery (%/h) 0.4 ± 0.3 0.5 ± 0.1** 

Table 4.3. Noncompartmental TD parameters determined for normalised guinea pig 

plasma BChE and erythrocyte AChE activity following percutaneous exposure to VX. 

 E
0
 and I

max
 were calculated from the raw data. Data shown are mean ± SEM or standard 

error of the estimate. 

* p<0.05, **p<0.01: Paired two-tailed t-test.  
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4.4.3 Muscle and brain toxicokinetics of percutaneous VX 

The efficiency of the microdialysis probes was determined to be 31 ± 7 % and  

45 ± 3 % for ex vivo brain and muscle probes, respectively, using radiolabelled 

VX. The VX did not persist in microdialysate fractions after removal of the 

probe from the stock VX solution and being placed in saline. The data 

presented have been corrected for the efficiency of the probes.  

 

The concentration-time profile of VX in target tissues (brain and muscle) was 

determined by quantitation of VX in microdialysates (Figure 4.8) following 

exposure to VX by the percutaneous route. After an initial small increase to  

≈ 0.03 ng/mL, concentrations of VX plateaued until the time of maximal 

inhibition of blood cholinesterases (approximately 12 hours). Thereafter, tissue 

VX concentrations increased to peak at 42 and 38 hours after percutaneous 

exposure in muscle and brain, respectively. The mean C
max

 values were 64 ± 11 

pg/mL (239 ± 41 pM) in muscle and 203 ± 61 pg/mL (759 ± 228 pM) in brain 

microdialysates. Mean total exposure to VX (AUC) was greater in the brain than 

the muscle being 1,698 ± 322 h·pg/mL (6.4 ± 1.2 h·nM) and 5,071 ± 1,690 

h·pg/mL (19.0 ± 6.3 h·nM), respectively. 

 

The brain microdialysate concentration in one animal was greater than in all 

the other animals (more than 10 SD from the mean): these data for this animal 

were excluded from the mean profile (Figure 4.8, inset).  
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Figure 4.8. Concentration-time profile of free VX in brain and muscle microdialysate 

fractions following percutaneous exposure of conscious ambulatory guinea pigs.  

Concentration-time profile in brain (◆, n=6) and muscle (▲, n=7) following a 

percutaneous VX dose of 267.4 µg/kg. Data shown are mean ± SEM.  

Inset: Individual animal with AUC >10 SD from the mean of the other animals in the 

group (◇, n=1). 
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4.4.4 Blood toxicokinetics of percutaneous VX in anaesthetised guinea 

pigs 

The concentration-time profile of free VX was determined in the blood of 

anaesthetised guinea pigs for eight hours following exposure to percutaneous 

VX (297 µg/kg = 1 × LD
50

, Figure 4.9). The concentration was generally 

consistent within subjects but there were large increases in concentration in 

some microdialysate fractions. TK analysis of these data was not possible as 

the models would not fit the data. The concentrations of VX quantified in the 

blood of anaesthetised guinea pigs were similar to the VX concentrations 

quantified in the muscle and brains of conscious ambulatory guinea pigs. The 

AUC of the blood concentration-time curve was 800 ± 222 h·pg/mL (2.99 ± 

0.83 h·nM), this was significantly greater than the eight hours AUC for muscle 

or brain, these being 144 ± 37 h·pg/mL (p < 0.01, one-way ANOVA) and 311 ± 

62 h·pg/mL (p < 0.05, one-way ANOVA), respectively.  

 

The efficiency of the blood microdialysis probes was determined at 38 ± 10 % 

by in vitro VX and 31 ± 3 % by in vivo retrodialysis using VR. The data 

presented were corrected for the efficiency of the probes, using the in vivo 

retrodialysis efficiency. 
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Figure 4.9. Concentration-time profile of free VX determined in blood microdialysate 

fractions following exposure of anaesthetised guinea pigs to percutaneous VX.  

Data shown are mean ± SEM (○, n=5), outliers (●) are shown as separate and were 

more than 2 SD from the mean concentrations and were not from one individual 

animal. Muscle (▲) and brain (◆) microdialysate VX concentrations from conscious 

ambulatory animals exposed to percutaneous VX are included for reference.  
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4.4.5 Toxicokinetics of percutaneous VX followed by treatment with 

intramuscular human butyrylcholinesterase  

In these studies, percutaneous VX exposure (267.4 µg/kg) occurred at 0 h with 

bioscavenger being administered two hours later (huBChE 3.4 mg/kg). Blood 

samples and microdialysate fractions were collected over 48 hours. VX 

concentrations in the plasma could not be measured, as it was below the limit 

of quantitation in all of the plasma samples collected. The effect of 

intramuscular huBChE on the concentration-time profile of VX could not be 

determined in conscious ambulatory guinea pigs. However, VX was measured 

in microdialysate fractions from a microdialysis probes implanted in the carotid 

artery of anaesthetised guinea pigs that were exposed to VX by the 

percutaneous route (297 µg/kg). In these studies, intravenous rBChE (72.0 

mg/kg) significantly reduced the AUC for free VX (p = 0.05, one-tailed unpaired 

t test, Figure 4.10). 

 

The muscle and brain TK of percutaneous VX (267.4 µg/kg) was determined in 

conscious guinea pigs treated at two hours after exposure with intramuscular 

huBChE (3.4 mg/kg) (Figure 4.11). The free VX AUC in muscle and brain 

microdialysates were 3,738 ± 1,076 h·pg/mL (14.0 ± 4.0 h·nM) and  

3,061 ± 939 h·pg/mL (11.5 ± 3.5 h·nM), respectively. These AUC were not 

significantly different from the AUC in untreated animals (p > 0.05, one-tailed 

unpaired t test). The concentration remained constant throughout the 48 hours 

in the brain microdialysate fractions at 107.7 ± 51.6 pg/mL, the C
max

 and T
max

 

were 232.3 ± 77.4 pg/mL (869 ± 290 pM) and 6.6 ± 5.6 h, respectively. The 

free VX concentration in muscle appeared to peak at one hour, although the 

variability was very high (267 ± 140 pg/mL), thereafter concentrations 

remained constant at 78.0 ± 23.3 pg/mL.  

 

The TD profile (inhibition of AChE and endogenous BChE activity) of VX 

following treatment with huBChE could not be determined, due to the inability 

of the colourimetric Ellman assay to differentiate between endogenous 

cholinesterases and exogenous huBChE.  
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Figure 4.10. Concentration-time profile of free VX determined in blood microdialysate 

fractions following exposure of anaesthetised guinea pigs to percutaneous VX and 

treatment at two hours with rBChE.  

Data shown are mean ± SEM (⋆, n=5). Concentration-time profile of free VX determined 

in blood microdialysate fractions of anaesthetised guinea pigs treated with albumin (○, 

n=5, Figure 4.9) are included for reference.  

Inset: The AUC of free VX following treatment at 2 hours post percutaneous VX 

exposure  with rBChE was significantly reduced compared to the treatment with 

albumin (* p < 0.05, one-tailed unpaired t test).  
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Figure 4.11. Concentration-time profile of free VX in microdialysate fractions collected from brain and muscle of conscious ambulatory guinea 

pigs following percutaneous exposure to VX and treatment at two hours with huBChE.  

(A) Brain microdialysate (◇, n=8) and (B) muscle microdialysate (△, n=6) VX concentrations following percutaneous exposure to VX (267.4 

µg/kg) and treatment with huBChE (3.4 mg/kg). Data shown as mean ± SEM. VX concentrations in (A) brain (◆) and (B) muscle (▲) of untreated 

animals (Figure 4.8) are shown for reference. 
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4.4.6 Pharmacokinetics of human butyrylcholinesterase in 

percutaneous VX exposed guinea pigs 

The PK of intramuscular huBChE was determined over 48 hours duration in 

guinea pigs exposed to VX by the percutaneous route (Figure 4.12). The AUC 

was 40 ± 11 % lower than the AUC of intramuscular huBChE determined in 

naïve guinea pigs, a significantly reduction (p < 0.01, one-tailed unpaired t 

test).  
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Figure 4.12. Concentration-time profile of intramuscular huBChE determined in 

percutaneous VX exposed conscious ambulatory guinea pigs.  

Data shown are mean ± SEM (●, n=8). Concentration-time profile of intramuscular 

huBChE in naïve conscious ambulatory guinea pigs (△, n=7, Figure 4.6) is included for 

reference. The doses of huBChE and VX were 3.4 mg/kg and 267.4 µg/kg, respectively. 

 

Inset: AUC of huBChE calculated from the concentration-time profile data. Data shown 

as mean ± SEM. ** p < 0.01, one-tailed unpaired t test. 
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4.5 Discussion 

The efficacy of huBChE bioscavenger against nerve agent poisoning is 

dependent on delivery of sufficient scavenging capacity at the appropriate time 

to prevent inhibition of endogenous AChE. The aim of the studies reported 

here was to provide data to aid the understanding of the efficacy of huBChE 

against percutaneous VX. To achieve this aim the plasma concentration-time 

course of huBChE following intravenous and intramuscular administration was 

determined in conscious guinea pigs over 7 days. The concentration-time 

courses of free VX in the brain and muscle were also determined. Plasma 

concentrations of VX could not be determined in these animals. The 

concentration-time course of free VX was however quantified in microdialysate 

fractions from microdialysis blood probes implanted in arteries of 

anaesthetised guinea pigs. The PK interaction between huBChE and 

percutaneous VX was quantified in subsequent studies. Each of these studies is 

discussed in more detail.  

 

4.5.1 Human butyrylcholinesterase bioscavenger 

The huBChE PK profile characterised following intravenous and intramuscular 

administration exhibited a similar PK profile to that previously published by 

Lenz et al 130, although these studies administered a lower dose (3.4 mg/kg 

compared to 19.9 and 32.5 mg/kg 130). The huBChE remained in the plasma for 

the full seven days duration of the study, so would be available to bind 

percutaneous nerve agent in the event of exposure.  

 

The V
d
 of huBChE following intravenous administration was low compared to 

the conventional MedCM (atropine, diazepam and HI-6), approximating to total 

blood volume (63 – 92 mL/kg 164), as might be expected for a large protein 

molecule. These data indicate that the huBChE remains in the vasculature and 

is unable to cross vascular epithelium  216. HuBChE is therefore not widely 

distributed into the tissues (Figure 4.13). Whilst it may be possible that small 

amounts of huBChE were able to cross the vascular endothelium into the 
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interstitial space, these small amounts are likely to be returned to the blood by 

lymphatic drainage, maintaining the low V
d 
observed 216.  

 

The absorption of huBChE into the systemic circulation following intramuscular 

administration was slow compared to conventional MedCM. The T
max

 of 26 

hours suggests that the primary route of distribution from the injection site 

was via the lymphatic system, rather than as a result of direct uptake into the 

blood stream, causing the low bioavailability in the first 24 hours. Again this is 

probably due to the limited ability of the large huBChE molecule to cross the 

vascular epithelium 216. This low bioavailability of huBChE in the first 24 hours 

following intramuscular administration explains the better reported efficacy of 

intravenous administration 109, when used as a post exposure therapeutic 

MedCM. The rate of clearance was also slow compared to the conventional 

MedCM, leading to the long elimination half-lives observed. The elimination of 

large protein molecules such as huBChE is through breakdown by proteolytic 

enzymes, non-specific endocytosis and formation of immune-complexes 217. For 

large native molecules these are typically slower processes than the elimination 

processes for small molecule drugs, such as the conventional MedCM, which 

are eliminated by renal excretion or hepatic metabolism.  
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Figure 4.13. Low vascular epithelium permeability of huBChE most likely governs its 

plasma PK following intravenous and intramuscular administration. The low V
d
 is 

probably maintained by the flow of lymph in which the huBChE is transported, this is 

also likely to cause the late T
max

. Adapted from Rowland and Tozer 216. 

 

  

Ly
m

p
h
 

Plasma 

Interstitial fluid 

Intravenous 
administration 

Intramuscular 
administration 

172 

 



 Chapter 4: Bioscavenger Medical Countermeasures Against Percutaneous Nerve Agent 

4.5.2 Plasma pharmacokinetics and pharmacodynamics of 

percutaneous VX  

The combination of discrete blood sampling and continuous microdialysis 

sampling enabled the PK and PD of percutaneous VX to be determined over a 

long duration compared to previously published TK studies. These techniques 

have previously only been used individually 26 :151, or if combined, using less 

refined blood sampling methods (e.g. toe nail clip 147). Therefore, the 

methodology used here represents a refinement that enabled more data to be 

obtained from individual animals, in keeping with the responsibility of in vivo 

scientists to refine the techniques used in animal studies and reduce or replace 

the animals used in research.  

 

The lack of measurable concentrations of VX in plasma samples was not 

expected, especially as VX has been measured in blood previously by van der 

Schans et al 136 and Joosen et al 31. However, these two previous studies used 

anaesthetised, atropinised and artificially ventilated hairless guinea pigs at 

twice the dose of VX (500 µg/kg) compared to the studies reported here. The 

dose of VX used in the studies reported here was chosen as a dose with 

minimal toxicity, to avoid agitation of the animals and damage to the harness, 

tether and sampling equipment, yet sufficient to enable quantitation and 

sample collection for the full 48 hours study protocol. The measurement of 

free VX by microdialysis of blood in anaesthetised guinea pigs at 

concentrations approximating those quantified in the tissues indicate VX was 

likely to be in the systemic circulation of the conscious ambulatory animals. 

These data suggest that the storage, handling or processing of the blood 

samples from the conscious guinea pigs were not optimal, especially as the 

limit of quantitation for VX reported here (10 pg/mL) was similar to that 

reported by van der Schans et al (25 pg/mL) 136. The submaximal inhibition of 

AChE and BChE may have led to ex vivo binding of VX to these enzymes, 

preventing the VX from being quantified. Further evidence for the sub-optimal 

methodology leading to the lack of PK data in the blood was the VX quantified 

in the brain and muscle microdialysates collected from the same animals. 

These tissue data also suggest that VX was present in the systemic circulation. 

The systemic circulation is the most likely route of transport for VX to have 
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reached these tissues and only unbound drug (VX) is able to pass between the 

blood and tissues 218. Knowledge of how much of a percutaneous dose 

penetrates into the plasma and therefore the tissues is currently lacking.  

 

The studies reported here provide some data that can be used to estimate the 

amount of VX absorbed through the skin and therefore yield an approximate 

bioavailability for this nerve agent. For example, the amount of VX in the brain 

at C
max

 was approximately 200 pg/mL in a 370 g guinea pig. Making the 

assumption that VX distributes uniformly throughout the body, the total 

amount of VX in the body calculated from the C
max

 would be 74 ng, which is 

approximately 0.00075 of the exposure dose (99 µg). The stoichiometric dose 

of bioscavenger required to neutralise this amount of VX would be 9.4 µg (277 

pmol), a much lower dose than was administered to the guinea pigs in this 

study. These PK data indicate that much lower doses of bioscavenger are 

required compared to the dose applied to the skin of the animal (the 

stoichiometric dose of bioscavenger calculated from the VX exposure dose 

would be 12.5 mg). The fate of the VX that was applied to the skin is unknown 

but it may have been located in the stratum corneum, it may have penetrated 

the skin and partitioned into lipid rich tissues, non-specific binding may have 

occurred or the agent could even have been metabolised and/or eliminated 

from the body 136.  

 

To maximise the likelihood of quantifying VX in plasma samples, it is 

recommended that future PK/TK studies of percutaneous VX should use a 

larger exposure dose of VX than was used in the studies reported here. 

However, this increased exposure dose may require the use of atropine to 

prevent lethality, enabling the full TK profile of VX to be determined. 

Stabilising compounds should also be used to prevent any ex vivo protein 

binding/AChE and BChE inhibition, as has previously been reported in PK/TK 

studies 137-139.  Alternatively, future studies could administer VX by intravenous 

infusion. This method potentially enables VX to be administered directly into 

the systemic circulation in a controlled manner. In this situation, measurement 

of cholinesterase inhibition or discrete physiological or behavioural responses 
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can be linked to VX amount, as opposed to VX concentration (overcoming the 

difficulty in measuring VX concentration). This method of administration would 

also enable the rate of infusion to be increased or decreased, to elucidate what 

effect this has on the signs of poisoning. Studies have previously shown that 

different signs of poisoning manifest when agent enters the body by different 

routes and therefore different rates 3. 

 

A prolonged absorption of VX at the dose studied can be inferred from the 

blood and plasma PD profile (VX inhibition of AChE and BChE), determined 

following percutaneous exposure of conscious ambulatory guinea pigs. 

Maximum inhibitions of AChE and BChE activities were not achieved until 

twelve hours after exposure, although, this is dose dependent, as maximum 

inhibition has been achieved more rapidly following larger doses of VX 31. 

Erythrocyte AChE was inhibited to a greater extent than was plasma BChE; a 

similar result has previously been reported in guinea pigs31 and humans 3, 

probably due to a greater affinity of AChE for VX 219. Once this maximum 

inhibition had been achieved, it persisted throughout the 48 hours study with 

no recovery of erythrocyte activity. Plasma BChE activity recovered by 

approximately 20 %. Similar differential recovery of cholinesterases has been 

observed in humans 220. This differential recovery was most likely to have been 

due to the different mechanisms for replacement of the different 

cholinesterases, with the recovery of erythrocyte AChE activity being by 

erythropoiesis 27 and plasma BChE recovery by de novo synthesis in the liver 220. 

Erythrocyte AChE is often used as a surrogate marker for tissue AChE because 

of its convenient accessibility but the slow recovery of this enzyme (80 day life 

span for erythrocyte 221) does not reflect the recovery of normal cholinergic 

function in the tissues, which has been shown in some brain areas to occur 

within 7 days of exposure to nerve agent 222.  

 

4.5.3 Brain and muscle pharmacokinetics of percutaneous VX 

The absorption of VX into target tissues, brain and skeletal muscle was slow 

compared to the absorption of the MedCM described in Chapter 3 of this thesis 

but in line with the inhibition of blood cholinesterases. The increase from 
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initial plateau concentrations of VX in these tissues was concurrent with the 

maximal inhibition of blood cholinesterases achieved. These data suggest that 

the blood and more specifically AChE and BChE acted as endogenous 

scavengers for VX and once the inhibition reached a plateau the VX then 

distributed to the tissues to a greater extent. . The tissue concentrations of VX 

reported here (circa 1 nM) were below the concentration of AChE in the 

diaphragm (2.6 nM) 136 and brain (120 nM) 223 and thus might be considered to 

be below those of toxicological relevance. Importantly however, VX will 

continue to distribute to the tissues following its continued percutaneous 

absorption, so it will continue to irreversibly inhibit the tissue cholinesterase. 

Despite this continued absorption, the sub-lethal exposure dose, the 

incomplete blood cholinesterase inhibition and the lack of signs of poisoning 

indicate that insufficient inhibition of tissue AChE had occurred to disrupt 

normal cholinergic function (greater than 95 % inhibition of AChE is required to 

affect function). These results may be explained by a slowing of the inhibition 

of blood cholinesterases, as the amount of VX entering the blood slowed, 

which was likely to have been caused by the diminished amount of VX in the 

skin available for distribution into the blood, leading to subsequent 

distribution of the free VX from the blood to the tissues. Without determination 

of the plasma VX concentrations this cannot be proven but the concentrations 

of VX in the blood reported by van der Schans et al 136 were similar to those 

reported here in the tissues. Future studies can improve the understanding of 

toxicologically relevant concentrations of VX and the PKPD or TKTD of VX 

following percutaneous exposure. These future studies will need to use higher 

toxic doses, which should inhibit all of the blood cholinesterase, subsequently 

inhibiting the tissue cholinesterase, causing toxicity and even lethality in the 

guinea pigs. 

 

4.5.4 Pharmacokinetic interactions between percutaneous VX and 

human butyrylcholinesterase 

Evidence for the binding capacity of huBChE has previously been shown in vivo 

in studies that titrated the amount of nerve agent (soman and VX) administered 

to an animal, against the concentration of huBChE 213 :224. The significant 
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reduction in the 48 hours AUC of huBChE in VX poisoned guinea pigs 

compared to naïve guinea pigs, provides additional evidence for the in vivo 

binding of nerve agent and huBChE. These data support the hypothesis that 

huBChE prevents VX from reaching the target tissues by binding and 

inactivating the VX in the blood (as shown in Figure 4.1). The huBChE may also 

change the distribution and elimination of VX. Indeed, binding to the 

bioscavenger can be considered a route of elimination. It is possible that the 

change in huBChE AUC determined in VX poisoned guinea pigs was due to 

changes in absorption of huBChE through altered physiology associated with 

VX exposure (e.g. decreased cardiac output). VX has been shown to cause 

prolonged bradycardia at doses similar to that used in the studies reported 

here 25. However, large changes in physiology and absorption of huBChE are 

unlikely, as there was incomplete inhibition of the AChE and the concentrations 

of VX in the tissues were not toxicologically relevant (see section 4.5.3 above).   

 

The free VX AUC in the muscle and brain of conscious guinea pigs following 

treatment with huBChE, was not significantly different from untreated animals. 

This result was unexpected and was in contrast to the reduction in plasma 

huBChE AUC determined following percutaneous VX exposure. The 

concentrations of VX in the tissues showed high variability at the early time 

points and would suggest that VX is distributing to these tissues relatively 

quickly (within 3 hours). These data are not in agreement with the concept that 

percutaneous exposure is a slow route of entry into the body. The reason for 

this variability is unclear. Unfortunately, as the concentration of VX in the 

blood of these animals could not be measured, it was not possible to 

determine the effect of huBChE on the plasma PK of VX. The VX in the 

untreated animals did not fully inhibit the blood cholinesterases and these 

endogenous cholinesterases remained in excess of the VX. The measurement 

of VX in plasma following administration of bioscavenger was even less likely, 

due to the increase in available binding sites for the nerve agent. Subsequent 

study of free VX concentrations in blood by microdialysis using anaesthetised 

animals and larger doses of both VX and rBChE showed a significant reduction 

in VX AUC following treatment with rBChE. These are the first in vivo data 

showing a reduction in the concentration of VX following treatment with a 

bioscavenger. There was large variability in the blood microdialysis data, 
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similar to the muscle and brain microdialysis data, following administration of 

rBChE. There was also large variability measured in individual blood 

microdialysate fractions collected from control animals. This variability may 

have been due to intermittent occlusion of the probe against the blood vessel 

wall or from stagnant flow in the blood vessel, caused by the probe itself. The 

technique of using microdialysis in blood vessels is increasing in popularity, 

with the most recently published studies reporting PK of various drugs, with no 

apparent issues with variability 225-227. However, the drug concentrations 

reported in those studies were much greater than the limits of quantitation 

compared to VX (being 1:100 – 1:1000 higher than the lower limit of 

quantitation compared to 1:25 – 1:50 higher than the lower limit of 

quantitation).Also the published PK studies followed a standard administration 

via the intravenous or intramuscular routes, whereas percutaneous penetration 

is less well understood. Future studies in which blood samples and 

microdialysate fractions are collected following percutaneous exposure to a 

larger dose of VX, will enable the blood microdialysis methodology to be 

validated.  

 

When observed together, the plasma concentration-time profile of huBChE and 

the tissue concentration-time profile of percutaneous VX illustrate that the 

bioscavenger was available in the plasma over an appropriate time period for 

treatment of percutaneous VX poisoning (Figure 4.14). Other treatment 

strategies for percutaneous VX poisoning are discussed in Chapter 6 of this 

thesis. 
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Figure 4.14. Composite figure showing huBChE bioscavenger was available in the 

systemic circulation, over an appropriate duration to provide protection against 

percutaneous exposure to VX.  

Plasma huBChE data previously shown in Figure 4.6, mean ± SEM (n=7, ●) and the 

predicted concentrations from the PK model fit of the data (line). VX concentration in 

brain previously shown in Figure 4.8, mean ± SEM (◆, n=6) 
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4.5.5 Summary 

The studies in this chapter aimed to determine the PK of huBChE and the TK of 

percutaneous VX to improve the understanding of bioscavenger efficacy.  

 

The PK of huBChE reported here was similar to that previously reported in 

guinea pigs 130. The lower bioavailability of huBChE in the first 24 hours 

following intramuscular administration may explain the better reported efficacy 

achieved by the intravenous administration route 109.  

 

The plasma TK of VX could not be determined, as no VX was measured in 

blood samples collected from guinea pigs. However, concentrations of VX were 

determined in brain and muscle using microdialysis, the first time that VX has 

been measured in these tissues. These data have enabled an estimate of the 

amount of VX that penetrates the body following percutaneous exposure. 

Further studies are required to better understand the absorption of VX by the 

percutaneous route and thus inform the doses of bioscavenger required to 

protect against lethality. 

 

PK and TK data, such as those determined for both huBChE and percutaneous 

VX, can be used in the design of altered administration regimens of 

conventional MedCM, aimed at achieving greater efficacy and shown 

experimentally by Joosen et al 31. This is discussed in greater detail in Chapter 

6 of this thesis. 
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5.1 Introduction to in silico pharmacokinetic modelling 

and simulation 

The majority of PK studies investigating nerve agents and their MedCM have 

focussed on developing and validating physiologically based pharmacokinetic 

(PBPK) models, specifically aimed at understanding nerve agent exposure 22 :183 

:223 :228. PBPK modelling is a “bottom up” strategy, which uses physicochemical 

data, partition coefficients and other parameters determined in vitro for the 

drug being investigated. Integrating the drug data with physiological data for 

the animal species of interest (e.g. cardiac output and liver blood flow) enables 

improved understanding of the processes governing the PK of the drug. PBPK 

models can be used to simulate the concentration-time profiles of the drugs 

but require appropriate parameters such as: tissue blood flow, tissue partition 

coefficients or metabolic enzyme profiles, for the species of interest. These 

data are not always available, so other approaches are also used. 

 

It is possible to simulate concentration-time, concentration-effect profiles and 

effect-time profiles of drugs using basic PK and PD data 229, such as that 

presented in earlier chapters of this thesis. This approach is an accepted 

method of simulation to aid the design of studies 230-232 and has been used 

before to predict HI-6 concentrations 233. Simulations using the basic PK 

parameters may not be as sophisticated as the PBPK approach but they require 

fewer parameters, less onerous validation and do not require an understanding 

of all the ADME processes involved. The lack of PK data for MedCM has meant 

that modelling and simulation of concentration-time profiles have not 

traditionally been considered as methods available for the development or 

optimisation of MedCM. This chapter aims to test the hypothesis that 

simulation and modelling the concentration-time profiles of MedCM and nerve 

agents can be used to improve the understanding of efficacy and aid the 

design of experiments. The studies described here determined PK and PD data 

for physostigmine and hyoscine following intravenous bolus administration, 

subsequently using the data to predict the concentration-time profiles of these 

drugs following three intravenous infusions. A third phase to the studies 

described here determined, in vivo, the concentration-time profile of the two 
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drugs administered by intravenous infusion to provide validation of the 

predictions. 

 

As discussed in Chapter 1, the combination of physostigmine and hyoscine is 

in advanced development for licensure as a pretreatment MedCM against nerve 

agent poisoning. Physostigmine and hyoscine have been formulated in a 

transdermal patch, which sustains the delivery of the drugs, enabling once 

daily administration (the current pretreatment pyridostigmine bromide is a 

tablet, taken three times a day). The transdermal patch is not suitable for 

guinea pigs, so in efficacy studies the dosing paradigm is to deliver the two 

drugs by subcutaneous osmotic pump 84. It is necessary therefore to be able to 

understand and manipulate the administration of physostigmine and hyoscine 

to achieve relevant plasma concentrations in animals, in order to design 

appropriate efficacy studies to support the advanced development of this 

MedCM. Given that the mechanism of action of physostigmine involves the 

reversible protection of a portion of the acetylcholinesterase activity, 

determining the relationship between the concentration of physostigmine and 

its effect is also important for understanding efficacy.  

 

The studies reported here were completed for the physostigmine and hyoscine 

pretreatment development programme. 
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5.2 Chapter specific aims 

The aim of this study was to validate PKPD simulation methodology using 

physostigmine and hyoscine.  

• To determine the PK and PD of physostigmine and hyoscine following 

intravenous bolus administration in guinea pigs, providing parameters 

that can be used for simulation of intravenous infusion.  

• To simulate the intravenous infusion concentration-time profile for 

physostigmine and hyoscine as well as the AChE inhibition-time profile 

for physostigmine.  

• To determine these concentration-time and inhibition-time profiles in 

vivo, comparing these with the in silico predicted profiles.  

 

The order of this series of experiments is shown in Figure 5.1. 
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Figure 5.1. Flow diagram illustrating the order in which the studies were carried out to 

investigate the PKPD of physostigmine and hyoscine, i.e. in vivo, in silico, with a final in 

vivo validation.   
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5.3 Materials and methods specific to the study of in 

vivo and in silico physostigmine and hyoscine 

pharmacokinetics  

5.3.1 In vivo intravenous bolus administration 

Male Dunkin Hartley guinea pigs (412 ± 26 g (mean ± SD), Harlan Interfauna, 

UK: n=8; n=4 physostigmine, n=4 hyoscine), were implanted with 

temperature/identity transponders (IPTT300, Plexx B.V., Netherlands) and 

vascular cannulae (as detailed in Chapter 2). Microdialysis probes were not 

used in any of the studies investigating hyoscine or physostigmine. 

Physostigmine salicylate (0.2 mg/kg) or hyoscine hydrobromide (4.0 mg/kg) 

were administered to guinea pigs by intravenous bolus administration 

(constant dose volume of 333 µL/kg in sterile saline, 0.9 % w/v) via the 

implanted jugular cannula.  

 

Blood samples (250 µL) were collected by automated blood sampling units 

following intravenous bolus administration of physostigmine or hyoscine, as 

detailed previously in Section 2.3.2. Plasma was prepared from these samples 

as detailed in Section 2.3.5. Aliquots (25 µL) of erythrocytes and plasma from 

animals treated with physostigmine, were diluted in 5 mL of 0.1 M phosphate 

buffer (pH 8.0), for determination of cholinesterase activity by the Ellman 

method (Section 2.4). Diluted samples were stored frozen (- 20 °C) until assay. 

Neostigmine bromide (50 µg/mL) was added to the remaining plasma to 

prevent in vitro hydrolysis of physostigmine 128, ensuring the full amount of 

physostigmine was available for quantitation. The process of preparing the 

erythrocytes for measurement of cholinesterase activity diluted the 

physostigmine, causing it to dissociate from the enzyme. No inhibition was 

therefore measured in the erythrocytes, so these data are not presented. 

 

The concentrations of physostigmine or hyoscine in the plasma samples were 

determined by liquid chromatography tandem mass spectrometry (see Section 
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2.5.2). The lower limit of quantitation for both physostigmine and hyoscine in 

plasma was 0.1 ng/mL. 

 

5.3.2 In silico intravenous infusion simulation 

Steady state plasma concentrations of 10, 100 and 1000 ng/mL or 0.1, 1.0 and 

10 ng/mL for physostigmine and hyoscine, respectively, were targeted in this 

study. Infusion rates required to achieve these concentrations were calculated 

using Equation 5.1. The clearance rates used in this equation are presented in 

the results section of this chapter. The assumption that the PK of 

physostigmine and hyoscine following intravenous infusion are dose 

proportionate across the three different infusion rates was made when using 

the PK data from the intravenous bolus administration study. 

 
 

𝑅𝑅𝑖𝑖𝑚𝑚𝑖𝑖 =  𝐴𝐴𝐷𝐷𝐷𝐷  × 𝐴𝐴𝐶𝐶 

Equation 5.1. Equation used to calculate the rate of infusion of a drug required to 

achieve a target steady state concentration.  

Where R
inf

 = Rate of infusion, C
ss
 = Concentration at steady state and Cl = Rate of 

clearance. The rate of clearance must have previously been determined for the drug 

being studied.  

 

 

The elimination T½ calculated from the in vivo intravenous bolus 

administration study for physostigmine and hyoscine was used to ensure the 

intravenous infusion was of sufficient duration to enable steady state 

concentrations to be achieved. Steady state is considered to be achieved after 

3.3 half-lives, when the concentration is approximately 90 % of the plateau (i.e. 

1 × T½ = 50%, 2 × T½ = 75 %, 3 × T½ = 87.5 %, 4 × T½ = 93.75 %, etc.) 234. 

 

Physostigmine and hyoscine concentration-time profiles were predicted by in 

silico simulation, using the same compartmental PK models as best fit the 
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intravenous bolus data. The PK parameters determined following the 

intravenous bolus study were used in the simulation model. The infusion rates 

calculated using Equation 5.1, were used in the simulation PK models. The PK 

models calculated the plasma concentrations using Equation 5.2.  

 

 

𝐴𝐴 =  
𝑅𝑅𝑖𝑖𝑚𝑚𝑖𝑖
𝐴𝐴𝐶𝐶

�𝑓𝑓1(1 − 𝐷𝐷−𝛼𝛼𝛼𝛼) + 𝑓𝑓2�1 − 𝐷𝐷𝛽𝛽𝛼𝛼�� 

Equation 5.2. Equation to calculate plasma concentration following intravenous 

infusion in a compartmental PK model. 

Where α and β  are the rates of the concentration-time curve phases and f
1
 and f

2
 are 

the fractions of the elimination associated with α and β phases, respectively; as shown 

in Equation 5.3. 

 

 

𝑓𝑓2 =  
𝐴𝐴2/𝛽𝛽
𝐴𝐴𝐴𝐴𝐴𝐴

 

Equation 5.3. Equation to calculate the fraction of elimination associated with the β 

phase of the concentration-time curve. The fraction of elimination associated with the 

α phase of the concentration-time curve was calculated as f
1
 = 1 – f

2
.  

 

 

The physostigmine concentration-effect profile was predicted by in silico 

simulation with an inhibitory effect I
max

 PD model, using the PD parameters 

derived from the in vivo intravenous bolus study of physostigmine. Similarly, 

the physostigmine effect-time profile was predicted by in silico simulation by 

linking the in silico PK and PD models.  
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5.3.3 Validation of the in silico simulation by in vivo study of 

intravenous infusion pharmacokinetics. 

Male Dunkin Hartley guinea pigs (402 ± 16 g (mean ± SD), Harlan Interfauna, 

UK: n=14; n=8 physostigmine, n=6 hyoscine) were implanted with 

temperature/identity transponders and vascular cannulae as detailed 

previously. Physostigmine base or hyoscine base were administered by 

intravenous infusion at the rates of infusion calculated using Equation 5.1. The 

infusions were administered at a dose volume of 1.0 mL/kg/h, in sterile 

solution (comprising; 70 % 1:2000 (v/v) glacial acetic acid, 20 % propylene 

glycol, 10 % ethanol), via the implanted jugular cannula using a syringe pump 

(CMA402, CMA microdialysis, Sweden).  

 

Blood samples (250 µL) were collected by ABS during and following intravenous 

infusion of physostigmine or hyoscine. Samples were collected at 1, 1.5 and 2 

hours following the start of each infusion and at 5, 10, 20, 40 minutes 1 and 2 

hours following the end of the third infusion (1, 1.5, 2, 3, 3.5, 4, 5, 5.5, 6, 6.1, 

6.2, 6.3, 6.7, 7 and 8 hours from commencement of the study (Figure 5.2). 

These time-points were calculated using the in silico simulations. Samples were 

prepared, stored and analysed as described previously.  
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Figure 5.2. Schematic representation of the intravenous infusion experimental 

protocol.  

Physostigmine or hyoscine were administered at three intravenous infusion rates, each 

of 2 hours duration (▀). Blood samples (●) were collected during each infusion. The 

first of the three samples was collected prior to achievement of steady state 

concentration and the latter two samples were collected to confirm steady state 

concentrations had been achieved. Six more blood samples were collected to 

determine elimination PK after the third infusion rate had stopped.  
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5.4 Results 

5.4.1 In vivo intravenous bolus administration 

All animals successfully recovered from surgery and entered the study. All 

cannulae (both venous and arterial) remained patent, although the carotid 

artery cannula of one animal became temporarily blocked during blood sample 

collection. Both drugs were quickly distributed and eliminated from the body 

(Figure 5.3 and Figure 5.4), with elimination half-lives of 10.3 ± 1.6 and 14.4 ± 

2.6 minutes for physostigmine and hyoscine, respectively. The concentrations 

decreased biexponentially, so two-compartment PK models were fitted to the 

data. These models best fit the data as determined by the AIC values 

associated with the fits. The PK parameters from this model are presented in 

Table 5.1.  

 

Physostigmine caused a concentration-dependent inhibition of cholinesterase 

activity in plasma (Figure 5.4). The inhibition was greatest immediately 

following administration and decreased with time (Figure 5.4). An inhibitory 

effect PD model best described these cholinesterase data (Table 5.2). Linking 

the PK and PD models calculated an effect compartment rate constant (K
e0

) of 

4.3 ± 82.4 1/min. 
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Figure 5.3. Concentration-time profile of plasma hyoscine following intravenous bolus 

administration of hyoscine. 

Hyoscine concentration following administration of hyoscine hydrobromide  

(4.0 mg/kg). Open circles plot concentrations from individual animals (n=4). Mean 

concentrations predicted by the PK model (solid line) were calculated from the pooled 

data. Inset shows the schematic compartmental PK model fitted to the data. 
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Figure 5.4. Physostigmine plasma concentration and cholinesterase activity determined following intravenous bolus administration of 

physostigmine.  

(A) Physostigmine concentration; (B) physostigmine concentration-plasma cholinesterase activity; (C) plasma cholinesterase activity-time plots 

following administration of physostigmine salicylate (200 µg/kg). Open circles plot data from individual animals (n=4). Mean concentrations or 

cholinesterase activities predicted by the PK or PD models (solid line) were calculated from the pooled data. Insets show the schematic 

compartmental PK model, PD equation or PKPD linked model fitted to the data. 
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 Hyoscine Physostigmine 

Dose (mg) 1.65 ± 0.06 0.082 ± 0.002 

Elimination T½ (min) 14.4 ± 2.6 10.3 ± 1.6 

AUC (min·µg/mL) 35.5 ± 5.8 0.9 ± 0.1 

V
d
 (L) 0.92 ± 0.28 1.4 ± 0.3 

Cl (mL/min) 47 ± 8 98 ± 10 

k
10

 (1/min) 0.048 ± 0.009 0.068 ± 0.011 

k
12

 (1/min) 0.004 ± 0.003 0.012 ± 0.003 

k
21

 (1/min) 0.015 ± 0.003 0.014 ± 0.003 

α (1/min) 0.054 ± 0.011 0.082 ± 0.014 

β (1/min) 0.013 ± 0.002 0.012 ± 0.002 

Table 5.1. Compartmental PK parameters for physostigmine and hyoscine following 

their individual intravenous bolus administration. 

Physostigmine and hyoscine PK were best fit by two-compartment models. Data shown 

as the estimate of the parameter for the pooled concentration-time profile ± standard 

error of the estimate (n=4).  
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 Physostigmine 

Dose (mg) 0.082 ± 0.002 

E
0 
(µmol/min/mL) 1.214 ± 0.096 

I
max 

(µmol/min/mL)  1.087 ± 0.091 

IC
50 

(ng/mL) 0.756 ± 0.204 

R
max 

(µmol/min/mL) 0.158 ± 0.029 

FI
max

  0.873 ± 0.022 

Table 5.2. PD parameters for physostigmine following its intravenous bolus 

administration.  

Physostigmine concentration-cholinesterase activity data were best fit by an inhibitory 

effect I
max

 PD model.  

The data shown as the estimate of the parameter for the pooled concentration-effect 

data ± standard error of the estimate (n=4). 
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5.4.2 In silico simulation of intravenous infusions  

The infusion rates required to achieve the target steady state concentrations 

for physostigmine and hyoscine were calculated (Table 5.3). The elimination 

half-lives of physostigmine and hyoscine were calculated at approximately 10 

and 14 minutes, respectively. Therefore, 90 % (3.3 half-lives) of steady state 

was predicted to be achieved at approximately 33 and 46 minutes for 

physostigmine and hyoscine, respectively. The infusion durations were set to 

two hours for the simulation to ensure the steady state concentrations could 

be determined during the validation. 

 

In silico simulation predicted that steady state concentrations of physostigmine 

and hyoscine would be achieved following each two-hour infusion (Figure 5.5). 

A concentration dependent inhibition of plasma cholinesterase was predicted 

by the PD in silico simulation and when linked to the PK simulation the 

inhibition-time profile was predicted (Figure 5.5). 
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 Hyoscine  Physostigmine 

Body mass (kg) 0.402 ± 0.012 0.403 ± 0.020 

Rate of Clearance (L/h/kg) 8.2 ± 1.6 11.1 ± 1.5 

Target concentrations (ng/mL) 10, 100, 1000 0.1, 1.0, 10 

Infusion rates (µg/h/kg) 80, 800, 8000 1.1, 11, 110 

Table 5.3. PK parameters used to calculate the rate of infusion required to achieve 

target plasma concentrations of physostigmine or hyoscine.  

Body mass is presented as mean ± SD, whereas the rate of clearance data are 

presented as mean ± standard error of parameters calculated for each individual 

animal (n=4) following intravenous bolus administration of physostigmine salicylate 

(0.2 mg/kg) or hyoscine hydrobromide (4.0 mg/kg). 
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Figure 5.5. In silico simulation predicted concentration-time profiles of physostigmine and hyoscine and the inhibition of plasma cholinesterase 

activity following intravenous infusion administration at three rates. 

(A) Predicted hyoscine plasma concentration following intravenous infusion of hyoscine base (80, 800 and 8000 µg/h/kg between 0 – 2, 2 – 4 

and 4- 6 hours, respectively); (B) predicted physostigmine concentration and (C) predicted plasma ChE activity following intravenous infusion of 

physostigmine base (1.1, 11 and 110 µg/h/k between 0 – 2, 2 – 4 and 4 – 6 hours, respectively). The simulations used PK parameters 

presented in Table 4.2 and PD parameters presented in Table 4.3. The output is shown as the mean predicted concentration (solid line) ± 

standard error of the prediction (grey area fill). Insets show the equations used to calculate the predicted data. 
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5.4.3 Validation of the in silico simulation by in vivo study of 

intravenous infusion pharmacokinetics. 

All animals successfully recovered from surgery and entered the study, with all 

cannulae (arterial and venous) remaining patent throughout the study. The 

surgery for the physostigmine and hyoscine in vivo studies had a success rate 

of 100 %. B 

 

Both physostigmine and separately hyoscine achieved the target steady state 

concentrations following intravenous infusion (Figure 5.6). Following cessation 

of the infusions, the physostigmine and hyoscine decreased in a biexponential 

manner and two-compartment PK models were fitted to the data to calculate 

the PK parameters (Table 5.4). These models best fit the data as determined by 

the AIC values associated with the fits. The majority of PK parameters from the 

intravenous infusion data were not significantly different compared to the 

intravenous bolus data (p > 0.05, unpaired two-tailed t test), however the rate 

of clearance of hyoscine was significantly increased (p < 0.05) following 

infusion compared to bolus administration.  

 

A concentration dependent inhibition of plasma cholinesterase activity was 

observed following infusion of physostigmine (Figure 5.6). An inhibitory effect 

I
max

 PD model was fitted to the cholinesterase activity-physostigmine 

concentration data (Figure 5.7), this model best fit the data as determined by 

the AIC values associated with the fit. The PD parameters from this model are 

presented in Table 5.5. There were no significant differences in the PD 

parameters calculated from the intravenous infusion data compared to the 

intravenous bolus data (p > 0.05, unpaired two-tailed t test).  

 

A PKPD linked model was also fitted to the cholinesterase activity and 

physostigmine concentration data. The effect compartment parameter (k
e0

) was 

0.020 ± 0.002 (1/min) (Figure 5.8). This appeared to be different from the 

inhibition of plasma cholinesterase following intravenous bolus administration, 

however, due to the large variability in the k
e0

 value following bolus 
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administration statistical difference could not be determined (p > 0.05, 

unpaired two-tailed t test). 
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Figure 5.6. Concentration-time profile of physostigmine and hyoscine and inhibition of the plasma cholinesterase activity, following intravenous 

infusion administration at three rates. 

(A) Hyoscine concentrations following infusion of hyoscine base (80, 800 and 8000 µg/kg/h between 0 – 2, 2 – 4 and 4 – 6 hours, respectively; 

n=6); (B) physostigmine concentrations and (C) plasma ChE activity following intravenous infusion of physostigmine base (1.1, 11 and 110 

µg/kg/h between 0 – 2, 2 – 4 and 4 – 6 hours, respectively; n=80. Open circles plot concentrations from individual animals. Mean 

concentrations or ChE activities predicted by the PK or linked PKPD models (solid line) were calculated from the pooled data. 

Insets show the schematic compartmental PK model fitted to the data.
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Figure 5.7. Physostigmine concentration-plasma ChE activity following intravenous 

bolus administration and intravenous infusion. 

Intravenous bolus data (○) following administration of physostigmine salicylate  

(0.2 mg/kg, n=4). Intravenous infusion data (●) following three rates of infusion of 

physostigmine base (1.1, 11, and 110 µg/h/kg, n=8).  

Mean concentration-ChE activity data (lines) were predicted by the PD model fitted to 

the pooled data.  
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Figure 5.8. Mean plasma concentrations and cholinesterase activities following intravenous bolus and intravenous infusion administration of 

physostigmine. 

(A) Mean plasma physostigmine concentration-cholinesterase activity plot following either intravenous bolus administration (○) or intravenous 

infusion (●), arrows show the clockwise hysteresis. (B) Mean effect-site physostigmine concentration-cholinesterase activity plot following either 

intravenous bolus (○) or intravenous infusion (●), the hysteresis has been removed by the PKPD parameter k
e0 

168. Note the intravenous bolus 

effect site data superimposes over the mean plasma data.  
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 Hyoscine physostigmine 

Dose administered (µg)     69.8 ± 1.1 
  660.1 ± 10.2 
6598.7 ± 110.2 

  1.0 ± 0.03 
  9.1 ± 0.2 
89.2 ± 2.3 

Infusion times (min) 
 

    0 – 120  
120 – 240  
240 – 360 

    0 – 120  
120 – 240  
240 – 360 

AUC (min·µg/mL) 0.956 ± 0.46 0.120 ± 0.006 

V
d
 (L) 1.0 ± 0.2 1.2 ± 0.2 

Cl (mL/min) 73 ± 4 83 ± 5 

k
10

 (1/min) 0.072 ± 0.010 0.070 ± 0.011 

k
12

 (1/min) 0.006 ± 0.004 0.007 ± 0.005 

k
21

 (1/min) 0.019 ± 0.007 0.022 ± 0.009 

α (1/min) 0.080 ± 0.014 0.079 ± 0.017 

β (1/min) 0.018 ± 0.006 0.019 ± 0.006 

Table 5.4. Compartmental PK parameters determined from the concentration-time data 

determined in conscious guinea pigs following intravenous infusion at three rates for 

physostigmine or hyoscine.  

The PK parameters were estimated by fitting two-compartment models to the pooled 

concentration-time profile. PK data are shown ± the standard error of the estimate 

(hyoscine n=6, physostigmine n=8). 
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 physostigmine (n=8) 

Dose administered (µg)   1.0 ± 0.03 
  9.1 ± 0.2 
89.2 ± 2.3 

E
0 
(µmol/min/mL) 1.34 ± 0.082 

I
max 

(µmol/min/mL)  1.127 ± 0.077 

IC
50 

(ng/mL) 0.928 ± 0.217 

R
max 

(µmol/min/mL) 0.216 ± 0.031 

FI
max

  0.839 ± 0.021 

Table 5.5. PD parameters determined in individual animals following intravenous 

infusion of physostigmine at three rates.  

The PK parameters were estimated by fitting a PD model to the pooled cholinesterase 

activity-physostigmine concentration data. PK data are shown ± the standard error of 

the estimate (n=8).   
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5.5 Discussion 

5.5.1 In vivo intravenous bolus administration 

The fast distribution and elimination of hyoscine following intravenous 

administration described here have not been reported previously in guinea 

pigs. Hyoscine is very similar in chemical structure to atropine (Table 1.2) and 

its PK may therefore be expected to be similar to that of atropine. However, the 

hyoscine V
d
 was significantly smaller and the Cl was significantly slower than 

these parameters for atropine (p < 0.05 and p < 0.001, respectively, unpaired 

two-tailed t tests). The elimination rate constant (k
10

) and therefore T½ were 

not significantly different (p > 0.05, unpaired two-tailed t tests). The smaller V
d 

and slower Cl for hyoscine led to a greater AUC (p < 0.01, unpaired two-tailed t 

test). The larger exposure (AUC) for hyoscine than atropine following 

administration of similar amounts indicates that the protection against nerve 

agent provided by hyoscine may be for a longer duration than atropine. These 

PK data for hyoscine in addition to its greater central activity mean that 

hyoscine could be a better candidate for immediate therapy against nerve 

agent poisoning than atropine.  

 

Physostigmine was also quickly distributed following intravenous bolus 

administration but was more rapidly eliminated than hyoscine (p < 0.01, 

unpaired two-tailed t test). The V
d
 for physostigmine reported here was similar 

to that reported for guinea pigs in the literature 128. The rate of clearance in the 

present study was significantly greater than that reported following 

intramuscular administration (p < 0.0001, unpaired t-test). The quick 

elimination of physostigmine was one reason that the transdermal patch 

currently being developed was proposed, as a method to manipulate the 

administration of this drug, enabling the maintenance of concentrations that 

inhibit AChE activity at the target level for protection.  

 

Guinea pig plasma cholinesterase activity was rapidly inhibited by 

physostigmine. Its activity subsequently increased as the concentration of 

physostigmine decreased, in accordance with its established mechanism of 
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action 8. The in vivo IC
50

 was approximately 3 nM, whereas the in vitro IC
50

 was 

previously reported as 26 nM for rat AChE 235 and 14 - 127 nM for human AChE 
236 :237. This difference was likely to have been due to the lack of an in vivo 

cholinesterase baseline sample and incomplete inhibition of the cholinesterase, 

as can be achieved in vitro. No baseline measurement of cholinesterase activity 

was taken, due to an oversight in planning the protocol primarily for PK 

sampling.  

 

5.5.2 In silico prediction of intravenous infusions and its validation in 

vivo  

Plasma concentrations following intravenous infusion of hyoscine and 

physostigmine were predicted by in silico simulation, using the PK parameters 

calculated following intravenous bolus administration of the two drugs (Section 

5.4.1). These predictions suggested that the target concentrations calculated 

by the simple equation (Equation 5.1) would be achieved within the two-hour 

infusions. The simulated concentration-time profiles indicated that collection 

of blood samples at 60, 90 and 120 minutes after each infusion in an in vivo 

study would provide confirmation of steady state being achieved. Furthermore, 

these simulations provided the opportunity to aid the design of the subsequent 

in vivo study, with respect to the time-points of blood sample collection after 

the cessation of the infusions.  

 

Inhibition of plasma cholinesterase activity following infusion of physostigmine 

was predicted by in silico simulation, using the PD parameters determined 

following intravenous bolus administration of physostigmine. The simulation 

suggested that inhibition of cholinesterase would occur in a rapid, stepped 

manner, mirroring the plasma concentration of physostigmine. The plateaux 

inhibitions of cholinesterase activity were predicted to occur when steady state 

plasma physostigmine concentrations were attained at each infusion rate.  

 

The PK of physostigmine and hyoscine and the PD of physostigmine were 

determined following intravenous infusion administration. Achievement of the 
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target steady state concentrations of both physostigmine and hyoscine 

provided evidence that the PK parameters determined following intravenous 

bolus administration enabled accurate calculation of the infusion rates.  

 

Comparison of the hyoscine PK parameters following infusion (Table 5.4) to 

those calculated from bolus administration (Table 4.2) showed that Cl 

calculated from the infusion data was significantly increased (p < 0.05). This 

difference was evident in the concentration-time profile predicted by in silico 

simulation and the profile measured in vivo (Figure 5.9). However, despite this 

difference the terminal slope (β) and therefore the terminal T½ were not 

significantly different, being 51.6 ± 8.2 and 39.7± 13.1 minutes for infusion 

and bolus administration respectively (p>0.05 unpaired two-tailed t test). Thus 

the in silico simulation accurately predicted the times at which steady state 

concentration would be achieved. Whilst the clearance rates were statistically 

different there is likely to be little biological difference in the concentration-

time profiles. This lack of biological difference was illustrated by the in silico 

predicted concentration-time profile which was within two-fold of the in vivo 

data, so it can be considered a successful prediction 238. No other PK 

parameters were significantly different between the two administration 

regimens.  

 

There were no significant differences between any of the PK or PD parameters 

determined for physostigmine by the two administration regimens in the 

experimental studies (p > 0.05, unpaired two-tailed t test). However, the ChE 

inhibition-time profile predicted by in silico simulation was different from that 

determined by in vivo study. The simulation correctly predicted the maximum 

inhibition of cholinesterase activity and the rate of recovery of activity (Figure 

5.9), whereas the rate and extent of inhibition at the two lower infusion rates 

were not accurate. This difference was most likely to have been due to the in 

silico simulation using the parameters calculated from inhibited cholinesterase 

after intravenous bolus administration. In this situation, the cholinesterase was 

rapidly inhibited by the high concentration of physostigmine. That is, the rapid 

decrease in inhibition (decarbamoylation) from the high level of inhibition, 
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which has been shown to follow first order kinetics 239, incorrectly predicted a 

rapid inhibition with increasing physostigmine concentration. The lower 

concentrations of physostigmine inhibited the cholinesterase more slowly than 

predicted. The rate of inhibition (carbamoylation) is dependent on the 

concentration of physostigmine, enzyme and the enzyme-physostigmine 

complex 240, thus hysteresis was observed. That is, the rates of carbamoylation 

and decarbamoylation were most likely different 236 :241. The hysteresis was 

corrected by calculation of the physostigmine concentration at a hypothetical 

effect site (C
e
) through the use of the constant k

e0
 (Figure 5.8). 
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Figure 5.9. In silico simulation accurately predicted the plasma concentrations of (A) hyoscine and (B) physostigmine, however the simulation 

did not accurately predict (C) plasma cholinesterase associated with physostigmine concentration.  

Data shown are mean plasma concentrations/plasma cholinesterase activity (red line) and mean predicted plasma concentrations/plasma 

cholinesterase activity (grey line) ± standard error of the prediction (grey area fill). In silico simulations used PK parameters presented in Table 

4.2 and PD parameters presented in Table 4.3. 
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5.5.3 Summary 

These data demonstrate that in silico simulation, using PK parameters 

determined in previous studies, can be used to accurately predict in vivo 

results for different doses or administration regimens. Caution must be 

exercised in using the simulated data (as shown by the PD data for 

physostigmine), in that the parameters used (e.g. the rate of carbamoylation 

and decarbamoylation being the same) must be understood and considered 

when interpreting the output from the model. Validation of the model with in 

vivo data can identify incorrect assumptions prior to further simulation of 

other in vivo studies. 

 

The studies presented in this chapter have validated PKPD simulation 

methodology. In determining the physostigmine and hyoscine PK and the 

physostigmine PD following intravenous administration in silico simulation of 

an intravenous infusion was made possible. The PK simulations were 

demonstrated to be accurate following in vivo study of physostigmine and 

hyoscine, which gave results akin to the simulations. These studies illustrate 

the usefulness of in silico simulation and this approach is discussed in more 

detail with other examples in the next chapter of this thesis.  
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6.1 Introduction 

Chapters 3 to 5 of this thesis have each presented and discussed PK data for 

conventional MedCM, bioscavengers and pretreatments. This chapter 

consolidates these MedCM PK data, putting them in context with existing 

animal efficacy studies. This has involved using examples of MedCM treatment 

regimens from the literature to identify whether the efficacy of MedCM against 

nerve agents in guinea pigs can be better understood, rationalised and 

explained by the PK and/or PD of MedCM and nerve agents.  

 

6.2 Conventional medical countermeasures against 

rapid inhaled nerve agent poisoning 

The combination of atropine, avizafone and HI-6 is in advanced development in 

order to achieve licensure for human use in the UK. The results reported in 

Chapter 3 provide a PK rationale for the efficacy of this combination of drugs 

against nerve agent poisoning by the inhalation route of exposure. Atropine, 

diazepam (following conversion of avizafone) and HI-6 are absorbed quickly, 

achieving C
max

 within 15 minutes of intramuscular administration, so they are 

at pharmacodynamic active concentrations in the plasma and tissues providing 

protection to nerve agent poisoned guinea pigs. Although atropine, diazepam 

and HI-6 are rapidly cleared, having elimination half-lives under 20 minutes, 

these drugs are at pharmacodynamic active concentrations for durations 

sufficiently long to ensure protection against the inhaled nerve agent (Figure 

6.1).  

 

Inhalation of sarin, soman or other volatile nerve agents is the most likely 

route of exposure for these nerve agents, as evidenced by the Tokyo, 

Matsumoto and Syrian nerve agent attacks 14 :20 :242 :243. The TK of both sarin and 

soman has been determined in guinea pigs following inhalation exposure 119 :120 

:122. The authors of those TK studies reported that plasma concentrations of 

sarin and soman peaked within 3 minutes of the end of the inhalation 

exposure (8 minute exposures were studied, therefore, C
max

 was achieved 
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within 11 minutes). Thereafter, the elimination half-lives of sarin and soman 

were approximately 30 minutes and 10 minutes, respectively (Figure 6.1). This 

demonstrates the very rapid nature of nerve agent poisoning by the inhalation 

route, necessitating self or buddy-administered MedCM. However, these data 

also show that the plasma concentrations of nerve agents quickly decrease, be 

that through rapid binding to plasma proteins, inhibition of BChE or CaE, 

spontaneous hydrolysis or enzymatically catalysed hydrolysis 223 :244 :245 (from a 

kinetic perspective inhibition of AChE is a minor consideration as it only 

accounts for approximately 1 % of binding in plasma 223).  

 

The TK of soman following subcutaneous exposure was determined by Due et 

al, who suggested that subcutaneous exposure is a suitable model for short 

duration inhalation exposure (5 – 7 minutes) 246. This is of importance because 

in the laboratory setting, animals are generally exposed to nerve agent by the 

subcutaneous route, due to the ease and reproducibility of this route, 

compared to the technically more difficult inhalation exposure. It is against 

subcutaneous exposure to nerve agents that the efficacy of conventional 

MedCM comprised of atropine, avizafone and HI-6 has been demonstrated in 

guinea pigs 33 :70 :76 :163 :247.  
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Figure 6.1. Plasma concentration-time profile of inhaled sarin and soman. 

(A) Sarin TK data shown is the toxic isomer (-) of sarin determined following 8 minutes exposure of guinea pigs to 0.8 × LCt
50

 racemic sarin 138. 

Soman data shown is the most toxic isomer (C(-)P(-)) of soman determined following 8 minutes exposure of guinea pigs to 0.8 × LCt
50

 racemic 

soman137. (B) Composite figure plotting normalised PK and TK data for sarin and soman with data previously presented in Figure 3.11. Atropine 

data is shown as representative of combined MedCM. Data shown as mean ± standard error of the mean.  
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6.2.1 Translating efficacy from guinea pigs to humans 

Guinea pig efficacy studies show that the MedCM are effective at preventing 

nerve agent lethality and incapacitation in this species 247. However, the doses 

used in guinea pig efficacy studies have not been scaled from the doses 

contained in the autoinjectors, or what could be contained in an autoinjector 

for human use. As discussed in Chapters 1 and 3, the atropine concentration is 

acknowledged as being high in guinea pigs compared to that in man 32 :46. 

Therefore, efficacy studies have been completed to investigate the effect of 

reduced atropine in combined MedCM. Those studies determined that a 

reduction in the dose of atropine led to a reduction in efficacy of the combined 

MedCM 199. However, the reduction in efficacy was dependent on the nerve 

agent to which the guinea pigs had been exposed and the oxime used 58 :199. 

Following those reduced dose atropine studies, Koplovitz et al suggested that 

atropine was able to mask the efficacy of the other component drugs of 

combined MedCM 199 and that may have been due, in part, to the 

anticonvulsant effect of atropine 131. Poole and Rudall recently determined in 

efficacy studies that 3 mg/kg of atropine, in combination with avizafone and 

HI-6, provided 100 % protection against 2 × LD
50

 of soman 248. The 3 mg/kg 

dose of atropine was subsequently incorporated in studies that investigated 

the efficacy of HI-6. These studies were able to show improved efficacy with 

increasing dose of HI-6, which may not have been possible had higher doses of 

atropine been used 163. The studies by Koplovitz et al and Poole and Rudall 

provide efficacy data for MedCM at doses that are closer to those in man and 

may present a more representative indication of efficacy in man.  

 

The dose of atropine contained in an autoinjector is not based on animal 

efficacy data but on human tolerance and the requirement for minimal 

impairment of military effectiveness should the drug be administered to 

unpoisoned individuals 27 :249 :250. Similar reasoning underpins the dose of 

avizafone contained in the autoinjector, which was limited because the 

sedative effects of diazepam could reduce the ability of an individual to 

perform military tasks 60. This approach to setting human doses protects 

unpoisoned individuals from the adverse effects of the MedCM, if administered 

in the absence of exposure to nerve agent but may provide sub-optimal 
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protection to nerve agent exposed casualties. The efficacy of human equivalent 

doses of the MedCM should be determined in guinea pigs and subsequently in 

other animal species. These data may increase military confidence that the 

MedCM are effective and provide a capability against nerve agents. An 

alternative approach to human dose selection is to accept adverse effects that 

may occur in unpoisoned individuals following administration of increased 

doses. These increased doses may be based on efficacy data from animal 

studies. The adverse effects associated with the MedCM are likely to be 

acknowledged by the patient as more agreeable than the alternative: 

deleterious effects of nerve agent exposure resulting from sub-optimal 

protection.  

 

Testing the efficacy of current human doses in animals requires scaling of 

these doses, for which there are several methods available. These methods can 

also be used to extrapolate doses with proven efficacy (in animals) to 

equivalent doses in humans. Dose scaling methods can include the use of 

reference parameters such as body mass 32 or body surface area 125, allometric 

scaling 251 or a PK guided approach 126. Each of these methods can yield very 

different doses as illustrated by the data presented in Table 6.1 for atropine, 

avizafone and HI-6.  

 

The scaled doses of HI-6 (Table 6.1) were similar to the guinea pig doses used 

in existing efficacy studies and the work described in Chapter 3 of this thesis. 

However, the scaled doses of atropine and avizafone were different to those 

used in existing efficacy studies. The dose of atropine used in guinea pig 

efficacy studies is much greater than the doses suggested by all of the scaling 

methods. The PK guided approach to scaling uses the clearance rate and target 

total exposure (AUC) for the drug, whereas the other scaling methods are 

arbitrary. For atropine, PK guided scaling suggested the highest atropine dose 

of all the scaling methods. This dose of atropine is 10 fold lower than the 

historic 5.8 mg/kg dose used in efficacy studies. The doses of atropine 

suggested by body mass, body surface area and allometric scaling are much 

lower than any dose of atropine reported as being tested, so it is unlikely that 

these doses would be efficacious. The PK guided approach also suggested a 
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dose much lower than has been given in efficacy studies, although it is of a 

similar order to the low dose tested by Koplovitz et al 199, which had reduced 

efficacy compared to higher doses.  

 

The PK guided approach also suggested the highest dose of avizafone, which 

was similar to the human dose and approximately 22 times greater than the 

dose used in efficacy studies, taking into account the rapid decrease in plasma 

diazepam concentration. A similar high dose (30 mg/kg ≈ 10 mg dose) has 

been suggested, by Capacio et al 135, as necessary to stop seizure. The doses of 

avizafone suggested by the three arbitrary scaling methods were lower than 

the dose used in efficacy studies but they were of a similar order.   

 

The dose of HI-6 predicted by all methods was of a similar order to that used in 

efficacy studies and would be expected to be efficacious. Whilst the PK guided 

scaling method uses drug specific data to match the AUC between species, it is 

likely that in animals the concentrations will be much higher but for a short 

period. Differences in concentration between species such as those likely to 

occur could lead to an over/underestimation of efficacy. In silico simulation can 

enhance the PK guided approach and match the AUC whilst ensuring the 

differences in the concentration-time profile are minimised. This enhanced 

scaling approach was demonstrated for levofloxacin in Rhesus monkeys by Kao 

et al 203, who simulated levofloxacin concentrations and validated these in vivo. 

The resulting levofloxacin data showed the C
max

, AUC and effective 

concentrations were ≈ 95 %, 70 % and 90 % of the corresponding human 

parameters, respectively.  
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Scaling 

method 

Atropine Diazepam 

(avizafone) 

HI-6 

Human dose 

 

2 mg 10 mg 500 mg 

Body mass 

(mg/kg)×kg 

10 µg 50 µg 2.5 mg 

Body surface 

area 

(mg/m²)×m² 

57 µg 289 µg 14.5 mg 

Allometric 

(Y=aWb) 

38 µg 188 µg 9.4 mg 

PK guided 

(AUC×Cl) 

216 µg 

(2.4 min·µg/mL 

×90 mL/min) 

8.2 mg 

(329 min·µg/mL × 

25 mL/min) 

7.3 mg 

(1,984 min·µg/mL 

× 3.7 mL/min) 

Current 

guinea pig 

dose 

2.0 mg 366 µg 3.3 mg 

Table 6.1. Guinea pig equivalent doses of the three conventional MedCM calculated by 

different scaling methods from the human doses contained in an autoinjector.  

HI-6 is not currently licensed for human use, so the dose used in the calculations was 

equal to the dose of pralidoxime methane sulphonate in the autoinjector 30. Guinea pig 

and human body masses used in the calculations were 0.35 and 70 kg, respectively. 

The guinea pig and human body surface areas used in the calculations were 0.05 and 

1.73 m³, respectively. PK guided approach used Cl data previously presented in Table 

3.5 and AUC values reported for atropine, diazepam and HI-6 by Ellinwood et al 198, 

Abbara et al 190 and Kusic et al  192, respectively. The nominal guinea pig dose used in 

the studies reported in this thesis are included for comparison (last row). 
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Using PD data in conjunction with PK data is another alternative method to 

scale doses between species and also requires drug specific information; this 

may be more accurate than the PK guided approach. This approach was 

validated in vivo for caramiphen using dogs and monkeys by Levy et al 83. That 

study infused the caramiphen at a set rate to achieve a target steady state 

concentration. The PD measure was protection against sarin. Thus a protective 

concentration of caramiphen determined in two species was recommended for 

use in humans. Reproducing a target PD measure in animals and humans in 

this way, then correlating it to a plasma concentration, enables a dose to be 

calculated from human PK parameters.  

 

The most sophisticated approach to scaling is physiologically-based 

pharmacokinetics (PBPK). This method provides a mechanistic approach to 

scaling doses between species through knowledge of the physiological 

parameters defining ADME of the drug in animals, which is integrated with PK 

data. These physiological data are also combined with physico-chemical data 

for the drug in an in silico mathematical PKPD model. Simulations predict the 

concentration-time course of a drug that must then be validated by in vivo 

study. To scale the PK and dose, animal physiological data are substituted for 

human data and a simulation is carried out to predict the human 

concentration-time course. Subsequently, doses may be calculated from these 

simulated data.  

 

The utility of MedCM PBPK models for scaling between routes of exposure, 

doses and species has been highlighted by Merrill et al 252, who noted a paucity 

of quantitative PK data required for validation of the PBPK models. The data 

presented in this thesis addresses that knowledge gap, particularly as the 

MedCM PK data were determined in combination and provide data on the PK 

interactions. The PBPK models currently available describe individual MedCM 253-

255. It is unfortunate that atropine and diazepam were not quantified following 

soman exposure in Chapter 3, as these data may have enabled PBPK model 

validation that incorporated interactions between MedCM and nerve agent.  
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The majority of PBPK models in this field of research have been developed to 

describe the nerve agent exposure rather than the MedCM PK 22 :183 :223 :228. These 

nerve agent models were validated against published in vivo data and in the 

case of soman the physiological processes involved in the PK/TK are better 

understood. The explanation of differences in PK/TK between species, enabled 

by the PBPK models, can be used to logically scale the poisoning scenario to 

humans. Two of the most recently published nerve agent PBPK models suggest 

doses of bioscavenger can be calculated through integration of their PK and  

biochemical data 183 :228. The data presented in Chapter 4 of this thesis may be 

used to validate such models. As discussed in Chapter 4 the plasma 

concentrations of VX could not be measured. These data could have been used 

to validate a PBPK model of percutaneous exposure. Until MedCM PBPK models 

are available, scaling of doses from animals to humans must be done by one of 

the other methods detailed earlier. If data are available, the PK guided 

approach or the PKPD approach should be used. 

 

The plasma concentrations achieved following administration of any dose of 

MedCM are critical for protection. Protection against nerve agent can be used 

as a PD endpoint and the corresponding plasma concentration can therefore be 

used as a target or pharmacodynamic active concentration (PAC). A PAC has 

been suggested for each of the MedCM drugs independently by different 

research groups but these have been determined under different experimental 

conditions and in different species (Table 6.2).  
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MedCM PAC PD metric Notes Reference 

Atropine 11.8 ng/mL 

(40.8 nM) 

 Retrospective analysis of human clinical cases of 

pesticide poisoning in which AChE was 

completely inhibited (achieved by administration 

of circa 0.06 mg/h/kg). 

In cases of 10 – 30 % AChE inhibition the 

suggested PAC was 1.5 ng/mL (5.0 nM)  

The atropine K
i
 for mAChR of < 1 nM 256. 

Thiermann et al 200 

Avizafone/diazepam 1000 ng/mL Termination of 

soman induced 

seizures. 

Guinea pig PK/efficacy study. Capacio et al 135 

HI-6 2 × 10-5 M 

(5.8 µg/mL) 

 In vitro rat hemi-diaphragm preparation and in 

vivo anaesthetised cat PK/efficacy studies.  

Suggested concentration of pralidoxime. 

No PAC has been proposed for HI-6. 

Sundwall et al 204. 

Table 6.2. Suggested pharmacodynamic active concentrations for the three MedCM, including brief details of how these were determined. 
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A systematic determination of PACs should be carried out with multiple nerve 

agents and by different routes of exposure. Doing so will enable doses of 

MedCM to be calculated that are efficacious (i.e. achieve PACs) against a range 

of nerve agents. Alternatively, this will provide information that shows the PAC 

is nerve agent specific, as is expected for oximes, due to the chemical and 

steric differences with each nerve agent-enzyme complex. It is likely that the 

PAC is dependent on the nerve agent exposure dose and it is unrealistic to 

determine the PAC for this. Therefore, set criteria for protection must be used 

(e.g. 2 × LD
50

), which  can be set by operational analysis of the likely exposure 

doses and must take into account the species specific mechanisms of action, 

potency or even efficacy of the MedCM. This information will ensure that the 

PAC is relevant to each species and will enable accurate scaling of doses from 

animals to humans.  

 

6.3 Medical countermeasures against percutaneous 

poisoning 

Conventional MedCM administered in accordance with current military doctrine 

(i.e. administered at 15 minute intervals commencing immediately on 

development of signs of poisoning 30) have reduced efficacy against nerve 

agent when exposure is by the percutaneous route 31. Efficacy of conventional 

MedCM can be improved by modifying the regimen to repeated administration 

at longer intervals or on reappearance/worsening of signs of poisoning 31 :142. 

The PK data presented in Chapter 3, for the conventional MedCM and the PK 

and PD data presented in Chapter 4 for VX, can be used to explain the reduced 

efficacy of MedCM observed following percutaneous poisoning. These data 

showed that rapid absorption of atropine, diazepam and HI-6 leads to the C
max

 

of these three drugs occuring within 15 minutes of administration. However, 

the peak concentrations are not maintained due to the rapid distribution and 

elimination of the MedCM, with the half-lives of each being less than 20 

minutes. Compared to the VX PK profile determined in brain or muscle, MedCM 

concentrations are unlikely to be at PACs over an appropriate period to provide 

protection (Figure 6.2). The MedCM PACs are not known for percutaneous 

nerve agent poisoning. However, the atropine dose administered as part of the 
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successful treatment of the only human case of percutaneous VX poisoning 

(atropine infusion of 3 mg/day 28) was much lower than that recommended by 

Thiermann et al 200 (see section 6.2.1). Future studies should determine the 

PAC of MedCM for percutaneous exposure, as described in the previous 

section. These data will help to identify appropriate doses or administration 

regimens of MedCM to protect against percutaneous poisoning. The modified 

administration regimen is one example of how MedCM administration can be 

optimised to protect against percutaneous poisoning. This modified regimen 

was determined empirically, whereas in silico simulation of PK profiles may 

provide a theoretical method for optimising MedCM administration regimens, 

based on PACs. As discussed in Chapter 5, the simulations must be validated 

with in vivo data if the administration regimen is to be taken forward into in 

vivo animal efficacy studies. 

 

In silico predicted plasma concentrations of MedCM following the modified 

administration regimen illustrate that the concentrations fluctuated throughout 

the duration of administration (Figure 6.2). It is suggested that efficacy of 

MedCM in this scenario is due to the PACs repeatedly being achieved following 

each administration. It should be noted that the protection afforded by this 

modified administration regimen is dependent on continuation of the 

administration of the MedCM 31. Therefore, it is expected that continuous 

administration of MedCM will provide protection against percutaneous nerve 

agent exposure. The duration of treatment required to achieve full recovery 

from percutaneous exposure to nerve agents is unknown but it will be 

dependent on the exposure dose of nerve agent. Future in vivo studies should 

investigate the duration of required treatment, linking this with exposure dose. 

In vitro skin penetration data can be used to predict the likely rate of entry of 

percutaneous nerve agent into humans 257, subsequently enabling a human 

time-course of poisoning and likely treatment duration to be recommended. 

Furthermore, toxicokinetic data from pig studies indicate that VX was in the 

systemic circulation at toxicologically relevant (nM) concentrations 9 hours 

after percutaneous exposure at 3 × LD
50

 258, so human treatment is likely to be 

required for at least this duration. In the only case of human percutaneous 
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poisoning by VX, treatment was required for 9 days duration 28 **, which agrees 

with the animal experimental data. As treatment of percutaneous nerve agent 

poisoning is likely to be for a prolonged period compared to acute inhaled 

nerve agent poisoning, intravenous infusion of MedCM may be a more 

appropriate route than intermittent intramuscular administration. 

 

** A second case of human VX poisoning by the subcutaneous/intramuscular route has 
been reported 29. In this case treatment with atropine and oxime was not given and the 
VX exposure was lethal.  
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Figure 6.2. Composite plot of VX brain microdialysate concentration following percutaneous exposure to VX and MedCM plasma concentrations 

following immediate or modified intramuscular administration regimens. 

(A) MedCM administration is shown commencing at 6 hours, the mean time of MedCM administration in guinea pig exposure to percutaneous 

VX 110. Atropine concentration data is shown alone for clarity. Plasma concentration-time profiles of atropine following modified administration 

of combined MedCM were predicted by in silico simulation with two-compartment models as described in Chapter 5, using PK parameters 

presented in (Table 3.5). The simulated dosing regimen was based on published efficacy studies 31, at doses of 5.8, 3.14 and 9.3 mg/kg for 

atropine sulphate, avizafone hydrochloride and HI-6 dimethanesulphonate, respectively. The assumption that the PK was linear at these 

simulated doses was made with this simulation. (B) Expanded y axis to show the simulated atropine concentration. These data suggest that a 

trough concentration of approximately 9 ng/mL is achieved prior to the subsequent administration, which was similar to the PAC suggested by 

Thiermann et al 200 (i.e. once this concentration was achieved more MedCM was required). 
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6.3.1 Medical management of nerve agent casualties 

Nerve agent MedCM research typically examines immediate First Aid solutions 

to nerve agent poisoning. This approach is probably driven by the acute nature 

of inhalation poisoning. Efficacy of MedCM against subcutaneous exposure is 

usually determined without supportive treatment beyond the initial 

administration of MedCM. This is challenging, as the endpoint is often 24 

hours survival, because in the military scenario a nerve agent casualty would 

be expected to reach medical treatment (First Aid) within 1 hour of exposure to 

nerve agent 259. Therefore, efficacy of MedCM against acute exposure to nerve 

agent at 4 hours may be a more appropriate endpoint, as casualty evacuation 

doctrine states the casualty should be at a field hospital within this time 259. 

However, these casualty evacuation times are based on recent operations in 

Afghanistan. Casualties exposed to nerve agents by the percutaneous route 

will impose limitations on the evacuation, for example contamination of 

vehicles or required decontamination prior to additional treatment. Beyond the 

4 hour time point, Medical Management of a casualty will continue 260. Efficacy 

of MedCM at 4 hours may improve the possibility of identifying effective 

MedCM but necessitates the requirement for Medical Management to be in 

place too.  

 

Protection against percutaneous nerve agent to a 24 hours endpoint is an even 

greater challenge than for acute inhalation exposure (see Figure 6.2; A). Joosen 

et al demonstrated that continued repeat administration of MedCM are 

required to achieve protection against percutaneous VX 31. The administration 

regimen employed by Joosen et al changed the treatment scenario from First 

Aid to Medical Management, thus providing evidence that improvement in 

efficacy may be gained through Medical Management of a casualty rather than 

First Aid.  

 

There are approximately 300,000 deaths annually from pesticide  

self-poisoning 261, so a body of research exists on the treatment of human 

organophosphate pesticide poisoning 262. In these cases immediate First Aid 

treatment does not generally occur, so Medical Management is the only 
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treatment. Pesticide poisoning may be considered similar to percutaneous 

nerve agent poisoning, because of the comparable long duration of signs of 

poisoning following exposure. These long durations of poisoning occur 

because of two distinct mechanisms: 1 -lipophilic pesticides are slowly 

distributed from lipid reservoirs to continually inhibit cholinesterases, 2 - 

metabolic activation of pesticides by cytochrome P450 enzymes is required 

before inhibition of AChE can occur 263. Both of these mechanisms produce 

prolonged exposure to toxic concentrations of pesticide and inhibition of 

AChE, thus persistent signs of poisoning occur. The reactivation of inhibited 

AChE by an oxime is dependent on the pesticide 263, the same as for 

reactivation of nerve agent inhibited AChE 72 :264. Treatment strategies of human 

cases of pesticide poisoning available in the literature may be applied to the 

Medical Management of percutaneous nerve agent poisoning ††. The 

recommended treatment for pesticide poisoning is similar to the reported 

treatment of casualties from the Tokyo sarin attack 243. In those cases only 21 

casualties required more than 2 mg atropine, 106 casualties were treated with 

pralidoxime (the maximum total dose being 8 g) and eight casualties were 

administered diazepam (30 - 35 mg) 243. Very few details are published of the 

treatment of casualties from the Morimoto sarin attack. Following that attack, 

48 - 72 mg atropine was administered to 18 patients and approximately 30 g 

of pralidoxime was administered to a single person 265. Diazepam was not 

reported as being administered to any casualty following the Morimoto attack 
265.  

 

†† The recommended treatment for pesticide poisoning is; 

1. Atropinisation: intravenous bolus administration of 1- 3 mg atropine, doubling 

this dose every 5 minutes until atropinisation is achieved. 

a. A total dose of 6- 65 mg in the first 25 minutes was generally sufficient 

to achieve atropinisation. 

2. Oxime therapy: intravenous bolus administration of pralidoxime or obidoxime 

at 1 -2 g or 30 mg loading dose, respectively. Followed by corresponding 

intravenous infusion to maintain the treatment at 1 g/h or 30 mg 262.  

3. Treatment of seizures: Generally seizures do not occur in human pesticide 

poisoning cases. This difference from nerve agents was acknowledged by 

Eddlestone et al 262 
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Plasma concentrations of the MedCM drugs have not been reported following 

the treatment of casualties from either of the Japanese attacks, so the link 

between PK and PD cannot be made. A systematic program of research to 

identify and develop Medical Management MedCM, treatment strategies and 

dosing regimens for both inhaled and percutaneous exposure to nerve agent 

should be undertaken. The PK data reported in this thesis can inform the 

recommended programme of work, from identifying a PAC, then using 

modelling and simulation to suggest doses and administration regimens (e.g. 

infusion rates) that achieve the required concentrations. The treatment for 

pesticide poisoning as recommended by Eddlestone et al can be used as a 

starting point for animal efficacy studies and incorporating PK sampling into 

these studies will enable PACs to be identified and/or confirm that the target 

concentrations have been achieved. Such studies may improve the survival 

following nerve agent exposure compared to current treatments. The 

retrospective analysis of atropine dosage requirements published by 

Thiermann et al for atropine 200 provides the first Medical Management PAC, 

although this was defined for pesticides. 

 

6.3.2 Intravenous infusion of medical countermeasures against 

percutaneous nerve agent 

Intravenous infusion of MedCM drugs is the administration regimen of choice 

for Medical Management of pesticide and nerve agent poisoning 28 :200 :243 :262 :265. 

The efficacy of an intravenous infusion of combined atropine, avizafone and 

HI-6 against percutaneous VX was determined in a guinea pig study by Mann. 

Intravenous infusion (equivalent to 6 intramuscular administrations of MedCM 

over 24 hours) was able to provide protection against the lethality of 

percutaneous VX (1.8 mg/kg, Figure 6.3, A) 266. In silico simulations of the 

MedCM infusions illustrated that the atropine concentration at steady state was 

predicted to be greater than the PAC suggested by Thiermann et al 200 (Figure 

6.3, B). The diazepam and HI-6 concentrations were predicted to be below the 

suggested PACs for each of these drugs 135 :204. Of most concern is diazepam, 

due to the 50 fold difference between the predicted concentration and the PAC 

of 1 µg/mL135. The results reported by Capacio et al were determined in a 

guinea pig model optimised to produce seizure. The other MedCM used in that 
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model were not optimised for protection but to induce and maintain seizure. 

Therefore, with increased oxime and atropine doses, optimised for protection, 

it is conceivable that the diazepam PAC may be lower than 1 µg/mL. EEG was 

not measured in the intravenous infusion efficacy study, so the information on 

the incidence of seizure and the prevention or termination of seizures that did 

occur, does not exist. Notwithstanding this lack of EEG data and the low 

concentrations of diazepam and HI-6, the guinea pigs treated by intravenous 

infusion of MedCM survived the challenge to 24 hours. Intravenous infusion 

has, to date, proved to be the most efficacious treatment regimen against 

percutaneous VX poisoning. Studies should continue to be carried out in this 

model to determine the optimal MedCM doses, the incidence of seizure and 

the PACs.  
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Figure 6.3. Treatment with intravenous infusion of MedCM improved survival following percutaneous exposure to VX in guinea pigs. 

(A) In the absence of MedCM percutaneous VX (1.8 mg/kg) was lethal within 4 hours of exposure. Treatment with 24 hours intravenous 

infusion of atropine sulphate (1.5 mg/h/kg), avizafone hydrochloride (0.3 mg/h/kg) and HI-6 dimethanesulphonate (2.3 mg/h/kg) 266 protected 

seven out of eight animals to 48 hours post exposure. (B) Predicted plasma concentration-time profiles of the intravenous infusion of the 

combined MedCM. The total dose used for the simulated infusion was the same as the six repeat intramuscular simulation presented in Figure 

6.2. The suggested PACs for the MedCM are included for reference. Only atropine exceeded the suggested PAC during the infusion. 
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6.3.3 Controlled-release of medical countermeasures for treatment of 

percutaneous poisoning 

Maintenance of plasma PACs for atropine, diazepam and HI-6 through 

sustained administration of the combined MedCM, appears to be a good 

strategy to achieve protection against percutaneous nerve agent. The sustained 

treatment of percutaneous nerve agent poisoning through either repeat 

intramuscular administration or intravenous infusion should be considered as 

Medical Management, not First Aid. The ability to control the release of drugs 

using different matrices have been investigated for many drugs including 

MedCM against nerve agents (e.g. oxybutynin a muscarinic receptor 

antagonist) 267, diazepam 268 and pralidoxime 269. Controlled release of MedCM 

represents a potential First Aid scenario of sustaining plasma concentrations of 

the MedCM akin to that achieved in a Medical Management scenario. Indeed, 

controlled release may even be used in a Medical Management scenario. 

 

A proof-of-concept controlled-release formulation of microspheres containing 

atropine, diazepam and HI-6, in a cotton seed oil vehicle, was developed as 

part of a separate project 270 :271. The challenge of that development was to 

ensure the delivery of the required large doses of MedCM over an appropriate 

duration for percutaneous poisoning. PK data generated from the studies 

reported here were used in conjunction with in vitro drug release rates of the 

controlled-release formulation, to predict the MedCM plasma concentrations 

following simulated administration of the formulation. The controlled-release 

formulation was intended to be administered by the intramuscular route but 

the physical properties of the formulation were not suitable, and thus 

subcutaneous administration was considered more appropriate. Due to the 

lack of subcutaneous PK data, the assumption that the PK of atropine, 

diazepam and HI-6 was the same by the subcutaneous and intramuscular 

routes was made for the simulations. Whilst the absorption of the MedCM by 

the subcutaneous and intramuscular routes is likely to differ, the absorption of 

atropine, diazepam and HI-6 will be dependent on the release from the 

formulation, whereas their distribution and elimination were expected to be 

the same. 
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The predicted concentration-time data were compared to the VX data reported 

in Chapter 4 and to the suggested PACs to give an indication of likely efficacy 

against percutaneous VX. The predicted concentration-time profiles of the 

MedCM are presented in Figure 6.4. Subsequent to the in silico simulations, in 

vivo guinea pig PK studies determined the concentration-time profiles of the 

MedCM following subcutaneous administration 266. These in vivo data 

demonstrate that the in silico simulations did not provide accurate predictions 

of the concentration-time profiles (Figure 6.4), highlighting the importance and 

indeed necessity of validating simulated data with in vivo data. There are 

several possible reasons for the discrepancy between the in silico and in vivo 

data. The in vitro release rates of atropine, diazepam and HI-6, were not 

determined in a physiological solution but in two release media which 

incorporated a non-ionic surfactant 270. The in vitro release rates were 

determined in conditions that maintained a consistent concentration gradient 

between the formulation and the media 270. Thus, it is highly likely that the in 

vitro and in vivo release of atropine, diazepam and HI-6 from the controlled-

release formulation were different. Furthermore, the slow release of diazepam 

from the formulation is likely to have been different from the intramuscular 

absorption of avizafone and its subsequent conversion to diazepam, 

particularly as diazepam is lipophilic and will preferentially remain in the 

cotton seed oil (lipid) vehicle.  

 

The assumption regarding the similarity of subcutaneous and intramuscular PK 

for parameterizing the model may have been simplistic and will require 

validation. However, using the PK data that was available (intramuscular) to 

parameterize the model allowed predictions to be made that were not 

previously possible. The physiological characteristics of the subcutaneous 

space and muscle are different, in terms of local adipose tissue and blood flow 

(based on data presented for rats, dogs and humans by Brown et al 272). The 

differences between these tissues may have affected the distribution and 

subsequently the elimination of the MedCMs. In future, predictions of any 

MedCM formulation PK (immediate and controlled-release) should be carried 

out using PK data determined by the same route of administration as the novel 
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formulation. Doing so will reduce the number of assumptions made about the 

different routes of administration. The controlled-release simulation 

demonstrates that it is easy to make assumptions and predict a concentration-

time profile but these predictions are only tested and proven useful when 

validated with in vivo data. With respect to modelling controlled-release 

formulations, it is also recommended that a more physiological approach to in 

vitro release rate calculation is undertaken, rather than forcing the release via 

a maintained concentration-gradient. 

 

The concentrations of atropine and HI-6 were not maintained above the PACs 

for a period considered appropriate (Figure 6.4), when compared to the 

percutaneous VX PK presented in Chapter 4. Thus, the novel controlled-release 

formulation did not progress to in vivo efficacy studies 266. In addition, the 

physical characteristics of the formulation (the high viscosity of the 

formulation required administration via a large bore needle (13 G)), which in 

turn necessitated the use of local anaesthetic. During the PK studies the 

formulation was not administered in a reproducible manner. 
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Figure 6.4. In silico simulation of controlled-release MedCM formulation did not accurately predict the concentration-time profiles of the MedCM 

in vivo.  

Predicted concentration-time profiles (solid lines) following simulated subcutaneous administration of 90 mg/mL of the controlled-release 

formulation containing (A) atropine, (B) diazepam and (C) HI-6. The one-compartment PK simulations used PK parameters presented in Table 

3.2 and in vitro release rates from 180 mg/mL of formulation in cotton seed oil (SwRI proprietary information 270). The in vivo  

concentration-time profiles (n=5) demonstrate the predictions were not accurate and illustrate the importance of in vivo validation of PK 

simulations. Concentration-time profiles of non-modified intramuscular MedCM are included to show that the release of the MedCM from the 

controlled-release formulation was sustained. In vivo data shown as mean ± SEM. 
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6.3.4 Bioscavenger treatment for percutaneous poisoning. 

The data presented in Chapter 4 of this thesis demonstrated that huBChE 

bioscavenger plasma concentration was sustained for at least 7 days following 

its intravenous or intramuscular administration. This PK data supports the use 

of huBChE as effective for the prevention and/or treatment of percutaneous 

nerve agent poisoning, as reported in several efficacy studies 102 :109 :224 :273-276. In 

the scenario of human poisoning, post-exposure administration of huBChE is a 

First Aid treatment. However, in animal studies, efficacy has been shown to be 

reduced when bioscavengers were administered after the onset of signs of 

poisoning 109. The intramuscular huBChE PK data presented in Figure 4.6 and 

Table 4.2 implies that this bioscavenger is not absorbed rapidly enough to 

inactivate the nerve agent in sufficient concentrations, thus reducing efficacy. 

In addition, the low volume of distribution of huBChE indicates that it is unable 

to penetrate into the tissues to bind the nerve agent. Therefore, on signs of 

poisoning, nerve agent has distributed to the target tissues and bioscavenger 

cannot prevent the inhibition of the tissue AChE by this nerve agent 110 (see 

Figure 4.1).  

 

The reduced efficacy reported in animals following intramuscular 

administration of bioscavengers 224 is of concern, as this is the most likely 

route of administration for First Aid in humans (it is quick, reproducible and 

simple, requiring minimal training; unlike intravenous access). To overcome 

the slow intramuscular absorption of huBChE, the concept of combined therapy 

comprised of huBChE and conventional MedCM was considered 110. This new 

treatment strategy has demonstrated efficacy in vivo  (Figure 6.5) 110. The 

efficacy can be explained by the PK data previously presented in Chapters 3 

and 4 (Figure 6.6). Here the conventional MedCM are quickly absorbed, 

providing protection against the immediate cholinergic crisis and prolonging 

the window of opportunity for the bioscavenger to be absorbed, to inactivate 

the incoming nerve agent. 

 

Further improvement in efficacy may be achieved by further modification of the 

combination therapy, through intravenous administration of the bioscavenger. 
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However, a large number of casualties may preclude intravenous 

administration of bioscavenger, which will be difficult and time consuming 277. 

Conventional MedCM administered by the intraosseous route have been shown 

to be bioequivalent, achieving C
max

 more rapidly than intramuscular 

administration 278. Therefore, intraosseous administration of bioscavengers 

should be considered to potentially increase efficacy compared to 

intramuscular administration. A set of animal studies to determine the 

intraosseous PK of huBChE or other bioscavenger should be carried out. These 

PK studies may show that bioscavenger is rapidly absorbed following 

intraosseous administration, justifying efficacy studies that use this route of 

administration.  
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Figure 6.5. Treating guinea pigs on signs of poisoning after percutaneous exposure to 

VX with combination intramuscular therapy, consisting of conventional MedCM 

(atropine, avizafone and HI-6) and huBChE bioscavenger, improved survival compared 

to animals treated with huBChE bioscavenger alone. 

In the absence of effective MedCM, VX (0.74 mg/kg) is lethal, with the mean time to 

death being 13.5 ± 3.7 hours (mean ± SEM). Treatment of animals with conventional 

MedCM (atropine, avizafone and HI-6) provides similar protection (data not shown) 142 

to intramuscular huBChE bioscavenger. Two animals treated with combination therapy 

were euthanised due to surgical complications that were not related to percutaneous 

VX exposure. Data kindly provided by Helen Mumford 110. 
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Figure 6.6. Composite plot of normalised (to peak concentration) conventional MedCM 

and huBChE bioscavenger concentrations following intramuscular administration, 

against brain microdialysate VX concentrations following percutaneous VX exposure. 

MedCM administration is shown commencing at 6 hours; the mean time of MedCM 

administration in guinea pigs exposure to percutaneous VX 110. Plasma  

concentration-time profiles of the conventional MedCM and huBChE were previously 

presented in Figure 3.11 and Figure 4.6, respectively. Atropine concentration data is 

shown alone for clarity. 
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6.4 Conclusions 

A new methodology has been developed as part of the programme of work 

detailed in this thesis. This methodology enabled the collection of multiple 

blood samples and microdialysate fractions from tissues of conscious 

ambulatory guinea pigs. This ensured that a full concentration-time profile of 

MedCM and/or nerve agent was obtained in multiple tissues of individual 

animals, in order to determine and understand the PK of these MedCM in 

target tissues. This methodology also reduced the number of animals used. 

 

The studies described in this thesis have determined the PK of MedCM against 

nerve agents, which have been integrated with PK and PD data for the nerve 

agents sarin and VX. The data generated from the studies reported here are 

the first systematic investigations of MedCM and nerve agents in guinea pigs, 

the small animal species of choice for nerve agent efficacy research. 

Furthermore, the studies are the first to determine the PK of MedCM and VX in 

the target tissues, brain and skeletal muscle. 

 

The PK determined for conventional MedCM, atropine, avizafone and HI-6 

demonstrate that these drugs are rapidly absorbed, distributed and eliminated. 

Atropine and diazepam were bioequivalent by the intravenous and 

intramuscular routes, whereas only one half of the HI-6 administered by the 

intramuscular route was available in the systemic circulation. The atropine and 

diazepam had greater volumes of distribution than the HI-6. PK interactions 

were determined to occur for HI-6, when administered in combination with 

atropine and avizafone. The most therapeutically significant interaction being 

the ability of this oxime to penetrate the blood brain barrier (HI-6 did not 

penetrate the blood brain barrier when administered alone), enabling HI-6 to 

distribute in the brain and reactivate inhibited AChE. This finding possibly 

renders current research designing, evaluating and developing centrally active 

oximes unnecessary. The PK data presented here have enabled a better 

understanding of the efficacy of conventional MedCM against nerve agents by 

placing the data in the context of published efficacy studies for both acute and 

percutaneous exposure.  
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Using MedCM PK parameters in simulation and modelling has demonstrated 

utility for the design of animal studies, as evidenced by physostigmine and 

hyoscine. Simulation and modelling has also further improved the 

understanding of efficacy and optimisation of MedCM administration regimens 

by placing the simulated data in the context of published efficacy studies, 

particularly against percutaneous nerve agent poisoning. However, simulation 

of concentration-time profiles should be validated with in vivo data. 

Furthermore, predictions should only be made with models that have been 

parameterized with PK data determined by the same route of administration.  

 

The usefulness of PK as a tool to enable the translation of efficacy from 

animals to humans, through extrapolation of doses between species has been 

discussed, with examples provided. The approach of using PK and PD data for 

the scaling of efficacious doses appears to be the most accurate to date and 

should be integrated into MedCM development. To aid the scaling of doses 

using PK and PD data, the pharmacodynamic active concentration (PAC) for 

each MedCM needs to be defined. Determination of a PAC will enable an 

efficacious dose to be calculated, which achieves and sustains concentrations 

above the target concentration for an appropriate duration. The MedCM PK 

data reported in this thesis may be used to validate MedCM PBPK models, 

addressing the knowledge gap that currently exists for such models. 

 

The PK data described for the bioscavenger huBChE was similar to previously 

published data in the guinea pig and has been used to understand the efficacy 

of this MedCM against percutaneous nerve agent poisoning. Combining 

bioscavenger PK data with conventional MedCM PK data has enabled the 

efficacy of this combination of drugs against percutaneous VX to be 

understood in more detail and has provided evidence to support the 

hypothesis that guided this combination therapy approach.  
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Finally, it is recommended that the PKPD of MedCM are determined as a matter 

of course in future studies. As discussed, these data will be critical for the 

interpretation of efficacy, ensuring that MedCM are taken forwards into 

advanced development based on a reliable understanding that their 

administration was at appropriate times and doses.  
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Appendix A:  Guinea pig colony bridging 
study 

A bridging study was completed due to the change in the guinea pig colony 

background from Porcellus to David Hall, used in the studies described in this 

thesis. The guinea pig strain remained the same (Dunkin-Hartley). 

Six male Dunkin-Hartley (Porcellus background) guinea pigs (375 g ± 17 g, 

mean ± SD) were cannulated and had microdialysis probes implanted in their 

skeletal muscle and brain, as described in Chapter 2. Combined atropine 

sulphate (17.4 mg/kg), avizafone hydrochloride (3.14 mg/kg) and HI-6 

dimethanesulphonate (27.9 mg/kg) were administered by the intramuscular 

route. Blood samples were collected using the ABS at the time-points detailed 

in Figure 3.3. Analysis of the blood samples was completed using the LCMSMS 

method detailed in Section 2.5.2. 

 

This bridging study showed little difference in PK of the MedCM between these 

two guinea pig colony backgrounds. 
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Figure A.1. Concentration-time profile of conventional MedCM quantified in plasma from guinea pigs and David Hall colony guinea pigs, 

following combined intramuscular administration.  

(A) Atropine (B) diazepam and (C) HI-6 plasma concentrations determined following their combined intramuscular administration (atropine 

sulphate 17.4 mg/kg, avizafone hydrochloride 3.14 mg/kg HI-6 dimethanesulphonate 27.9 mg/kg). Data shown as each replicate with the 

mean (solid line).  
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Appendix B:  Atropine and diazepam 
pharmacokinetics in sarin 
exposed guinea pigs 

The data reported here were from the sarin exposed guinea pigs administered 

combined atropine sulphate (17.4 mg/kg), avizafone hydrochloride (3.14 

mg/kg) and HI-6 dimethanesulphonate (27.9 mg/kg) by the intramuscular 

route (see Section 3.4.7). Due to the operational requirement for LC-MS-MS 

analysis of samples from different projects 174, there was a long delay between 

sample collection and LC-MS-MS analysis for atropine, diazepam and HI-6. 

Atropine and diazepam were not stable in the samples over the duration of 

storage 175. Therefore, the concentration-time data for the atropine and 

diazepam was not reliable and was not included in the thesis.  
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 Atropine Diazepam 

Dose  

(mg) 

5.22 ± 0.07 0.75 ± 0.01 

Cmax  

(ng/mL) 

299 ± 167 253 ± 38 

Tmax  

(min) 

0.9 ± 9.8 1.6 ± 2.2 

T½ 

(min) 

13.80 ± 1.45 0.31 ± 0.53 

AUC  

(min·µg/mL) 

6.2 ± 0.9 9.2 ± 1.2 

CL  

(mL/min) 

838.7 ± 114.1 81.2 ± 10.4 

Vd  

(L) 

16.70 ± 3.06 0.04 ± 0.06 

k01  

(1/min) 

5.272 ± 73.230 0.035 ± 0.007 

k10  

(1/min) 

0.050 ± 0.005 2.266 ± 3.953 

k12  

(1/min) 

0.002 ± 0.001 0.486 ± 0.856 

k21  

(1/min) 

0016 ± 0.007 0.006 ± 0.008 

Table B.1. Compartmental plasma PK parameters for atropine and diazepam following 

intramuscular administration of combined MedCM to conscious ambulatory sarin 

exposed guinea pigs (n=6).  

Atropine and diazepam were best fit by two-compartment models. Data shown as the 

estimate of the parameters for the pooled concentration-time data ± standard error of 

the estimate. 
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Figure B.1. Guinea pig plasma, brain and muscle atropine concentration-time profiles determined following combined intramuscular 

administration of conventional MedCM in sarin exposed guinea pigs. 

(A) Plasma (n=6), (B) brain (n=7) and (C) muscle concentrations (n=7) following combined intramuscular administration of atropine sulphate 

(17.4 mg/kg), avizafone hydrochloride (3.14 mg/kg) and HI-6 dimethanesulphonate (27.9 mg/kg). Atropine plasma, brain and muscle 

concentration-time profiles following combined administration of the MedCM in naïve guinea pigs (Figure 3.12 and Figure 3.13) are included 

for comparison. Concentrations shown were corrected for microdialysis probe efficiency and shown as mean ± SEM. Mean plasma 

concentrations predicted by the PK models (lines) were calculated from the pooled data.  

There was a long delay between sample collection and quantitation analysis for atropine, which was determined not to be stable in the samples 

over that duration of storage 175. The data presented here were therefore not included in the main body of this thesis.  

 251  



 

 

Figure B.2. Guinea pig plasma, brain and muscle HI-6 concentration-time profiles determined following combined intramuscular administration 

of conventional MedCM in sarin exposed guinea pigs. 

(A) Plasma (n=6), (B) brain (n=7) and (C) muscle concentrations (n=7) following combined intramuscular administration of atropine sulphate 

(17.4 mg/kg), avizafone hydrochloride (3.14 mg/kg) and HI-6 dimethanesulphonate (27.9 mg/kg). Diazepam plasma, brain and muscle 

concentration-time profiles following combined administration of the MedCM in naïve guinea pigs (Figure 3.12 and Figure 3.13) are included 

for comparison. Concentrations shown were corrected for microdialysis probe efficiency and shown as mean ± SEM. Mean plasma 

concentrations predicted by the PK models (lines) were calculated from the pooled data.  

There was a long delay between sample collection and quantitation analysis for atropine, which was determined not to be stable in the samples 

over that duration of storage 175. The data presented here were therefore not included in the main body of this thesis.
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Glossary 

α Initial slope of the pharmacokinetic concentration-time curve 

(compartmental PK analysis) 

ABS  Automated blood sampler/sampling 

AChE Acetylcholinesterase 

ADME Absorption, distribution, metabolism and excretion. The processes 

involved in the pharmacokinetics of a drug 

AIC Akaike Information Criterion (measure of goodness of fit of a model) 

ANOVA Analysis of variance 

AUC Area under the concentration-time curve 

β Slope of the second phase of the pharmacokinetic  

concentration-time curve (compartmental PK analysis) 

BBB Blood brain barrier 

BChE Butyrylcholinesterase 

C
0 

Concentration at time zero 

C
e
 Concentration in the effect compartment 

C
p
 Concentration in the plasma 

CaE Carboxylesterase 

ChE Cholinesterase 

Cl Rate of clearance of a drug from the body 

C
max

 Maximum concentration 

CNS Central nervous system 

C
ss
 Concentration at steady state 

E Effect (pharmacodynamic measure) 

E
0
 Effect at time zero/baseline 
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ED
50

 Median effective dose, the dose of a drug or compound which is 

effective in 50 % of the animals to which it is administered. 

EEG Electroencephalogram 

F Bioavailability 

FI Fractional change in response from E
0
/baseline 

F
Rel

 Relative bioavailability 

GABA Gama amino butyric acid 

HESI Heated electrospray ionisation 

huBChE Plasma derived human butyrylcholinesterase 

i.m. intramuscular route of administration 

i.p. intraperitoneal route of administration 

i.v. intravenous route of administration 

IC
50

 Concentration required for 50 % inhibition 

I
max

 Maximum inhibition 

IU International Units 

k Pharmacokinetic rate constant (usually elimination rate constant) 

k
01

 Absorption rate constant into first compartment of a compartmental 

model 

k
10

 Elimination rate constant from first compartment of a 

compartmental model 

k
12

, k
21

 Influx and efflux rate constants for the second compartment in a 

pharmacokinetic compartmental model 

k
13

, k
31

 Influx and efflux rate constants for the third compartment in a 

pharmacokinetic compartmental model 

k
a
 Absorption rate constant 
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k
e0

 Rate constant for the effect compartment in a linked 

pharmacokinetic and pharmacodynamic model 

KVO Keep vessel open, mode on an automated blood sampler which 

ensures patency of a cannula is maintained 

λ
z
 Lambda z, terminal rate constant calculated by non-compartmental 

pharmacokinetic analysis 

LCMSMS Liquid chromatography tandem mass spectrometry 

LD50 Median lethal dose, the dose of a drug or compound which is lethal 

to 50 % of the animals to which it is administered. 

LLoQ Lowest limit of quantitation 

MedCM Medical Countermeasures against nerve agents 

NAPS Nerve Agent Pretreatment Set: Pyridostigmine bromide tablets 

NC3Rs The National Centre for the Reduction, Refinement and Reduction of 

Animals in Research 

NMDA N-methyl-D-aspartate 

PAC Pharmacodynamic active concentration 

p.c. Percutaneous route of administration/exposure 

PBPK Physiologically Based Pharmacokinetic 

PD Pharmacodynamic 

PK Pharmacokinetic 

rBChE Recombinant human butyrylcholinesterase 

R
inf

 Rate of infusion 

R
max 

Maximum response 

R
min

 Minimum response 
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s.c. subcutaneous route of administration/exposure 

SD Standard deviation 

SEM Standard error of the mean 

SwRI Southwest Research Institute 

TK Toxicokinetic 

T
lag

 Lag time prior to the first measurable concentration in the blood 

T½ Elimination or terminal half-life 

T
max

 Time of maximum concentration (C
max

) 

T
min

 Time of minimum response/maximum inhibition 

V
d
 Apparent volume of distribution 
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