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ABSTRACT 

DEVELOPMENT OF AN ORALLY EFFECTIVE INSECT REPELLENT 

The dual objectives of ttis program are to develop insect 
repellents for topical application that are superior to and 
longer lasting than those available today and to develop i n­
sect repellents that are effective when administered orally. 

During this year the evaluation o.f compounds for mosquito 
repellency by the electronic recording method was cont~nued, 
and the results were statisticallr, analyzed in a digital com­
puter program. A new electronic 'bitometer" that facilitates 
the compi lation of lab~ratcry repellency data was utilized in 
these tests. Certain modifications were incorporated into the 
instrument to make the test data more precise. 

Work was continued on a hypothesis -- the GABA hypothesis -­
developed during the course of this work that could explain the 
physicochemical basis of a mosquito's at:traction to warm-bloodeci 
hosts. Gamma-aminobutyric acid (GABA), a substance known to 
cause inhibition in the transmission of nervous impulses across 
certain synaptic structures, was found in mosquitoes. It was 
hypothesized that the interactions of GABA with carbon dioxid ·: , 
heat, and water vapor form the basis of mosquitoes attraction 
to their hosts. Evidence supporting the hypothesis was ob­
tained from chemical studies of the interactions of GABA with 
carbon dioxide, correct predictions of chemical structures that 
on the basis of the hypothesis should repel mosquitoes, and direct 
in vivo physiological investigations, 
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FOREWORD 

This is Report No. IITRI-L60~~-16 (Annual Progress Report) on !ITRI Project L6021, entitled "Development of an Orally Ef­fective Insect Repellent." The report covers the period from Novem er 1, 1967 through October 31, 1968. 

This project is being sponsor~d by the U.S. Army Medical Research and Development Com,nand, Office of the Surgeon General, Washington, D.C. 20315, under Contract No. DA-49-193-MD-2281 -and is being conducted by IIT Resaarch Institute, Technology Center, Chicago, Illinois 60616. Previous work under this con­tract was conducted by IIT Research Institute from May 1, 1962 through October 31, 19~7. 

The project leader for this program is Mr. Philip Kashin, under the administrative supervision of Dr. E. J. Hawrylewicz. The electronic circuitry of the new mosquito "bitometer-timer" w~.s designed by Mr. Blayne Arneson. The statistical analyses of the electronically recorded repellency test data were per­formed by Mr. Merl L. Kardatzke, who also devised the comp,ter program for. determining the repellency index and the statistical confidence limits for the test compounds. Helpful suggestions and discussions for the physiological phases of the work were contributed by Dr. William F. Danforth, Biology Department, Illinois Institute of Technology. 

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

The citation of any trade names in this report does not constitute an officlal endorsement or approval of the u~e of such commercial hardware or software. 

All repellency test data are recorded in !ITRI Logbooks Cl7599 and Cl8467. The computer output s~eets also form part of our permanent records. 
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DEVELOPMENT OF AN ORALLY EFFECTIVE INSECT REPELLENT 

I. INTRODUCTION 

The objectives of this program are to develop better topi­
cal insect repellents t han those currently available, and if 
possible, to develop an insect repel :.ent that i s 1?ffective when 
administered orally. Such repe llents should affor d more uniform 
and longer-las ting protection from bi'_ es of predacious insects. 
Success in tris undertaking could r~sult in a significant re­
duction of human suffering from disease and discomfort caused 
by insect bites. 

The experimental rationale and approaches followed in the 
work during this report period were largely established in pre­
vious years (ref. 1 to 3). The research effort this year was 
essentially a continuation and consolidation of these approaches. 

Further experimental observations were made to test the 
vali ity of the ganmia-aminobutyric acid (GABA)-carbon dioxide 
(CO2) hypothesis described in previous reports (ref. 2 to 3). 
This hypothesis could explain the phy3io ogical mechanisms 
governing a mosquito's attraction to warm-blooded hosts. Re­
cently, preliminary in vivo physiological confirmation of this 
hypothesis was obtained. 

To obtain further information on the chemical structures that 
are repellent to mosquitoes, repellents that are GABA analogues 
were tested. The rationale previously presented (ref. 3) is con­
s tt·ul ted on a physiological basis. This work is directed toward 
elucidating the general electronic configurations of compounds 
that are repellent to mosquitoes. 

An instrument - - "bitometer-timer" -- was previously des-
cribed (ref. 3) that makes the electronic screening of potential 
mosquito repellents more efficient and accurate. The in st rument 
essen t ially consists of 2 digital timers and a meter re l ay. One 
timer runs continuously throughout the test period, while the 
other is actuated only when an insect bites a host. A direct and 
irranediate measure of the percentage of biting time thus becomes 
available fo L inser t ion into a computer program that yields sta­
tistical confidence limits for repellency. The circuitry of this 
instrument has been slightly modified from that previcus lr. reported 
(ref. 3). The modif ication, described herein, makes the 'bito­
meter- t imer" more sensitive and accurate. 
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II. GABA HYPOTHESIS 

A hypothesis was presented in previ us r eports (r ef . 2,3) 

that attempted to explain the neurochemical t~echanism by which 

the interaction of moisture, warmth, and CO2 could perace t 

drive a mosquito to its warm-blooded host. We proposed t hat 

gamma-aminobutyric acid (GABA), a substance t ha t is though t to 

mediate synaptic inhibition in the arthr pod cen t ral nervous 

system (ref. 4), also exists in mosquitoes; t hat i t could com­

bine with CO2 in the presence of water vapor, and that the re­

sulting GABA-CO2 complex does no t possess the synaptic inhibi­

tory power of GABA alone. The hypothesis was supported by 

showing that GABA exists in aqueous dialyzable extracts of the 

bodies (ref. 2) and the heads (ref. 3) of mosquitoes; that GABA 

does indeed combine with CO2 only in the presence of water 

vapor (ref. 2); and that the GABA-CO2 complex is extremely 

labile to heat, dissociating almost completely into GABA and 

CO2 at mammalian temperatures. 

We hypothesized that the interactions in the i nsect of GABA 

with higher than normal moistures, atmospheric CO2 oncentra­

tions, and warmth when the insect is in the vicini ty of a po~ 

tential host could cause a quickly-reversing interplay of 

activation and inhibition that could underli~ the insect's 

host-seeking behavior (ref. ),3). The quick coupling and 

uncoupling of CO2 and GABA as the host is approached could 

also prevent an adapte.t:!.on of the mosquito to CO2 as the 

host is approached, which would hinder its host-seeking be­

havior. 

Investigations undertaken during this report period were 

directed toward testing the actual physiological effects of 

GABA and GABA-CO2 complexes on insect nervous tissue. Exten­

sive experimentation and research were undertaken to find a 

suitable phys1.ological preparation t o test these eff ec t s. 

Many of these ,reparations yielded doubtful, unclear results. 

Thus, the crayfish intestine was found unsuitable becaus e i t 

was not ~timulated by glutamate (ref. 2), which £S explained 

later is important to be able to demonstrate the effects of a 

GABA-CO2 complex, and the cockroach leg-twitch experimen t (re f . 

3,5) was i nadequate due to a lack of repr oducibility and un e -

tainty in terms of the many variables that were unavoidably 

introduced from one preparation to another. 
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After further research and experimentation, a preparation 
that utilizes the isolated central nervous system of the cock­
roach, Periplaneta americana (L) was selected. The central 
nervous system of this cockroach sp~~taneously fires a cryn­
tinuous train of nervous discharges wl,en isolated from the 
animal, without any external stimuli (ref . 6). The change 
in the system's spontaneous discharge rate under the in­
fluence of the test compounds is the parameter measured. 
An increase in this rate undf!r the influence of a test com­
pound indicates stimulation, whi . e a decrease indicates in­
hibition. Both effects are largely reversed by washing the 
preparation with saline after respective treatments. Compli­
cations that arose in the use of this preparation were resolved> 
and the preparation is proving to be effective in the GABA-CO2 
study. 

One of the difficulties encountered was the fact that lowered 
pH alone could cause an increased spontaneous firing rate in the 
preparation. Since the pH of a solution is lowered when CO2 is 
bubbled into it, the effects of pH on the preparation was studied. 

We found that between pH 8.5 and 5.75, the electrical dis­
charge rate of the preparation was barelr affected. However, 
when pH 5.5 was reached, the preparations spontaneo1Js firing 
rate increased without the presence of CO2. This rate increased 
even further at lower pH. These results are shown in Figure 1~ 
through le, which are photographs of the face of the cathode ray 
tube of the oscilloscope, showing t he nerve discharges. 

Figure la shows the electrodes short circuited in saline. 
This condition is the zero or noise level. Figure lb shows the 
electrical activity of the ganglia at pH 7.5. Figure le shows 
this activity at pH 5.75. These pictures show the spontaneous 
discharge patterns produced by an unstimulated preparation. The 
pictures at pH 7.5 and 5.75 arc very s:i.milar. At pH 5.5, how­
ever, (Figure ld), a definite increase t~ th~ firing rate is ob­
served. At pH 5.0 (Figure le ) activity of the preparation is 
even further increased. All these saline solution were buffered 
at the respective pH's wich tris(hydroxymethyl)aminomethane 
acetate. 
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a. Electrodes short circuited 
(baseline).

b. Electrical discharge at pH 7.5.

c. Electrical discharge at pH 5.75.

d. Electrical discharge at pH 5.5 e. Electrical discharge at pH 5.0,

Figure 1

EFFECTS OF pH ON THE SPONTANEOUS FIRING RATE 
OF THE ISOLATED COCKROACH CENTRAL NERVOUS SYSTEM
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Thus, acidity itself affects the firing rate, even in the 
absence of CO2. However, the addition of CO2 to saline causes 
the pH of the solution to decrease to values at which the rates 
of spontaneous firing due to pH alone are exceeded. The study 
of this effect is important in establishing a baseline for the 
stimulatory effects of CO2 alone, without complications intro­
duced by pH changes. 

In order to over:come this difficulty, the CO2 is bubbled 
into a solution containing 0.05 M sodium bicarbonate (NaHC03). 
Under this condition, the pH never goes below 6.0. However, 
since this buffer concentration is too great for the salt 
balance of the saline solution, the CO2-treated buffered 
saline was always diluted 1:10 wit1 nonbuffered saline to 
give a concentration of 0.005 M NaHC03 which is well tolerated 
by the cockroach preparation. In this way, it is possible to 
bubble CO2 into saline alone, or into saline containing GABA, 
to form GABA-CO2 complexes, without exceeding the pH ~.imits 
which stimulate the preparation. 

Bicarbonate was chosen over other possible buffers because, 
by the common ion effect, bicarbonate ion in solutions n inimizes 
the hydration of molecular CO2. This i& advantageous, since 
GABA binds only molecular CO2 (ref. 7). 

Another difficulty encountered wa: choosing a time interval 
over which to count the discharges of the preparation, whether 
in control or in test situations. These discharges are counted 
using an electronic frequency counter. However, the frequency 
counters that are commercially available only allow for a 1-sec 
counting period (with 1-sec off) or a 10-sec counting period 
(with 1-sec off). The 1-sec counting period appeared to give 
erratic results from one counting interval to the next. Also, 
the actual counting time was only 50% of the total time over 
which observations were made. Though the actual counting time 
was over 90% of the total observation time with the 10-sec 
counting period, some resolution ~.,qs lost in using this long 
counting time, and slow or fast changes in the responses of 
the preparation to the treatment were masked. 

Therefore to resolve the counting time problem, a time-
switch device was constructed and put in series with the counter. 
This permitted a counting interval of 5-sec with 1 sec for re­
cycling between 5-sec cou ts. This counting period appears to 
be ideal , since actual counting proceeds for nearly 85% of the 
total observation time. The counting period is thus not too 
short, but short enough so that good resolution of the responses 
of the ganglia is retained. In all the experiments to be des­
cribed, the 5-sec counting interval ann bicarbonate-buffered 
saline were utilized. 

The experimental setup for recording discharges from the 
isolated central nervous system of the cockroach is shown in 
Figure 2. 
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The metathoracic ganglion (3rd thoracic ganglion) together with 4 abdominal ganglia are dissected from the insect. The metathoracic ganglion is hung from a platinum hook that is the recording electrode. Another small platinum wire serves as a weight for the bottom of the ganglia chain, so that it is kept in an extended condition. The 4 abdominal ganglia are immersed in saline in a 5-cc beaker or in the test solution together with a platinum gr.ound electrode, and the spontaneous discharges can be observed on the oscilloscope. (The recording electrode with the 3rd thoracic gar1glia does not enter the solution). The oscilloscope output is connected to the counter control pre­viously mentioned (to give 5-sec counts) and thence to th~ digital frequency counter (Hewlett Packard Model 5221A). 
When the solutions are tested, the supporting jack is lowered, thus leaving the cockroach preparation hanging in air. A differ­ent 5-cc beaker containing the test material is put into place. Occasionally, 0.5 cc of a test solution is put into 4.5 cc of saline to give a 1:10 dilution, as previously mentioned. In these cases, the mixture is stirred with the magnetic stirrer before the jack is raised, then the ganglia chain is replaced into the solution by raising the jack. This arrangement is simple, convenient, and quick. The preparation usually is active for many hours, and a number of experiments can be per-f rmed on a single prepAration. 

Figure 3 shows an experiment that was performed using 10-l M GAEA and makes apparent that GABA in this concentration greatly inhibits the spontaneous discharges of this preparation. With this GABA concentration, activity falls to only 17.5% of the con­trol (untreated) value. 

Figure 4 shows the effect oi 10-l M glutamate on central nerve cord of the cockroach. The stimulatory action of this substance is quite evident. Treatment with glutamate causes the spontaneous electrical discharge rate to increase to 417% of the control. 

Figure 5 shows the effect of~ J.1 M GABA-CO2 complex on the spontaneous rate of nervous discharge in this preparation. It is evident that the inhibition is considerably less, being 93% of the control value. The figure also shows that inhibition increases with time. This increase is probably due to the spontaneous r lease of CO2 from the GABA-CO2 complex, thus making more free GABA available to produce inhibition. This phenomenon i~ not observed with a 10-fold-lower GABA concen­tration (10-2 M GABA-CO2). This is probably due to the re­latively lower amount of free unassociated GABA available for exerting inhibitory effects (in terms of the absolute amount of free GABA available at equilibrium) at the lower conce·.1tra­tions. 
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Figure 6 shows the effects of various GABA concentrations on the spontaneous discharge rate of the preparation. These preliminary experiments show that GABA may be somewhat stimu­latory at conc~ntrations between 10-6 and 10-4 M, but inhibition sets in at 10- M and higher concentrations. 

Figure 7 shows the effects of various glutamate concentra­tions on the spontaneous discharge rate of the preparation. In this preliminary experiment stimulatory effects were not eviden until a glutamate concentration of 10-2 M was achieved. At 10-l M, glu~amate stimulates to ov r 400% of the control values. 
We previously described the steric relationships between glutamic ac · d, GABA-CC2, and N-acetyl GABA (ref. 3). Since GABA-CO2 bcdrs such a close chemical resemblance to glutamate, we theorized that in order to show that a GABA-CO2 complex is indeed noninhibitory, or even stimulatory, we had to ~5G a preparation that was stimulated by glutamate. Kerkert (et al, ref. 8) showed that contractions of the coxal muscle of the cockroach were stimulated by glutamate and even postulated that glutamate may be the actual excitatory transmitter in this insect. This is why we chose the isolated central nervous system of the cockroach to demonstrate the effects we were studying. The steric reJ.ationships between GABA-CO2, N-acetyl GABA, and glutamic acic are shown in Figure 8. 

I t is apparent from Figure 8 that these substances closely resemble each other. On this basis we reasoned that N-acetyl GABA may also be stimulatory to the insect's central nervous system. Figure 9 shows the effects of N-acetyl GABA at vari­ous concentrations on the spontaneous discharge rate of the .kroach preparations. The activity profile of this substance in causing an increase in spontaneous discharge is very similar t that of glutamic acid, though in these preliminary results it appears to be not quite as stimulatory. 

Thus a substance that is substituted in the same position in he GABA molecule (at the amino group position) as the CO2 in the GABA-CO2 complex, is not inhibitory. This result was c rrect ly predi cted on the basis of ' the hypothesis . 
Figure 10 shows the effects on the discharge rates of ari­ous con entrations of GABA-CO2 and CO2 alone. These preliminary results show that a GABA-CO2 complex at 10-3 M GABA is stimula­tory. On the other hand, a GABA-CO2 complex at 10-2 M GABA is more stimulatory than the GABA-CO2 10-J M. GABA-CO2 10-l M showed inhibition, probably for the reasons previously discus­sed. 
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Figure 11 shows essentially these same results in another preparation. Here the inhibitory power of free GABA can be directly compared to the stimulatory power of GABA-CO2 com­plexes. ~gain it is apparent that a concentration of free GABA (10- M) that ordinarily causes a greater inhibition than GABA-10-3 M, ij actually more stimulatory when
1

combined with CO2 than a 10- M GABA solution. GABA-CO2 10- M again shows inhibition, though it is more inhibitory in the absence of CO2 than in its presence. 

More experimentation is needed to confirm and further study the s e r esults. If these same trends continue to be observed, they will show that a GABA-CO2 complex is excitatory. Then, a unified concept may emerge that describes the mechanisms by which water vapor, CO2, and warmth emanating from a potential host interact with the nervous system of a mosquito to guide the insect's host-seeking and attack behavior. 

Ill. CIRCUIT MODIFICATIONS OF NEW "BI.TOMETER-TIMER" 

In the previous annual report (ref. 3), detailed descriptions of the circuitry and use of a new electronic "bitometer-timer" were presented. This instrument yields a direct readout on elec­tronic digital counters for the total time of the repellency test and the total time during which mosquitoes bite a host mouse. These time parameters are important for assessing the repellency of test compounds utilizing the statistical and computerized methods developed (ref. 3). 

In utilizing the "bitometer-timer," it became obvious that re­lay arcing was causing a problem in the circuit=y. Relay arcing caused a slight but definite delay in the turnon point of the bite-time timer when biting began, and a similar delay (hysteresis) in the turnoff point of this timer when biting stopped. This dif­ficulty wa ~ overcome with the circuitry modifications described below. The bite-time timer now switches on and off at precisely the preset desired point, and the entire apparatus is exceptionally stable for an electronic instrument of this sensitivity. No ex­ternal shielding is required since AC components are internally bypassed. Only the modified circuitry is included in this report (Figure 12, 13) and should be substituted for Figures 6 and 7 (pp. 36 and 37) in our previous annual report (ref. 3). 
Figure 12 shows the modified circuitry of the power supply and timer circuit. 
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In this modification, relay RY-2 becomes energized when 
a mosquito (or mosquitoes ) complete the circuit. The closing 
of the relay triggers the silicone-controlled triac switch 
(General Electric type SC40D) that starts timer T2, and t he 
total bite time is record~d. Thus, the bite-time timer is 
energized by a silicone-controlled switch instead of di re tly 
by the relay. This modification effectively stopped the 
arcing problems, and the timer now responds in s ':an taneous ly 
to the mosquito bites. This modification has tremendously 
improved the sensitivity and precision of the instrument. 
The field-effect voltmeter circuit (Figure 13) was also 
modified. A diode (IN4 735) and a capacitor (. 005 ~L fd) 
were inserted in the circuit of the field-effect transistor 
t o protect it against accidental damage. 

A methodologica l change was a l so introduced, in that 
stainless steel screens in s tead of bronze screens are now 
used i n the electronic method. Stainless steel gives more 
uniform control values than bronze and is eas ier to clean. 
Also there is no possibility of the formation of copper sul­
fate (CuS04) or copper chloride (CuC12) on the mesh, which 
has been reported to inhibit the mosquitoes from biting through 
the mesh. The mesh is placed under the lid of a 1-pt ice cream 
container with the electrode protruding as shown in Figure 14a 
and 14b. A 1-sq in. hole is cut in the center of the lid to 
expose the treated area of the mouse to ·.r:cs qui toes and mask 
the untr eated areas. 

IV . TESTS OF REPELLENTS 

In our previous annual report (ref. 3) a rationale was pr£ ­
sented by which chemical compounds meeting certain .riteria 
were selected t o be tested as repellents. These compounds wer e 
chosen because they bore certain relationships t o the GABA mo l e­
cule in terms of electronic distributions. In general c. mp unds 
that have within th~ir molecules at least one electrophi l i 
( e l ectron-spa cse) and one nuc leophilic (e lectron-dense) e t r 
appear t o be repe llent to mosquitoes. GABA has one nucleophilic 
group (amino) and )ne electrophilic group (carboxyl). 
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a. Top Side

b. Under Side

Figure 14

PLACEMENT OF WIRE MESH INSIDE CONTAINER LID
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It was hypothesized that compounds that are volatile 
analogues of GABA exert repellency by upsetting the "inhibition­
activation balance" (ref. 2), possibly mimicking the inhibitory 
effects of GABA as the mosquito approaches a host. Many sub­
stances that were selected on this basis for repellency testing 
were foun~ to be significantly repellent at low levels compared 
to parallel controls . This work was continued during this year, 
and the general approaches again appear to be substantially 
correct. 

Table 1 shows the coded computer listing with the corres­
ponding names and structures of compounds tested for repellency. 
Table 2 shows control data for the repellency tests, and Table 3 
shows the repellency test data derived from the computer print­
out. The number labeled "upper bound" is the confidence level. 
An upper bound 100 is the 95% confidence limit. Numbers for the 
upper bound less than 100 indicate that the substance is signi­
ficantly repellent at the 95% confidence level. The magnitude 
of the number indicates by what margin the 95% level of signifi­
cance is proven for the repellency of a compound. A very low 
number indicates that the compound has better proof of repel­
lency than a high number, although both are significant at the 
95% level if both numbers are less than 100. Numberr above 
100 for the upper bound indicate that the compound is not signi­
ficantly different from the controls at the 95% level of con­
ridence. This s tatistic thus permits a comparative ranking of 
compounds by their level of significance in terms of repellency . 
Uncertainties concerning the extremes of the distribution are 
ameliorated by this approach. A full description of the sta­
tistical methods and computer program is available (ref. 3). 

Unless otherwise stated, all the following tests were done 
using the stainless steel meshes. All the data are in Table 3. 

The compound m-diethyltoluamide (DEET) taken as a standard 
shows repellency at a high level of confidence (i.e., has a 
low upper bound) at O .1 mg/sq in. of mouse skin, but is not 
significantly repellent at 0.01 mg/sq in. 

4-Diethylamino-1-butanol and 4-dimethylamino-l-butanol are 
both about equally repellent and show significant repellency 
at 0.1 mg/sq in. The upper bound, however, shows that neither 
of these substances are as repellent as DEET at equal concen­
trations. N,N,-dibutyl formamide also shows repellency at 1.0 
and at 0.1 mg/sq in., though again the upper bound at each of 
these concentrations is not as low as that for DEET. All three 
of the compounds mentioned above can be shown to have nucleophilic 
and electrophilic moieties in a single molecule. 
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Table 1 

COMPUTER LISTING CORRESPONDING TO THE TEST COMPOUNDS 

Computer Listing 

DEE:T 

4-DEA-l-BUTANOL 

4-DMA-l-BUTANOL 

N,NDIBUTYLFORMAM 

l-NH2-GLYCEROL 

4-AM-BUTANOL 

2AMBENZALD 

2AMBENZALD(BRONZ) 

ETNOLPROPNOLAMINE 

NIKETHAMIDE 

Compound Name and Formula 

M-di~thyltoluamide 

(]_g_N(C2H5)2 

4-Diethylamino-1-butanol 
(C2H5) 2N(CH2) 3ctt20H 

4-Dimethylamino-1-butanol 
(CH3) 2N(CH2) 3ctt20H 

N,N-dibutylformamide 
(C4H9) 2NCHO 

1-Aminoglycerol 
NH2-(CHOH) 2cH20H 

4- minobutanol 
NH2(cH2) 3cH20H 

2-Aminobenzaldehyde 

ONH2 

CHO 

Same as above with bronze mesh 

Ethanolpr opanolamine 
CH2(0H)CH2NHCH2CH2CH2 (0H) 

Nikethamide 
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Computer Listing 

BENZALDEHYDE 

ANILINE 

NICOTINALDEHYDE 

Table 1 (cont.) 

Compound Name and Formula 
Benzaldehyde 

CHO 

0 
Aniline 

0 
Nicotinaldehyde 

35 



Table 2 

CONTROL DATA FOR REPELLENCY 'T'ESTS 

REPELLENCY OF COMPOUNDS CONTRASTED WITH CONTROL VALUES 

---------- -- --------- ---------- ---- ------- ------
CONCENTRATION MOSQUITOES TIME wJEGHTED 

COMPOUND NAME ON MOUSE ENGORGED DISPLACED REPELLENCY PERCENT OF 
(MG/SO.INCH) (PCT) (PCT> INDEX CONTROLS 

-------- ------ ---------- ----- ----- -------- -----
CONTROL 

-0.00000 77.50 80.47 157.97 
-0~00000 70. 8 3 73.08 143.91 
-0.00000 38.24 9b.73 134.97 
-0.00000 62.75 35.8~ 9A.59 
-0.00000 35.85 41.!>8 77.43 
-0.00000 47.17 51.20 98.37 
-0.00000 70.73 75.67 l4b.40 
-0.00000 34.78 79.41 114.20 
-0.00000 39.22 79.30 118.52 
-0.00000 19.23 60.33 79.56 

-0.00000 32.69 56.37 89.06 
-0.00000 39.39 65.18 104.57 

-0.00000 32.73 50.17 82.89 

-0.00000 50.00 92.63 142.63 
-0.00000 51.28 84.33 135.62 
-0.00000 24.53 49.7!> 74.28 

-0.00000 38.78 42.21 80.98 

-0.00000 77.78 35.55 113.32 

-0.00000 26.92 77.18 104.10 

-0.00000 36.00 75.91 111.91 
-0.00000 37.50 63.10 100.60 

-0.00000 61.76 61.09 122.85 

-0.00000 ,:.oo 65.37 107.37 
-0.00000 47.06 86.35 133.41 

-0.00000 77.36 77.93 i~5.29 

-0.00000 23.53 90.31 113.84 

-0.00000 53.06 70.67 123.73 

-0.00000 l!>.09 28.07 43.J.7 

-0.00000 56.00 52.87 108.fJ7 

-0.00000 85.71 73.2H 159.00 

-0.00000 90.38 90.20 180.58 

-0.00000 74.47 80.27 154.73 

-0.00000 40.43 ·n.83 114.26 

-0.00000 20.75 33.20 53.95 

-0.00000 67.35 78.05 145.40 

-0.00000 48.15 85.65 133.80 

-0.00000 23.08 66.13 89.21 

-0.00000 61.70 66.45 128.15 

-0.00000 34.04 71.78 105.82 

-0.00000 20.00 45.70 65.70 

-0.00000 38.30 83.81 122.11 

-0.00000 80.43 'ilA.34 178.77 

-0.00000 54.55 92.5b 147.10 

- 0 .00000 65.96 12. 75 138.71 
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Table 2 (cont.) 

REPELLENCY OF COMPOUNDS CONTRASTED WITH CONTROL VAL UE. 5 

---------- -- --------- ---------- ---- ------- ------
CONCENTRATION MOSQUITOES TIME ~IEGt-tTED 

COMPOUNO NAME ON MOUSE ENGORGED DISPLACED REPELLENCY Pf'RCENT OF ' 
CMG/50.INCHl (PCT> <PCT> l~DEX CONTROLS 

. -------- ------ ---------- ----- -------- -----
-0.00000 11.00 91.53 lb8.bl 
-0.00000 25.00 63.62 88.62 
-0.00000 85.00 9b.l7 181.17 

' -0.00000 95.56 78.17 l 73. 72 
-0.00000 55.56 70.32 125.87 
-0.00000 95.24 75.30 170.54 
-0.00000 93.55 97.34 190.89 
-0.00000 86.67 74.23 160.90 
-0.00000 75.47 93.95 lb9.42 
-0.00000 41.51 80.'53 122.04 
-0.00000 63.04 95.77 158.81 
-0.00000 87.18 93.06 180.24 
-0.00000 97.06 53.54 150 .60 
-0.00000 94.'59 99.84 194. '•3 
-0.00000 31 .43 12.96 44.39 
-0.00000 48.84 81.40 130.24 
-0.00000 32.t>5 41.95 74.61 
-0.00000 12.00 76.67 148.b7 
-0.00000 54.35 41_;.99 100.34 
-0.00000 44.68 05.65 110 ,.33 
-0. 00000 44.19 28.90 73.09 
-0.00000 58.70 30.30 88.99 
-0.00000 65.85 96.04 161.89 
-0.00000 32.08 81.13 l 13.21 
-0.00000 64.00 61.09 125.09 
-0.00000 24.44 39.00 63.44 
-0.00000 21.05 60.83 81.89 
-0.00000 59.52 03.37 122.89 
-0.00000 42.6!> 92.87 135.51 I 

-0.00000 46.00 44.49 90.49 
-0.00000 13. 73 22.92 3b.65 
-0.00000 56.86 83.43 140.30 
-0.00000 b2.26 97. 77 U,0.03 
-0.00000 3.70 19.36 23.06 
-0.00000 25.00 49.47 74.47 
- 0 .00000 28.00 48.80 76.80 
- 0 .00000 39.62 80.23 119.85 
- 0 .00000 51.0b 44.39 9'5.45 
- 0 .00000 41.51 45.67 87.18 
- 0 .00000 27.45 66.59 94.04 
- 0 .00000 32.00 41.57 73.'57 
-0.00000 35.19 35. 73 70.92 
-0.00000 35.29 b2.42 97. 71 

CONTRO:.. -0.00000 50 . 48 bb.61 111.oq 100.0 
22.bl 21.52 38.17 108.0lUPPER BOUND 
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Another compound w.is _ested that possesses nucleophilic 
and electrophilic constituents on a single molecule, namely 
1-aminoglycerol. This compound, however, showed no repel-
lency at any concentration tested, up to 5.0 mg/cc. How-
ever, a test of 3-amino-1-propanol that was previously re­
ported (ref. 3), showed significant repellency at 1.0 mg/sq 
in. 1-Arninoglycerol contains one nucleophilic group (amino) 
and three electrophilic (hydroxyl) groups in close proximity. 
3-Arnino-1-propanol on the other hand contains only one nucleo­
philic (amino) and one electrophilic (hydroxyl) group. Perhaps 
relative nucleophilicity and electrophilicity in a molecule is 
also important in determining repellency, and a ratio as high 
as 3 of the electrophilic/nucleophilic groups in a compound 
vitiates repellency. 

4-Arni nobutanol was tested and showed significant repellency 
at 1.0 mg/sq in. but not at 0.1 mg/sq in. These results sub­
stantially agree with those previously reported for amino 
alcohols when the bronze mesh was used (ref. 2,3). 

The compound 2-aminobenzaldehyde shows significant repel­
lency at 1.0 and 0.1 mg/sq in. with the stainless steel mesh, 
but also shows repellency at 0.01 mg/sq in. with the bronze 
mesh. The upper bound at each concentration is lower when 
using bronze mesh than when using stainless steel mesh, which 
could reflect the presence of copper sulfate or copper chloride 
on the mesh surface, which may inhibit biting. 

Ethanolpropanolamine was shown to be repellent at 1.0 mg/cc 
and 0.1 mg/cc at a fairly high level of the upper bound (54.3 
and 71.9, respectively). This compound contains a hydroxyl 
group at each end of a six-member chain, with an amino group 
at position 3. Thus, the GABA-type conformation is essentially 
retained. 

On the other hand, King (ref. 9) reported that 1,6 hexanediol 
is not repellent. We previously noted (ref. 3) that dihydroxy com­
pounds where the two hydroxyl groups are in equivalent chemical 
environments are not repellent, whereas dihydroxy compounds where 
the hydroxyl groups are not in equivalent environments, such as 
in Rutgers 612 or 2,2,4 trimethylpentane-1,3-diol (TMPD), do show 
considerable repelJ.ency. We interpreted these findings in terms 
of the differences in the relative nucleophilicity and electro­
philicity conferred upon the hydroxyls by the differing chemical 
environments in which they are located. The end ~vdroxyl group 
is much more acidic (i.e. less nucleophilic; has gr ~ater ability 
to lose a proton) than the one in the middle This is due to 
the greater electron input to the mid-position hydroxyl group 
from the rest of the molecule, thus intensifying its nucleo­
philicity and diminishing the probability of proton escape. 
It is well known that primary alcohols are more acidic t han 
secondary or t ertiary alcohols. 
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In the case of ethanolpropanolamine, the two end hydroxyls 

are in relatively equivalent environments, but an amino group 

is substituted by carbon-3. Thus a potent nucleophile is 

introduced into the molecule, and is "sandwiched" between 

2 electrophiles {hydroxyl groups). This molecule exhibits 

good repellency. 

We recently found nikethamide to be significantly repellent 

tom squitoes at a concentration of 1.0 and 0.1 mg/sq in. Cheml ­

ally, nikethamide is N,N-diethylnicotinamide (a derivative of 

nic tinic acid) and has the following structural formula: 

The similarity in structure between this comp und, DEET, and 

diet·hylbenzamide is striking. This drug is used therapeutically 

as a respiratory stimulant. The human oral, i.v. or i.m., dose 

is 1 t· , 5 cc f a 25% solution (ref. 10) . The oral LO in rabbi ts 

is 6~0 mg/kg (ref. 10). 

Sin ;e the pharmacological and toxicological properties of 

nikethamide have already been defined, and it has already been 

orally administered t0 humans, it may be possible to test the 

effectiveness of t his drug as an oral repellent in human volun­

teers. We have c ·,rn.-nuni ated with Dr. Howard I. Maibach in this 

regard, and h has agreed to test this compound in vo lunteers. 

The results )f th •~e studies will be reported when available. 

The dr.ug exerts its effects by increasing the sensitivity 

f the r e spirat:,Jry .enter to COz (ref. 11) . This las t fact 

suggests special impli ations in terms of the possibl me ha­

nism cf repell nr a tion of the DEET type. It is possibl that 

t he receptor sites f or CO2 in the insect nervous system may be 

similarly affected and the delicate inhibiticn-activation balanc 

may be ups et as the insect approaches its host (ref. 2). Thes 

reas will be furth r explored by monitoring the effects of c ,·,m­

p unds resembling DEET and GABA, with anc without the presence 

f CO2, on the sp. . aneous firing rate of' the isolated central 

nerve cord of the '1 kroach. 
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I 

Other substances tested were benzaldehyde and ani l ine. Wit.h these substances we were able t o test the repel l ent e f fe . t s o the nucleophilic amin o group of aniline or th1 electr ophili aldehyde group of benzaldehyde alone on the benzene rin g . Neither of these substances show significant repe llency when either the nucleophilic or the electrophilic group alone i s present on the ring. When both groups are pres ent simultan eously , as i n 2-aminobenzaldehyde, significant repellency at l ow l eve ls of application can be demonstrated (Table 3). 

Nicotinaldehyde was also tested for repellency . In this cas e a pyridine ring is substituted at the meta pos ition with an aldehyde group. No significant repellency is s een at 1.0 mg/sq in. These results are s imilar to those of benzaldehyde, although the upper bound for nicotinaldehyde is lower. The nitrogen in the pyridine nucleus is apparently not sufficiently exposed to express its nucleophilic properties to the same ex-t ent that the aldehyde moiety expresses its electrophilic pro­per ties. Again the balance in relative nucleophilicity and e l ectroplicity in the same molecule may not have been achieved, and repellency is not evident. 

The formation of a very potent repe l lent was noted when 4-amin obutyraldehyde diethylacetal (ref. 2,3) was hydro lyzed in ac id solution, then neutralized. We presume that the active ~~)mpotmd in this mixture is the free 4-aminobu tyraldehyde; h wever no evidence for this assumption is available. Pre­liminary attempts to extract the repellent substance have been unsu ~ce ssful so far. Under industrial sponsorship (S. C. J ohnson and Son, Inc.) the- organic chemists at IITRI are cur-r· n t l y atrempting to synthesize, extrac -, and purify thi s re~ pel l en r s 11bs tan ce, and results will be reported when available. 
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V. SUMMARY AND DISCUSSION 

A. GABA Hypu~si§_ 

A detailed expositi ~·n on the GABA hypothesis has been pre ­sented (ref. 2). Briefly, the hypothesis states that GABA, a substance kn own to inhih.i L thE.· transmission of impulses across c ~ustacean synapses and found exclusively in association with the nervous tissue of man y mammalian and nonmammalian species, ma_y also intermediate s yndjJtic inhibition in a mosquito. We pr<•posed that GABA combines with CO2 and that the resulting GABA-CO2 complex is a stimulant rat'fier than a synaptic inhi­bitor as GABA is al one. Then· fore in the vicinity of a po­tcnt .ial hl)St, when~ the CO2 content is increased above the normal a .mospheric CO2 c.ontent, the mosquito is activated. This activation is hypo thesized to underlie the host-seeking hehavh1t· of mosquitoes. GABA is thecefore proposed to be the actual CO2 receptor substance in nervous tissues of mosquitoes that eventually guides the mosquito to its host. 

Eviden~e to support this hypothesis was obtained when we observed that GABA exists in aqueous dialyzable extracts of mosquitoes, that GABA binds CO2 in aqueous solution or as a dr y d .pl1sit in the presence of m0isture, and that the GABA-CO2 com .. pl ex is easily destroyed .by heat. Th~ complex is rapidly dis ~ sol·.iated as the temperature approaches that of a warm-blooded animal. We recrn1tly obtained physiological evidence that a GABA­CO2 complex docs riot inhibit nervous transmission, but appears t , s imu 1 ate it . 

R. Repellent Designs 

On the basis of the. GABA hypothesis, we reasoned that v d at.I le analflgues of GABA may repel mosquitoes by neutralizing t:ht-"' stimulatory effects of CO2 emanating frurn a host, · i.e., by 
l'.au s ing neuroinhibi tlon, and loss of host n~cognition. Our understanding of the problem was subsequently broadened from ohse rvlng that certain well-known mosquit0 r epellents such as DEET and rrutgers 612 are not structurally related to GABA, but. that th~se compounds contain within their molecules certain nuc h•nphi 1 ic and e lectrophi lie relationships ( r t>f . 3) that: we1.· 1, c11rrelated with the electronic configurations of GABA. We sub­sequently propused that the electconic configuration within a molecule (rather than its chemical constitution) coupled with its ab:ility to be volatilized under ordinary L:onditions deter­minPs its repellent properties. 
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Investigations were subsequently undertaken to t est this 
proposition, and most of the accumulated experimental evidence 
supported these predictions. Substances, such as the presumed 
gamma-aminobutyraldehyde, o-aminobenzaldehyde, many substituted 
aminoaldehydes, amino-alcohols, and unsaturated alcohols (e.g., 
3-butene-2-ol, ref. 3), that contain at least one nucleophilic 
and one electrophilic center within one molecule were essentially 
repellent to mosquitoes. 

Further investigations conducted during this year using im­
proved methods have confirmed the repellency of certain com­
pounds previously tested and have shown that this approach in 
terms of electronic requirements for repellents continues to 
be valid. Thus, substances such as N,N-dibutylformamide, 
nikethamide, and ethanolpropanolamine show significant repel­
lency at 1.0 or 0.1 mg/sq in. of mouse skin, while substances 
such as aniline, benzaldehyde, and nicotinaldehyde, which do 
not have within their molecules these elect~onic relation­
s hips, are nonrepellent. Therefore a rational basis in the 
search for potent, long-lasting repellents has been proposed, 
an t he experimental findings continue to support the correct­
ne s of this approach. 

C. Repellency Assay 

The electronic method developed in the IITRI laboratories 
that detects and records the mosquito bite and permits the 
visualization of every phase of the mosquito bite, has been 
fully des cribed in past reports (ref. 1) and publications (ref. 
12 to 17). In applying this method to repellency bioassay, a 
statistical discriminant-function analysis showed that only two 
parameters are necessary to achieve a good separation of con­
trol (untreated) from test (repellent-treated) mice. The para­
meters are (1) the percentage of time that the recording styles 
is displaced in the electronic recording during the 30-min test 
period (P), and (2) the percentage of mosquitoes out of approxi­
mately 50 mosquitoes employed in each test that engorge blood 
(E). 

A specialized digital computer program was written that com­
pares test cases t o parallel control cases and utlimately yields 
confidence limits (upper bounds) for the tests in terms of the 
controls. These comparisons are made on a daily basis, since 
analysis of variance has shown that the day on which a given 
test is performed contributes significantly to variations in 
the ,:ontrols, and pre s umably also to variations in the tests. 
The computer program compares results obtained on the same day 
from controls as from test animals to derive statistical tests 
of significance. 
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Compounds can be ranked for repellent effica y as a 
funct ion of concentration, and the value uf the u per bound. 
Ther f r e , an accurate, sensitive, and efficicn t m,=an s for the 
assay of r epellents was developed by this appli cation of sta­
tistical principles and the utilization nf an electronic r e~ 
cn rding apparatus. 

An w apparatus recently designed and built in the !ITRI 
lab r.atorie s gives a direc t readout for the bite time, wh ch 
i s the nly pa rameter needed from the electronic recorder in 
th hi0assay melhod. The apparatus consists essentially of 
two e l ectr onic digital timers and a me ter relay, all of which 
are actuated by solid-state circuitry. One timing met-=· is 
a ·tuated only when the mosquitoes bite, and the other t~ming 
meter runs continuously during the test. All the pertinent 
e l ctronic data are thus obtained in a very simple way. This 
new instrument permits the total bite time to be read directly 
from m,e timing meter and the total time of the test fr om the 
o ther. After the data are rec0rded, a reset button is pushed 
and the apparatus is ready for the next test . 

.Yl! FUTURE INVESTIGATIONS 

The approaches described above and detailed in previous 
rep r t s will be continued in future work. We anticipate that 
the fu tu • work program may encompass the following areas of 
inves t:iga t i on. 

A. Fur:th r Evaluati ,n of Our Repellency Testing Methog_ 

I n view of the observations by Gouck and Smith ( re f. 18) 
chal mosquito age and time of day influences the biting rate 
l f l ow-l evel repellent treated subjects, we have desi gned a 
·ompreh•~s i ve s atistical plan to test this effect, as well 
as s ,me other pl1 ssible ef fe s in our repellency assay method. 
This exp , . imental design will allow f or. independent analysis of 
ti-.~ full >wing: 

1. A reevaluation of our previous findings of 
day-t,-day varia tions in contr o l tests (day 
effect). 

2. A compari son with the result of Gouck and 
Smi t h (re f. 18 ) sh(lwing the .ffect of mos­
quitn age and time of day or, avidity in the 
presence of l ow.-leve l repe ll ent treatment. 
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3. The consistency of the responses among the 
three "bitometer-timers" we use in our 
testing procedures. 

4. The influence of tl:.e actual number of mos­
quitoes in the test upon the test results. 

5. The possibility of variations among differ­
ent batches of mosquitoes. 

The test is arranged with 14 days of testing, not neces­
sarily consecutive. Each test day will consist of 4 sets, 2 
in the morning and 2 in the afternoon. Each set will utilize 
2 repellent treated mice and 1 untreated control. Each set 
will also consist of 2 different ages of mosquitoes run in 
parallel at different times of day on the 3 available meters. 
Sixteen separate batches of mosquitoes will be utilized to pro­
vide mosquitoes of ages 2, 4, 6, 8, 10, 12, 14, and 16 days of 
age in a randomized block design. The complete design calls 
for 56 untreated controls and 112 repellent treated tests, and 
the results will be evaluated for the test and control obser­
vations. This experiment will supply a comprehensive basis 
for future evaluations or applications to mass screening of 
repel le11 ts. 

B. Search for New Repellents 

The search for new repellents based on specific demands in 
t e rms of molecular and electronic configurations of candidate 
r epellents will continue. Commercially available materials 
will be obtained for testing, whenever possible, if they appear 
ti-, fit the struclural requirements. If certain promising struc­
tures are unavailable commercially, we will consult our organic 
chemists about the synthesis and the purification of these com­
pounds. 

C. Purification ar.d Characterization of Hydrolysis Products 
of 4-Aminobu t yraldehyde Diethylacetal 

Our experimen t s have shown that when the diethylacetal of 
4-aminobutyraldehyde is hydrolyzed with acid and neutralized, 
the resultant product is a potent mosquito repellent. We pre­
sumed that the ac tive substance in the hydrolysis mixture is 4-
aminobutyraldehyde. At present we have no evidence to support 
this assumption. Under industrial sponsorship (S. C. Johnson 
and Son, Inc.) the organic chemistry sec~ion is now attempting 
to purify and characterize the active r ~pellent substance in 
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this mixture. The fractionation will be followed with bioassay 
for repellency at each steo to observe the partitioning of the repellent activity. 

D. Further Verification of G~BA Hypothesis 

Investigations will continue to further establish the 
validity of the GABA hypothesis in physiological systems. 
The encouraging positive results thus far obtained with the cockroach (Periplaneta americana) preparation described will be further substantiated. The effect of repellents on this preparation wil l also be studied. 

The distribution of GABA in mosquitoes will be further investigated. The actual site(s) of GAB A synthesis in tis-sue sections of nervous tissue can be hi s t ologically locali?.ed by a method recently made available (ref. 19). The method makes use of the reduction of a tetrazolium salt t o insoluble formazan in the course of the metabolic pathway by which GABA is converted to succinic acid. To apply this histochemical method to the determination of the sites of GABA metabolism 
in mosquitoes, cold sectioning of mosquitoes will be performed, and the histochemical method will be applied. Studies will be conduc t ed to localize the neural tissue in the mosquito in 
which GABA is synthesized, and attempts will be made to insert microelectrodes into the tissue in order to study the action potentials of the nerve fibers i.n the absen ce and the presence f mosquito- r epellent vapors and COz. We may thus be able 
t o demonstra e whether repellents cause neuroinhibition and whether CO2 will evoke neural activity in these structures. 

E. Maintenance of Mosguito Colony 

Our col ony of Aedes aegy!ti (L) mosr1uitoes and Periplaneta americana (L) cockroaches wi 1 continul~ to be bred and main­
t ain ed for purposes of our research throughout the course of t his work. 
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VII. CONCLUSIONS 

Our investigations to date have included 3 areas of re­
search: 

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

2 . Developing accurate statistically-based 
methods to evaluate mosquito repellency 
of test compounds. These methods employ 
a device that electronically records, and 
thus unequivocally documents the mosquito 
bite. 

3. Testing the mosquito repellency of certain 
chemical structures that are related to the 
structure of GABA and exploring the mechanism 
of repellency. This work is directed toward 
obtaining a rationale to guide the discovery 
of more potent and longer-lasting repellents 
than those currently available. 

We plan to continue using the unique theoretical and 
methodol ogical approaches developed during the course of this 
work. The a : tempt to elucidate the basic physiological mecha­
nisms govern .·.ng the interactions of mosquitoes with their warm­
blooded host5, and the logical approaches to the development 
of new insect repellents engendered during this work appear 
tn b( bearing fruitful results. Continuati n of this effort 
should substantially contribute to ultimate success in the 
impor tant endeavor to achieve superior repellent5 for systemic 
Pr t opica l us e. 
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