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ABSTRACT 

Tr. t s reiJort s1.:..:-..,-.a rizes 1:>- ;>er1..T,P..tt a i s ~diE3 ,-ondu ~.cd for 
the ·. :, . Ar-J1y Mt·d ._ !a~ Res ar ,~ . a:id Dt :,-~ (: pmr·nt C.:~nd . Tlie 
o bje t1ves c, f t e prcgr.am we:-e t .: de e • :-;, im?r·.:,~ e d ..:.·pi ca l 
i nse:ct re pellenta and i f pc sa i ~l e : :-, de·1e ... p a repe l. l ent that 
is ef fective upon ora l adminiscrat i 0n . 

An insect ' 'bit · meter'' wa:_; d~ .r ."t ped that detec G and re ­
cords n :e pr c)bi ng ~ penetrat hm ~ ,:,a .• 1 va t i"' n » eng rgement and 
wi thdr awal 0f a mosq i to from the sk! n o f nl b st . he device 
was employed f 0r assaf of a number o f pc/ .. ential mos qui t o r e­
pel l ents . To provide s ta tis tica l t ests of 3_gni f icance t he 
repe l l ency i ndex f or test compounds was contras ed wi t h that 
f or control compounds by means of a spe t a- i,~e d d g:.tai con,­
puter program. 

In ordeL t o es t ab l ish a b~s is up n which t o search for 
new and more effic ient repel l ents , studi e~ were conducted to 
explore possib le mechanisms of a ttract ., on of mo~quitoes to an 
animal host . A hypothesis was developed to expl a i n how the 
interactions of moi sture ~ temperature, and car bon di.oxi de may 
operate in host attract i on . Gamma- ami n -,butyric acid (GABA) 
was found in mosqui toes, where it may pl ay a rol e in mediating 
synaptic inhibition in the nervous system . It was postulated 
that when GABA combines wi th carbon dioxide ~ t he re su· ting 
carbarni no-GABA compound is no lon5er neuroinh i bitor y , and 
furthermore that the reaction of GABA with .. arbon dioxi de 
underlies the mechani sm by whi ch mosquitoes are activated by 
carbon dioxide . Experimental s t udies supp rted the concept 
that carbamino-GABA is a neurostimul a ory compound . On the 
basis of this work, numerous GABA-like vo ati l e compounds, as 
well as N-substituted GABA-like compounds were screened f or 
mosquito repellency. In most inytances these compounds were 
found to be significantly repellent i n l ow conc:entrations . 

During the last quarter of the program a comparison was 
made between t~.e ''bitometer" repel lency assay me t hod an< with 
the s tandard method used by the U. S. Depar tment of Agri ulture. 
The 1·esults indicated that the two assay methods corresponded 
well. 
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FOREWORD 

This project was sponsored by the U.S. Army Medical Re­
search and Development Command, Office of The Surgeon General , 
Washington, D.C., 20315 under Contract No. DA- 49-193 - MD- 2281 
and was conducted by IIT Research Institute, Technology Center, 
Chicago, Illinois 60616 during the period of May 1, 1962 
thro•.tgh October 31, 1970. This is Report No . IITRI-16021-24 
(Final Report) on IITRI Project L6021, ent i tled "Development 
of an Orally Effective Insect Repel Lent . " The report covers 
the period from November 1, 1964 through October 31 , 1970 . 

During the period covered by this r eport Dr . Phi lip 
Kashin, Research Biochemist, served as the project leader, 
under the administrative supervision of Dr. E. J . Hawrylewicz 
and more recently Mr. A. M. Shefner, Assistant Director , Life 
Sciences Research. During the period of May 1962 to October 
1964 the project leader was Dr. H. Lal, Research Pharmacologist. 
The principal laboratory assistants during the program were 
Mr. S. Ginocchio, Technical Assistant, R. Foster, Technical 
Assistant, and A. M. Gross, Associate Biochemist . The sta­
tistical analyses were performed by Mr. Merl L. Kardatzke, 
who also developed the computer program for determining the 
repelloacy index. Valuable suggestions and discussions for 
the physiological phases of the work were contributed by Dr . 
William F. Danforth, Biology Departmenc, Illinois Institute of 
Technology. 

In conducting the research described in this report, the 
investigator adhered to the "Guide for Laborator-·r Animal 
Facilities and Care" as promulgated by the Committee on the 
Guide for Laboratory An~Lmal Resources, National Academy of 
Sciences - National Research Council. 

The citation of trade names in this report does not 
constitute their official endorsement or approval. 

The experimental data are recorded in !ITRI Logbooks 
Cl64001 Cl6586, Cl6939, C17088, C17259, C17495, Cl7599, Cl8467, 
and Cl~669. 
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DEVELOPMENT OF AN ORALLY EFFECTIVE INSECT REPELLENT 

I. INTRODUCTION 

The objectives of this program were to develop topical 
insect repellents superior to those currently available. 
Furthermore, if 1ossible, to develop an insect repellent th.~t 
is effective when administered orally. In order to achieve 
these goals, three separate but related lines of research 
were followed: 

a. A rapid and accurate method was developed for 
laboratory assay of candidate repellents. 

b. Studies were conducted to elucidate the basic 
physiological mechanisms of attraction of 
hematophagous insects to their warm-blooded 
hosts. Understanding of this mechanism would 
allow a ,remeditated selection or synthesis 
of compounds that interfere with the resp nses 
of an insect to the host. 

c. Compounds were tested for repellency throughout 
the program. Many of these compounds were 
selected on the basis that certain chemical 
structures, or electroni~ configurations, 
similar to that of gamna-aminobutyric acid 
(GABA) alter the mosquito's responses to the 
host. 

This report briefly summarizes experimental results ob­
tained since the initiation of the project. Details of these 
experiments were provided in past reports. In addition the 
report presents the findings of investigations conducted 
during the last contract year. 
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I S~"MMARY OF PAST WORK 

A . . h Ins e •.: t "B 1. t m~ t e r: " 

In order t o make laborat ry evaluation of r epellent s r apid and a urate , considerab le effort was devoted to t he devel pment of a repe l lency assay method in which t he bite of a mosquito can be detected and recorded e l ectronically (re f . 1 , 2) . 

Th i s instrument "Bi tome ter " , has been descr ibed in de t ail in a past report and pubLication (r ef. 3) . I t consists essen­tially of two digital timer ~ and a meter re l ay. One timer runs cont i nuous l y throughout the period of the test, whi le the other is ac tuated only when a mosquito bites the host mouse . A di rect and immediate measure of the percentage of time of bit ng thus becomes available for inserti on into the computer program. All the per tinent electronically monitored data are thus obta ned in a simple and convenient way and the necessity to manually measure these parameters from a chart recording is 0bviated. Three ''Bitometer-timers" were constructed and they have proven to be useful and efficient tools in repellency screening . 

A specialized digital computer program was written that statistically compares biting data between repellent-treated and untreated control mice. The percentage of mosquitoes engorged (E) is added to the percentage of biting time (P), to yield a repellency index for each trial. To provide statistical tests of significance, the repellency index for test compounds is contrasted with that for controls. The statistical methods upon which the computer program is based were presented in past reports and a publication (ref. 4). 

In order to determine the applicability of the ''Bito­meter" method to the evaluation of repellents , a series of statistically ~esigned tests were performed. The basic 
assumptions tested were as follows: 

a. Factors that affect the rate of biting by 
mosquitoes of untreated control mice also 
affect the biting rate of mice treated with 
repellent. 

b. There are no differences of practical signi­
ficance between the data output from the three 
meters used in t he tests. 
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c. The utilization of the electronic biting data, 
i.e. the amount of actual biting time as 
electronically recorded, makes an independent 
and significant contribution to total assay of 
repellency regardless of percent mosquito en­
gorgement. 

Details of the experimental and statistical procedures 
used in making these evaluations have been previously described. 
The three assumptions were proven to be correct, thus the 
validity of the electronic repellency assay method was further 
documented. 

Recently, a direct comparison of repellency assays were 
made of a number of repellents provided by the U.S. Department 
of Agriculture, Gainesville, Florida. The repellency of these 
compounds was initially determined at the USDA by the standard 
procedure and then tested by the "Bitometer" method in our 
laboratories. A hi.gh degree of correspondence between the 
two methods was established. Results of these comparisons are 
discussed in detail in a later section of the report. 

B. The GABA Hypothesis 

A hypothesis was proposed to ~xplain how the interactions 
of moisture, temperature, and carbon dioxide (CO2) may operate 
to attract a mosquito to a warm-blooded host. Gamma-aminobutyric 
acid (GABA) was found in mosquitoes (A. aegypti), where it may 
play a role in mediating synaptic inhtbition within the nervous 
system. The GABA conrnines with CO2 ·either in aqueous solution 
or as a dry deposit in the presence of water vapor. The re­
sulting carbamino-GABA compound was shown to be easily decom­
posed in the temperature range of warm-blooded hosts. It was 
proposed that the carbamino-GABA compound does not possess the 
synaptic inhibitory power of uncombined GABA, and that the 
interactions of GABA with the higher than normal moisture, 
atmospheric CO2 concentration, and temperature in the vicinity 
of a host underlie the insects host-seeking behavior. 

Studies designed to test this hypothesis were reported in 
detail in past reports. The hypothesis was tested in a physio­
logical system using the change in the spontaneous discharge 
rate of a portion of the isolated central nervous system of 
a cockroach as a function of various treatments. 

IIT RESEARCH INSTITUTE 
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Car·bon di.oxide markedly i ncreased the spontaneous dis -
~ hat ge rate of this preparation, and GABA decreas2d it . In­creas 1ng concentrations of GABA in CO2-treated saline solutions ·aused a steady potentiation of the neurostimulatory effect of CO2 , Th 1s potentiation was apparent up to and including a CABA :u~ entration of approximately 10-3 M, which was neuro-1.nh ib1~ory in the absence of CO2 . The neuroinhib itory effects of GABA predominated in the CO2 - treated solutions at higher GABA concentrations. 

Amino acids are known to form carbamates in the presence of CO2 , and it was proposed that carbamino-GABA could be the actual neurostimulatory agent in the CO2-treated solutions. Gamma-hydroxybutyric acid (GHB) is a GABA analogue , but it contains a hydroxyl group in place of the amino group of GABA . This substance was about two orders of magnitude less neuro-nhibitory than GABA. Since GHB has no amino group, it cannot form a ca1bamino compound. The presence of GHB in CO2 - treated saline solutions caused a steady decline in the stimulatory action of CO2 as a direct function of GHB concentration. The stimulatory effects of CO2 were also suppressed in GABA solu­tions containing GHB. These data supported the suggested role of carbamino-GABA as a neurostimulator. The fact that the neurostimulatory action of CO2 was abolished in the presence of GHB concentration that in themselves were not neuroin­hibitory suggested the presence of an excitatory site on the synaptic membrane that is different from the inhibitory site . 
When tested on the cockroach preparation beta-hydroxy­gaoma-aminobutyric acid (BF~A), another GABA analogue, was about equal to GABA in its neuroinhibitory potency. Similarly to GABA, BHGA has an amino group, but it also contains an electronegative hydroxyl group proximal to the amino group. Nearby electronegative groups reduce the tendency of amines to form carbamates, and CO2 was less stimulatory in the presence of BHGA than in the presence of GABA. These results further suggested that the neurostimulatory action of CO2 was directly related to car bamino formation. 

N-acetyl-GABA (NAG), a chemically stable analogue of carbamino-GABA was shown to possess neurostimulatory properties similar to those of L-glutamate, which may be a functional excitatory tL·ansmitter in insect neuro-muscular synapses. The structural similarities between L-glutamate, carbamino-GABA, and NAG were demonstrated, and it was proposed that the simi­larities could account for their corresponding effects on nervous tissue. The fact that NAG, L-glutamate, carbamino­GABA, and GHB have terminal electronegative groups was adduced as further evidence that these compounds probably act princi­pally at the same exi t atory synaptic site. Therefore, CO2 
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not only abolishes the neuroinhibitory action of GABA, but in 
forming a carbamino compound causes GABA to become neurostimu­
latory. 

The reaction of GABA with CO2 is extremely rapid in both 
directions. Thus formation of the carbamino compound is very 
responsive to CO2 concentration and the diffusion rate of CO2 
in the tissue is probably the only rate - limiting factor in 
the reaction. Results of these studies were reported in the 
last annual report and in a paper to be submitted for publication 
(ref. 5). 

C. Tests of Selected Repellents 

Based on the GABA hypothesis, it was reasoned that 
volatile analogues of the non-volatile GABA, may repel mcs­
quitoes by neutralizing the stimulatory effects of CO2 emana­
ting from a host , i. e . , by inc re as ing .1euroinhib it ion and 
causing loss of host recognition. 

To test this assumption, the repellency of a number of 
conunercially available compounds was studied by the electronic 
method. The first indication that this line of reasoning was 
valid was provided by the findi.ng that 4-aminobut anol, an 
alcohol analogue of GABA, was significantly repellent on the 
skin of a mouse at a concentration of 1.0 mg/in2 . All oth~r 
omega-amino alcohols tested, from 2 to 6 carbon atoms, also 
showed the same level of repellency. This is about one order 
of magnitude less repellent that Deet, which exhibited signi­
ficant repellency at 0.1 mg/in2 of skin. Neither n-butyl 
alcohol nor n-butylamine alone showed significant repellency 
at 1.0 mg/in2. Apparently for the ~epellency to be expressed 
both the amino group and the hyd:t·oxyl group must be present 
on the same molecule. 

BaRed on the fact that certain well-known mosquito 
repellents, such as Deet and Rutgers 612, bear no obvious 
relationship to the structure of GABA this approach was 
subsequently broadened. Within their molecules these com­
pounds were shown to contain certain relationships of nucleo­
philic and electrophilic moieties. The electronic configura­
tious of these substances could be correlated with the elec­
tronic configuration of GABA. Thus it was proposed that the 
electronic configuration with a molecule (rather than its 
actual chemical constitution) coupleu with its ability to be 
volatilized, determines its repellent properties. Investi­
gations undertaken to test t:his proposition demonstrated that 
double bonds (pi-bonds) in relatively nucleophilic organic 
compounds can act as the nucleophllic electron donor in place 
of the amino group in a caxbonyl or hydroxyl compound. 
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A substance such as 1,6-hexanediol , which is a synmetri­cal molecule, has an electron distribution that is equal in all parts of the molecule and is not an effective repellent (ref . 6). However, replacement of a CH2 group with an amine group in this structure, as in ethanolpropanolamine, places a nucleophilic center between two relatively electrophilic hydroxyl radicals. This change in the electron configuration is sufficient to produce significant repellency at 0.1 mg/in2. On the other hand, the two active repellents Rutgers 612 and 2,2,4-trimethylpentane-1,3-diol (TMPD), possess one hydroxyl group each on carbon 1 and carbon 3. There is no amine group or obviously nucleophilic group in either compound, yet they are active repellents. In the two compounds the hydroxyl group on carbon 3 is surrounded by alkyl moieties on both side~, while the hydroxyl group on carbon 1 has an alkyl group on only one side. Therefore, more electrons can be induced into the electronegative hydroxyl group on carbon 3 than on carbon 1 resulting in a less acidic inner group than the end hydroxyl group. The middle hydroxyl· group is relatively nucleophilic, and the end one is relatively electropholic. Thus, the presence of an electrophilic and a nucleophilic moiety in these repellents is demonstrated and the electronic distribution of GABA-like compounds in Rutgers 612-like com­pounds are preserved. 

On the other hand, if in a Rutgers 612-like compound the hy roxyl group in carbon 1 is removed to carbon 2, and that in carbon 3 to carbon 4 the resulting family of hexanediols shows a diminished repeilency (ref 6). This is consistent with our expectations, since there are less differences in the electronic propertieo of th~ two hydroxyls when cne is removed from the terminal position of the molecule. When the two hydroxyls are exactly equivalent, as in 1,6-hexandiol or 1 3-propanediol, repellency is even further diminished (ref. 6~. 
The repellency ,of m-diethyl toluamide (Deet) was also interpreted in these t~~ms. In Deet the diet~ylamide group is located in the meta position, a position of relatively low electron density. An oxygen is double-bonded to a carbon atom, which in turn is bonded in the meta-position to the toluene ring on one side and to a diethylamine moiety on the other side. The diethylamine moiety has a relatively nucleophilic environ­ment, while the carbonyl moiety is a relatively clectrophilic. Since the meta position is not much activated in the toluene moiety the dearth of electrons of the carbonyl moiety is off­set very little by the elect~ons in the ring. Although the electrons in the benzene ring itself a~~ relatively abundant, they are not available to the carbonyl region and participate mainly in the resonance stabilization of the pi-electron structure of the benzen2 ring. Therefc,re the condition of a 
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relatively electrophilic-moiety juxtaposed with a relatively 
nucleophilic moiety continues to be maintained. The carbonyl 
group is sandwiched between two nucleophilic moieties, the 
benzene r -Lng and the diethylamine. If this reasoning is 
correct, :hen diethylbenzamide should be as good a repellent 
as Deet s ince there is not even a methyl group present (as in 
toluene) to activate the ring in any way . This was indeed the 
case. Alternatively, highly activating groups as substituents 
in the benzene ring should decrease the repellency of the ben­
zamide moiety. Again, we have reported that m- aminodiethyl­
benzamide is useless as a repellent . 

III. CURRENT WORK 

During the last project year additional compounds were 
tested to study the relationship between molecular structure 
and mosqu~to repellency. Experiments were conducted to further 
evaluate the validity of the GABA hypothesis. In addition 
studies were conducted to determine the effects of L- lactic 
acid in the presence and absence of CO2 on the central nervous 
Rystem of the cockroach. This was done to explain the reported 
attraction of mosquitoes to lactic acid. A comparison was 
me.de between the ''Bitometer" method used at IIT Research 
Ir.1stitute and the standard method used by the U.S. Department 
of Agriculture for evaluating compounds for mosquito repellency. 

A. Tests of New Compounds for Repellency 

A number of comnercially available compounds were used 
in studies of relationshlps between molecular structure and 
repellency. These compounds were chosen on the basis of the 
presence of nucleophilic and electrophilic moieties in a 
single molecule. Of special interest was the repellency assay 
of 3-hydroxybutyric acid which was significantly repellent at 
1.0 and 0.1 mg/in2 of skin. 

We have previously reported that 4-hydroxybutyric acid 
is not only neuroinhibitory to the central nervous system of 
the cockroach but also completely desensitizes this nerve tissue 
to the stimulatory effects of CO2. We assumed that this de­
sensitization was due to the fact that a carbamino compound 
could not be formed by GHB and that it competes with endo-
genous GABA or carbamino-GABA for the receptor site. Slnce 
GHB is a solid, no attempt was mt ... ~ ,~ to test its repellency. 
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However , a l ose l y related compound, 3- hyrroxybutyrate, is a · i qu1.d at room temperature , and was teste~ as a repellent. The results of the assay showed that 3-hydroxybutyric acid is str ong y repellent at both 1.0 and 0.1 mg/i:12. Therefore it appears that a compound chemically related to one that has an effe t on the nervous system of the cockroach , also influences mosquito bi ting. It is possible that 3- hydroxybutyrate exerts repell ency by desensitizing the receptor structures of the mosquito to CO2 emanating from the host in the same way as the 4-hydroxy compound does in the cockroach . Thus the "inhibition­activation balance" (ref. 7) is upset, and the mosquito loses the cues for host recogni~ion. 

Acree et al (ref. 8) and Smith et al (ref. 9) reported that lactic acid ie an attractant only in the presence of CO2. These investigators also found that mosquitoes are attracted to humans in propnrtion to the amount of lactic acid that could be isolated from their skin. The structure of 3-hydroxy­butyric acid is similar to that of lactic acid, differing from it by one methllene group. The structures of the two compounds are as fo lows: 

3-Hydroxybutyric acid Lactic acid 

If the mechanism of repellency of 3-hydroxybutyrate is to desensitize the mosquitoes neural receptor structure to CO2 (by analogy with the effect of GHB on the cockroach cen-trel nervous system), then lactic acid may also have such an effect, but to a lesser degree. Lactic acid in conjunction with CO2 exposure, could play a role similar to that which we hy­pothesized heat plays in the attraction of mosquitoes to hosts, i.e., the partial restoration of neuroinhibition in the pre­sence of CO2 (ref. 7). The same end result is thus accomplished by both heat and lactic acid, but by different mechanisms. Heat restores neuroinhibition by the decomposition of carbamino­GABA, while lactic acid may restore neuroinhibition by partially desensitizing the receptor structures to CO2. Thus, in the pre­sence of CC>i, both heat and lactic acid can act as attractants, since both affect carbamino-GABA. The former destroys it, while the latter competes with it at the receptor site. In both cases, the activating and irritating effects on the in-sect of the formation of carbamino-GA1iA are ameliorated. 
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On the other hand, however, Skinner et al (ref . 10) re­
ported that lactic acid is repellent to mosquitoes. The appar­
ently conflicting observations could possibly be resolved by 
stoichiometric considerations. The repellent or attractant 
properties of lactic acid can be expressed as a functi0n of 
the relative proportions of lactic acid (as measured oy its 
vapor pressure) and CO2 in the environment . A substance such 
as 3-hydroxybutyric acid, which has a relatively high vapor 
pressure, is apparently predominantly repellent . Lactic acid, 
which has a much lower vapor pressure exerts repellency or 
attractancy depending upon the amount of CO2 in the air, and 
the ambient temperature which effects its vapor pres sure. Thus 
a small change in the inhibition-activation balance can grossly 
influence the judgement as to whether a substance is a repellent 
or an attractant. 

Pursuant to this line of reasoning , we undertook to de­
termine the effect of L-lactic acid on the spontaneous firing 
rate of the cockroach central nervous system, and on the CO2 
sensitivity of the preparation. The results of these experi­
ments showed that the stimulatory effects of CO2 were cons ider­
ably modified in the presence of lactic acid, and almost totally 
absent at lactate concentrations of )10-4 M. However , inde­
pendent of the presence of CO2 lactate in concentrations of 
)10-2 M was found stimulatory to the cockroach central nervous 
system in two separate experiments. 

If this is indeed the case, then lactate can be attractant 
or repellent depending upon concentration . If the lactate 
concentration is not too high, then the activating effec.ts of 
CO2 are abolished in its presence, and in an atmosphere con­
taining CO2 it is attractive. Higher atmospheric lactate con­
centration in the absence of CO2 repel due to its neurostimu­
latory action. This could possibly explain .the conflicting re­
ports of attractancy (ref. 8, 9) and repellency (ref. 10) of 
lactic acid to mosquitoas. 

B. Tests of the GABA Hypothesis 

Experiments were continued to test the validity of the 
GABA-CO2 hypothesis (ref. 7). In view of the previously de­
scribed results where it was shown that gamma-hydroxybutyric 
acid desensitizes the cockroach ventral nerve cord to the 
neurostimulatory action of CO2, it was of interest to determine 
the responses to a solution containing r. mixture of GHB, GABA, 
and ,co2. The presence of GHB in a solution containing GABA 
and CO2 could modify the responses of the preparation to the 
stimulatory effects of GABA with CO2, end also provide some 
insight into identity of the sites of action of GABA, GHB, and 
carbamino-GABA. 
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Two GABA concentrations were used that were previously 
shown t o be hi ghly effective in potentiating the effects of 
CO2 (10-4 Mand 5 x 10-4 M). The GHB (10-4 M) concentration 
used was t hat which did not completely abolish the CO2 effect, 
o t wh1..:h {. '-nsider ab l y modi fied .it . The results showed that 10·4 M GHB i n a solution containing 10- 4 or 5 x 10-4 M GABA 
and 10% CO2 considerably modified and dampened the stimulatory 
carbamino-GABA effect. These results were interpreted as pro­
vid i ng further evidence that there are two sites on the synaptic 
membrane, one inhibitory and one excitatory . Both GHB and GABA 
can bind at both sites, but more GHB is required at the inhibi­
t or y site to block spontaneous bioelectric a~tivity than at the 
exci tatory site to block the actiJn of carbamino-GABA. 

If carbamino-GABA is the physiologi cally active form of 
CO2 then i t could be expected that BHGA w~uld be less effective 
in potentiating the effects of GABA in the presence of CO2. 
This is due to the fact that the electronegative hydroxyl group 
next to the amino group woul d repress carbamino formation due 
to mutual repulsion between the carboxylate group of the car­
bamino compound and the hydroxyl group on catbon 3. Although 
BHGA can form a carbamino compound, it probably would not do 
so as avidly as GABA. Thus, BHGA provided the opportunity to 
study the neurostimulatory action of CO2 in the presence of a compound that is intermediate between GABA and GHB int~~ of 
carbamino formation. It was found that BHGA was not as stimu­
latory in the presence of CO2 which agreed with the expectations if it is assumed that carbamino compounds are of physiological 
importance. 

The data of these experiments support the hypothesis that 
carbamino-GABA may be the physiologically active form of CO2 
in the insect nervous system. The findings can be summarized 
as follows: 

a. GABA potentiates the effect of CO2, and the 
potentiation is maximal in different prepara­
tions at about 10-4 Mor 5 x 10-4 M GABA. The 
potentiation also appears to persist even at 
the inhibitory concentration of 10-3 M GABA. 

b. GHB reduces the sensitivity of the cockroach 
ganglia preparation to the neurostimulatory 
effects of CO2 as a direct function of GHB 
concentration. This is presumably due to its 
inability to form a carbamino compound with 
CO2, and block:1.ng of the carbamino-GABA 
receptors. 

IIT RESEARCH INSTITUT! 
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c. 

c. GHB interferes with the neurostimulatory action 
of CO2 even in the presence of GABA. 

d. BHGA is less effective in potentiating the 
neurostimul atory action of co7 , presumably 
to its decreased abil i ty to form carbamino 
compounds. 

Comparison of Repellency Assay Me hods 

due 

Comparative repellency tests of compounds provided by the 
U.S. Department of Agriculture fo r blind testing by the 
''Bitometer" method were completed . The results were submitted 
to Dr. Weidhaas, who subsequently provided the names of the 
compounds, as well as the results of the standard USDA tests. 
The analysis of the ''Bitometer" repe llency tests of these com­
pounds is shown in Appendix A. 

All control mice were in these tests were treated with 
acetone alone, while all test mice were tre~:ed wit h the stated 
amount of repellent in an acetone solution. Table 1 shows the 
upper bounds for each of the treatment levels, and Table 2 
the decreasing order of efficacy of each compound at each tePt 
level. The results where the upper bound indicated more ~!g­
nificant repellency with decreasing concentration were ignored, 
and the judgement of repellent efficacy was made at the higher 
concentration. On basis of the ''Bitometer" test, the repellency 
of the compounds was ranked as follows : 

Compound 

A, B, D 

E, I, J 

F, H 

Relative Rating 

Good 

Intermediate 

Poor 

llf RESEARCH INSTITUTE 
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Tab l e 1 

UPPER BOUNi)S FOR EACH TREATMEl'IT LEVEL (mg/sq in) 

Compound 1. 0 0. 1 0 . 01 

USDA - A 35 . 5 71 .2 120 . 1 
USDA - B 37 . 7 64 . 6 104.1 
USDA - D 35. 3 35 . 7 121.1 
USDA - E 35 .5 79 . 5 187 .o 
USDA - F 110 . 1 115 .5 144. 1 
USDA - H 137 . 7 77 . 7 95 .5 
USDA - I 58 . 1 59 . 2 89 .4 
USDA - J 72 . 8 59 . 1 102. 3 

Table 2 

DECREASING ORDER OF EFFICACY AT EACH TREATMENI' LEVEL 

1.0 

USDA - D 
USDA - A 
USDA - E 
USDA - B 
USDA - I 
USDA - J 
USDA - F 
USDA - H 

0.1 

USDA - D 
USDA - J 
USDA - I 
USDA - B 
USDA .. A 
USDA - H 
USDA - E 
USDA - F 

0.01 

USDA - I 
USDA - H 
USDA - J 
USDA - B 
USDA - A 
USDA - D 
USDA - F 
USDA - E 

IIT RESEARCH INSTITUT! 
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Compound E was placed in the "intermediate" categ ry because repellency decreased very rapidly as concentration decreased to 0.1 and 0.01 mg/in2 of skin. Compound D appeared to be the best repellent in the group. Upon completion of the evaluation Dr. Weidhaas sent us the follouing identification of the compounds. 

A• M-2020 A mixture of dimethyl phthalate, 40%; 
dimethyl carbate, 30%; and ethyl hex­anediol, 30%. 

B = ENT-375 Ethyl hexanediol 

D • ENT-22542 Deet 

E • ENT-6217 Isopropyl-3-phenylhydracrylate 
F • ENT-4262 Isobornyl 4-morpholineacetate 
H • ENT-5103 2-Ethylbut,,rraldehyde glyceryl acetal 
I • ENT-6484 Methyl N ,N-diisoprophy~adiparr.ate 
J • ENT-12142 5-Ethyl-2,4-heptanediol 

The relative rating of the chemicals by the U.S.D.A. was based on the ratio of the protection time of the chemical to that of M-2020 a~ainst A. aeg!pti. Ethyl hexanediol was placed in the "good category, a though a relative rating was not assigned to it. Table 3 shows the comparison of the relative ranking. 

Table 3 

RELATIVE RANKING OF REPELLENTS 

Rank 

Good 

Intermediate 

Poor 

!ITRI U.S.D.A. 
A• M-2020 A= M-2020 
B • ENT-375 B • ENT-375 D • Deet D • Deet 
E • ENT-6217 H • ENT-5103 I • ENT-6484 I ., ENT-6484 
J - ENT-12142 J • ENT-12142 
F • ENI'-4262 F • ENT- 4262 H • ENI'-5103 E • ENT-6217 

IIT RESEARCH INSTITUTE 
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In h s letter of August 7, 1970 Dr. Weidhaas stated ... . ''We can see why ENT- 5~03 could be placed in the poor category. Therefore , ENT-6217 would be the only chemical placed in a di ffer ent categor y from our results ... " 

Although it would be desirable to test additional com­poLnds fr compar ative pur poses , the results substantially 1nc rease our confidence in the validity of the electronic re­cording method as a screen for mosquito repellents. 

IV. CONCLUSIONS 

The investigations sunnnarized in this report have in­cluded three main areas of research: 

a. Development of an accurate statistically-based method to evaluate mosquito repellency of test 
compounds. 

b. Testing a hypothesis that could explain the 
basic physiological mechanisms that drive 
mosquitoes to warm-blooded hosts. 

c. Testing the mosquito repellency of certain 
chemical structures that are related to the 
structure of GABA and exploring the nature of 
a repellent and the mechanism of repellency. 

The repellency test method developed in our laboratories as well as the assumptions upon which it was based have been thoroughly documented. A '~lind" comparison between this method and the standard U.S.D .. A. repellency test method showed a high degree of correspondence between the two methods. Thus it can be concluded that the electrJnic _!llethod provides a rapid and accurate appraisal of a candidate repellent. 

Experimental evidence was obtained which supports the hypothesis that when GABA combines with CO2, the resulting carbamino-GABA compound is a neurostimulator. This finding may have important implications that underlie the mechanism by which CO2 triggers host-seeking behavior of mosquitoes. The suggestion that volatil~ chemical analogues of GABA may exert repellency was supported by the evaluation of selected compounds for mosquito repellency by the elect.ronic recording method. The theoretical and methodological approaches devel­oped during the program may contribute to the elucidation of the physiological mechanisms governing the interactions of hematophagous insects and their warm-blooded hosts. 
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APPENDIX A 

REPELLENCY ASSA OF SELECTED COMPO NOS 
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