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McCABE, J T , D BITRAN AND S F LEIBOWITZ Amphetamine-reduced anorexta Analysts w~th hypothalamtc 
lesions and kmfe cuts PHARMACOL BIOCHEM BEHAV 24(4) 1047-1056, 1986 --The present study examined the hypoth- 
eses that the midlateral penforntcal region of the hypothalamus (PFH), at the level of the ventromedml nucleus, plays a 
crucial role m amphetamine (AMPH)-mduced anorexia and that mediating fibers ascending to this brain region follow a 
m~dlateral course through the caudal hypothalamus Electrolytic lesions that destroyed the PFH region attenuated the 
feedmg suppression mduced by mtrapentoneal admmistration of AMPH Lesions placed anterior, dorsal, or medial to this 
region, m contrast, did not decrease AMPH's effect The medially-placed paraventncular nucleus lesion, in fact, enhanced 
drug response Midlateral coronal wire-knife cuts m the caudal hypothalamus also attenuated AMPH anorexia The crucial 
m~dlateral caudal hypothalamtc cut also disrupted anorexia reduced by d~rect rejection of AMPH into the PFH area The 
results obtained from the lesion data support the hypothesis that the PFH region ts essential to AMPH's suppressive effect 
upon feeding, and the KC data suggest that cruoal catecholamme fibers mediating this drug response ascend specifically 
through the mtdlateral portion of the hypothalamus 
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RESEARCH conducted to date has provided some evidence 
that the well-known anorect~c effect of  amphetamine 
(AMPH) ~s mediated, at least m part, by hypothalam~c cate- 
cholamlnerg~c mechamsms Booth [7] first demonstrated 
that hypothalam~c rejections of  AMPH suppress feeding. 
Leibow~tz has utd~zed the central rejection techmque to 
more precisely determine the anatomical s~te where central 
injection of AMPH most effectively mh~b~ts feeding in hun- 
gry rats [3~,38] Direct mject~on to the penformcal lateral 
hypothalamus (PFH), specifically at the level of  the ven- 
tromedtal nucleus, ~nduced the greatest anorect~c response. 
Injections to many other hypothalamic s~tes, as well as 
extra-hypothalamic s~tes, were relatively ineffective Addi- 
tionally, central mject~ons of catecholam~ne antagomsts to 
the PFH area were found to rehably block anorexia induced 
by penformcal AMPH mject~ons, as well as by peripherally 
injected AMPH [35,38] 

Consistent w~th the hypothesis that AMPH acts through 
hypothalam~c mechanisms are the findings of hypothalamic 
lesion studies These studies have demonstrated that le- 
s~ons m the lateral hypothalamus (LH), which damage the 

medial forebrain bundle, attenuate or abohsh the anorecttc 
effect of peripherally administered AMPH [6, 12, 23, 50]. In 
some cases, LH les~oned cats and rats have actually been 
found to increase their feeding m response to AMPH mjec- 
t~on [56,60]. In contrast to the effect of  LH les~ons, ammals 
sustaining damage to other hypothalam~c regions, including 
the ventromed~al hypothalam~c area or anterior hypothala- 
mus, are reported to have an enhanced anorect~c response to 
AMPH [14, 20, 46, 48, 55]. 

In the present study, a more detaded analys~s of the im- 
pact of hypothalam~c mampulat~ons on AMPH's  anorect~c 
action was conducted. Of particular interest was the m~dlat- 
erai PFH area, which as compared w~th the lateral and far- 
lateral hypothalam~c areas was found to be maximally sensi- 
tive to AMPH's  anorexigemc effect [34] We therefore fo- 
cused our les~ons on th~s area, which left intact the lateral 
port~on of the medial forebra~n bundle, and contrasted the 
effects of these les~ons w~th those of les~ons to the paraven- 
tncular nucleus (PVN), a medial area that mediates an op- 
posite effect on feeding, namely, alpha-adrenerg~c stimula- 
tion of food retake [36,42] In addition, coronal w~re-knife 
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cuts (KCs), which produce greater damage to fibers whde 
sparing local cell bodies, were used to examine potential 
projection routes taken by axons mediating AMPH anorexia 
Cuts through the medial and m~dlateral hypothalamus, at the 
caudal hypothalamlc level, were investigated In these 
studies, feeding suppression was ~nduced by tntrapentoneal 
as well as PFH ~njecuons of AMPH. For comparison, 
fenfluramme (FENF), an anorect~c drug which appears to 
act through the release of serotomn 124], was also stud~ed 

The results of these experiments, presented in prehmt- 
nary form at the 10th annual meeting of the Society for Neu- 
rosctence [431, provide evidence to suggest that AMPH 
anorexia is mediated, at least tn part, by the pertformcal 
region of the hypothalamus Les~ons or KCs specifically ~n 
th~s area, as opposed to ~n more medial, dorsal, and 
anterolateral hypothalam~c s~tes, abohshed anorexia ~nduced 
by peripheral and central AMPH adm~mstrat~on In contrast. 
none of these les~ons or KCs affected anorexia produced by 
peripherally injected FENF 

EXPERIMENT I 

In the first experiment, dose-response studies were 
undertaken w~th mtraperltoneai AMPH and FENF mjec- 
ttons These tests were conducted in order to determine the 
optimal dose for the planned les~on experiments, t e . a dose 
that produces a stable but only partml feeding suppression 
under the specific conditions of our experimental paradigm 

M E T H O D  

SIibj(,cIs 
Male, Sprague-Dawley rats (350 g Charles R~ver) were 

~ndlv~dually housed m wire-mesh cages, and maintained on a 
12 12 hr hght (0700 hr) dark (1900 hr) cycle Except on test 
days (every other day), ammals always had access to a 
sweetened mdk-mash d~et (25 g powdered Purina rat chow 
25 g granulated sugar 20 g Carnation brand evaporated 
mdk), and water was available ad hb Tests were conducted 
~n the m~dafternoon (14 00-16"00 hr) 

Test Pro( edure 

Ammals tn the AMPH dose-response study (n=5) re- 
ceived ~ntrapentoneal ~nject~ons of normal saline (1 ml/kg) or 
0.25, 0 50, I 0, or 2.0 mg/kg/ml of d-amphetamine sulfate 
(Smith, Khne, and French) dissolved m sahne Ammals ~n 
the FENF dose response study (n=8) received ~ntrapento- 
neal ~njecttons of sahne (i ml/kg) or 0.22, 0 66, 2.0, 6 0, or 
12 0 mg/kg/mi of fenfluramlne hydrochlorlde (A. H Robins) 
dissolved m saline. Each dose level was randomly adminis- 
tered to every ammai 2 or 3 t~mes, and at least 3 d~fferent 
dosages, m d~fferent ammals, were tested on any single day 
On each test day, rats were food-deprived for 4 hr prior to 
drug ~nject~on The ammals were then injected w~th drug or 
sahne, and 15 mm later were given a pre-welghed d~sh of 
fresh mash Consumpuon was measured by weighing each 
rat 's mash dish 60 mm after rejection Spdlage of food was 
neghglble 

R E S U L T S  A N D  D I S C U S S I O N  

Figure i presents the mean feeding responses (_+SEM) 
after peripheral ~njectlon of several dosages of AMPH 
Analysts of varmnce md~cated a significant suppressive ef- 
fect of AMPH on feeding behavior, F(4,16)= 33.83, p < 0  001 
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FIG I Dose-response study of feeding responses (grams-+SEM) 
during 60 mm after intralxritoneal (IP) in.lection of saline or 
d-amphetamine sulfate m 4-hr food deprived rats (n=5) Dunnen's 
t-statistic (*p<001) indicated that the 05-2 0 mg/kg dosages 
produced significant decreases m mash intake compared to sahne 
injection 

A Dunnett 's  t-statistic demonstrated that animals ate less 
food, compared to saline, after injection of every AMPH 
dose (p<0 01), except 0 25 mg/kg, t(5,16)= -0.31,  - 4  99; 
- 7  50, -9.06,  for 0.25, 0 50, 1 0, and 2.0 mg/kg, respec- 
tively At 0.5 mg/kg, AMPH produced approximately a 50% 
suppression of food intake 

Figure 2 presents food intake responses after peripheral 
admlmstratton of FENF as a function of dose Analysis of 
variance ~ndlcated a significant change in amount consumed 
at different dosages, F(6,42)= I 1 17, p < 0  01, and Dunnett 's 
t-statisuc ~nd~cated that food ~ntake after the 2 0, 6.0, and 
12 0 mg/kg dosages were s~gmficantly less than after sahne, 
t(6,35)= - 3  68, - 2  70, -4 .18,  respectively, a l l p<0  05 The 
amount of food intake after adm~mstrat~on of 0 22 and 0.66 
mg/kg failed to d~ffer slgmficantly from sahne baselme m- 
take, t(6,35)=0 96, - 1.50, both p > 0  10 

The dose responses to AMPH and FENF generally show 
that increasing dose levels s~gmficantly decrease the amount 
consumed by mddly food-deprived rats It ~s not clear why 
no greater feeding suppressive effect was observed w~th the 
6.0 and 12.0 mg/kg doses of FENF,  as compared w~th the 2 0 
mg/kg dose. This may be due to the development of 
tolerance to th~s drug's anorect~c acuon, which occurs 
rapidly, but not completely, at higher dosages [26, 40, 49] 
From these tests, ~t becomes clear that the optimal drug 
doses to be used ~n the les~on experiments are 0 5 mg/kg for 
AMPH and 2 0 mg/kg for FENF These are relatively low 
doses which produce a parUal feeding suppression w~th m~n- 
~mal side effects 

EXPERIMENT 2 

In this experiment, animals sustained electrolytic lesions 
to the PFH area or to the PVN, to determine whether these 
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FIG 2 Dose-response study of feedinB responses (grams_+SEM) 
dunnB 60 min after intrapentoneal (IP) injection of saline or 
fentluramine hydrochlonde (FEN[:) =n 4-hr food deprived rats 
Dunnett's ,,-statistic (*p<0 05) showed mtrapcntoneal injection of 
2 0-12 0 m~ikB of FENF s=&mificantly decreased food intake (60 min 
post-injection) below levels seen following injection of saline 

hypothalamic sites are essential to the anorectic effects of 
peripherally administered AMPH and FENF.  

METHOD 

Subjects 

A total of 28 rats received PFH lesions, 14 received PVN 
lesions, and 10 sustained sham surgery Dunng the first three 
weeks after surgery, daily food intake was measured In some 
of these animals to ascertain the degree of lesion-induced 
debilitation These results are summarized elsewhere [42]. In 
brief, animals showing daily food intake of less than 20 g 
(compared with intake level of approximately 30 g/day for 
sham rats) were not used in this experiment. A sweetened 
milk-mash diet and water were available ad lib, except for 4 
hr on testing days when the food was removed. 

Surgery 

Bilateral PVN and PFH lesions were made in different 
animals by passing a I mA anodal current for 12-15 seconds 
through a stainless steel insect pin (size 00) that was coated 
with epoxyhte except for 0.5 mm at the tip Before surgery, 
each rat was anesthetized with 60 mg/kg (approximately 20 
mg in 0.4 cc saline) sodium pentobarbitai (Nembutal. Abbott 
Labs.) For both lesions, the nosebar was set 3.1 mm above 
interaural line, and the depth placement was determined with 
respect to skull surface For PVN lesions, the electrode car- 
rier was tilted 4 ° in the lateral direction, and the electrode tip 
was placed in the PVN region using coordinates: 0 7 mm 
rostral to bregma suture/0.8 mm L A T / - 8  7 mm DV. For 
PFH lesions, a straight career  was used, and the electrode 
tip was placed into the PFH region with coordinates - 0  6 
mm behind bregma suture/l.2 mm LAT/8.8-9 2 mm DV. 

Sham animals received simdar treatment except that the 
electrode was lowered to within 3 mm dorsal of the lesion 
sites, and no current was passed through the electrode. 

Behavioral Testing 

These animals were initially tested with other drugs dur- 
ing the first three to five weeks postsurgery [42]. Because of 
time constraints, single dose levels of AMPH and FENF 
were therefore selected for the present experiment where 
AMPH and FENF decreased food intake by a moderate 
50% On each test day, animals were food-deprived for 4 
hours. They were then administered saline (1 cc/kg), AMPH 
(0.5 mg/kg), or FENF (2.0 mg/kg) intraperitoneally, with 
saline injection always given in counterbalanced order with 
the drug Fifteen min after drug in.lection, animals received a 
preweighed dish of mash, and consumption was measured 60 
min later. Every animal received 2-3 tests each with saline, 
AMPH, and FENF. After completion of these tests, the rats 
were transcardially perfused with 10% buffered formalin and 
their brains were placed in a 30% sucrose-buffered solution. 
Frozen 50 ~ sections were cut and stained with cresyl violet 
for histological analysis 

Data Analysis 

To provide a complete picture of the baseline scores and 
drug effects observed in each set of animals, average group 
feeding responses to both saline and drug, and their statisti- 
cal analyses, are given in the figures. In some cases, tests of 
homogeneity of variance indicated that an analysis of van- 
ance, using raw scores, involved pooling heterogeneous 
error variances. To circumvent this variance as well as 
simplify the data, the raw food intake scores were converted 
to percent inhibition of feeding scores (drug minus saline 
scores, divided by saline scores). These data were then used 
to compare the lesion and knife cut groups with the sham 
groups, using an analysis of variance. In cases where sample 
size was particularly small, these groups were not included 
in statistical comparisons, although within-group t-tests were 
performed to assess their drug response. 

RESULTS AND DISCUSSION 

A total of 10 of the original 28 rats that underwent PFH 
lesion surgery sustained bilateral on-target PFH lesions. 
These lesions were located in the midlaterai hypothalamus 
and damaged the fornix itself and surrounding tissue (Figs. 
3a and 4) In terms of their anterior-posterior extent, on- 
target lesions were centered at the level of the ventromedlal 
nucleus (VMN) and extended as far anterior as the level of 
the PVN, and at times as far caudal as the caudal extent of 
the posterior hypothalamus. Often the lesions damaged the 
ventrolateral border of the dorsomedial nucleus (DMN) and 
dorsolateral border of the ventromedlal nucleus, and ex- 
tended into the medial half of the medial forebrain bundle 
and zona incerta, but not further lateral. As can be seen in 
Fig. i, this lesion often dilated the third ventricle. Animals 
with bilateral PFH lesions were hypophagic immediately 
after surgery [42], but it appears that lesion-induced ven- 
tricular dilation does not cause decreased food intake since a 
similar effect after ventromedial hypothalamic lesions can 
produce overeating [58] Some additional animals sustained 
"unilateral PFH" lesions (n=9), with little or no damage 
apparent on the contralateral side or, in two cases, a small 
contralateral lesion in the area of the VMN Six animals 
sustained bilateral lesions that missed the PFH region 
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FIG 3 Photomicrograph (a) of a representahve bdateral lesion of 
the lateral perlfornical hypothalamus (PFH) Th~s les~on damaged 
the entire PFH region from the level of the PVN through the level of 
the ventromedial nucleus and at t~mes as caudal as the anterior 
porhon of the posterior hypothalam~c area T~ssue damage cxtcnded 
into the medial half of the medial forebrain bundle and into thc 
lateral pomons of lhe dorsomedial and ventromedlal nuclei A sig- 
mflcant portion of the medial forebraln bundle remained intact F,g- 
ures b and c depict m~dline and PFH KCs, respect|vely, posmoned ~n 
the caudal hypothalamus These cuts differed pnmardy ~n terms of 
their lateral extent, the midhne cut never reached farther than 740 ,u 
lateral to mJdllne 132], while the PFH KC severed ussue from 580 to 
1160 p. lateral to m~dhne Note that in some an,reals, the m~dhnc KC. 
due to its position relative to midhne, frequently produced a hole at 
the m~dhne rather than a fine coronal cut 

ent irely Three  of  these  animals  had " d o r s a l "  lesions (F~g 
4), which were  cen te red  on the mammdlo tha lamlc  tract  and 
the medial  zona  mcer ta  and damaged some port ion o f  the 
DMN and the nucleus r eumens  In the thalamus The o the r  
three animals sus ta ined " a n t e r i o r "  lesions (Fig 4), which 
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FIG 4 The four coronal draw,ngs of brmn secuons (adapted from 
Komg and Khppel [32]) dep,ct the centers of the hypothalam~c elec- 
trolytic lesions observed in most rats The tuner circle denotes the 
region where tissue was totally destroyed and acellular, and the 
outer circle denotes the reg,on containing necrotic ussue As noted 
in the text. the PFH and also the anterior PFH les,ons, often dilated 
the third ventricle The histograms below show the impact of these 
hypothalam~c lesions on the feed,ng suppress,ve response reduced 
by IP AMPH injection (0 5 mg/kg) Group mean food intake scores 
(g-'-SEM) for the 60-m,n test are g,ven (**p<0 01. *p<0 05. for com- 
parisons between sahne and AMPH scores) In addJuon, the percent 
change scores Idrug minus sahne score, divided by sahne scorel are 
also prov,ded within the bars The anorect,c response to AMPH was 
slgmflcantly attenuated ~n the PFH les~on rals (:~:p<0 01, compared 
to the undateral PFH lesions group) and s~gmficantly enhanced m 
the PVN Icsion rats I+p<0 05, compared to the sham group) Ab- 
breviations AH--antenor  hypothalam~c area, DMN--dorsomed~al 
nucleus, F fornix, MFB--med~al forebram bundlc, OT--opt~c 
tract, PVN--paravcntncular nucleus, VMN--ventromedial nu- 
cleus. ZI--zona incerla 

were  cen te red  around the fornlx at the level o f  the PVN This 
anter ior  leston remained res t r ic ted  to the level o f  the anter ior  
hypotha lamlc  nucleus and ex t en d ed  laterally into the medial 
half  o f  the medtal forebraln  bundle It may be dlst~ngmshed 
from the on- target  P F H  les~on by virtue of  the fact that it left 
intact  the perlfornlcal regton at the level o f  the vent romedla l  
nucleus  

Four  an,mals sustained bdateral  PVN lesions These  le- 
s ions des t royed  the entwe PVN region and ex tended  lateral 
to the PVN to the medial ex tent  o f  the formx (F~g 4) In one 
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TABLE 1 
FOOD INTAKE SCORES (MEAN +- SEM) AFTER INTRAPERITONEAL 
SALINE AND FENFLURAMINE (2 0 m~/k~) INJECTION IN 4 HR FOOD 
DEPRIVED RATS WITH HYPOTHALAMIC LESIONS OR KNIFE CUTS 

Fen- %- 
Group n Sal,ne flurarmne Suppress,on 

Shams 10 6 0 ± 0 6 3 2 ± 07* - 5 2  0 ± 7 4 

L~s~ons 
PFH Les~ons 6 I1 0 - I 7 3 5 --- 0.8* -61 .0  _+. 118 
Unilateral 4 8.8__- 1 2 53  ± 0 8 "  - 3 9 8  ± i 4 

PFH Lesmns 
Anterior/ 2 73 ± 24 4 9 ± 2 3  -32 .9±  02 

Dorsal Lesion 

Penfornical 6 5.8 ± 0 7  1 . 4 ± 0 4 "  - 7 8 0  ± 55~ 

Kmfe Cut 

*p<0 001 Comparang sal,ne and fenfluram~ne food intake scores 
*p<0 05 Percent suppressmn score greater than sham group 

of these animals, the les,on also produced extens,ve damage 
to the anterior hypothalamic region, and one other animal 
sustained unilateral damage to the medial aspect of the zona 
,ncerta The remaining 10 rats w,th PVN les,ons, sustained 
e,ther unilateral PVN les,ons, partial PVN lesmns, or lesions 
ventral to the PVN. The data from these m,scellaneous 
ammais are not reported here 

The food retake results obtained w,th mtrapentoneai  ad- 
m,nistrat,on of  saline and AMPH, m rats w,th hypothalam~c 
les,ons, are presented in Fig 4 It ~s apparent from tbe,r data 
that the PFH les,on was the only hypothalam,c les,on that 
attenuated the AMPH anorexic response All other lesion or 
sham groups exhibited a 46% or greater feeding suppressmn 
after 0.5 mg/kg of AMPH compared w,th saline basehne (at 
least p<0.02),  ,n contrast to the PFH les,on rats wh,ch ap- 
peared totally unrespons|ve to AMPH at th,s dosage. Since 
the bdateral PFH les~on ammals exh,b,ted s,gmficantly 
h,gher basehne scores than the sham rats, a comparison was 
made between bilateral PFH les,on rats and the unilateral 
PFH lesion animals, which also had a high saline baseline 
(F,g. 4) Analysis of  variance showed that the degree of  
anorex,a exh,b,ted by the bdateral PFH lesion group was 
s,gnlficantly less than the response observed m the unilateral 
PFH lesion group. F(I ,  17)=9.84. p < 0  01, ,nd,cat,ng that the 
h,gh basehne per  se was not primary to the loss of respon- 
siveness. Whereas the anterior and dorsal lesion animals 
seemed normal m the,r sens,tlv,ty to AMPH. the PVN lesion 
group, compared w~th the sham rats, actually exhibited a 
s,gmficant enhancement of AMPH-mduced feed,ng sup- 
press~on. F(i ,14)= 15 90, p<0.005 

Table I demonstrates the effects of F E N F  admm,strat,on 
on food retake m les,on rats Analys,s of variance showed 
that the degree of  anorex,a, m terms of  percent suppression 
scores, observed after F E N F  for the sham group d~d not 
d,ffer s,gmficantly from the degree of  anorexia observed ,n 
PFH lesion rats, F(I .  14)= I 57, p >0.10. Since unilateral PFH 
and anterior/dorsal lesion groups consisted of  small sample 
s,zes, they were not compared to sham animals However,  
t-tests indicated that all groups, except for the 
anterior/dorsal group (n=2), exh,b,ted s,gnfficant decreases 
in food mtake after F E N F  compared to saline admm,strat,on 
(p<0.001) 

Results from the present study indicate that bilateral de- 
strucuon of  the PFH region disrupts the ability of  AMPH, 
but not FENF,  to suppress food intake. Lesions that did not 
destroy the PFH in its entirety on both sides of  the brain, 
however,  did not disrupt AMPH's  effectiveness. Although 
only a small number of  anmaals (n=4) sustmned bdateral 
PVN les,ons, these rats exhibited a s~gmficantly enhanced 
responSlvlty to AMPH. This finding concurs with other 
studies that have shown ventromed,al or anterior hypotha- 
lamic damage to potentiate AMPH's  action [14, 20, 46, 48, 
55]. The mechanism mediating this effect has not been es- 
tabhshed However,  ~t may be that destruction of the PVN 
results ,n the loss of a stimulatory action of AMPH on feed- 
lng, which normally would be expected to occur through 
norepmephrine release m the PVN and to have an attenuat- 
,ng ,mpact on AMPH's  anorectic action. 

One not~cable additional effect of unilateral and bilateral 
PFH lesions is that this brain manipulation greatly increased 
saline baseline feeding (Fig. 4). Generally, this effect has not 
been reported previously [23,50], perhaps due to the fact that 
the present experiment utilized a 4-hr rather than a 24-hr 
food deprivation schedule and thus provided an opportunity 
for an enhanced baseline score to be observed. One study, 
however, has shown recovered rats with far-lateral hypotha- 
lamic lesions to consume large amounts of  food after saline 
or AMPH administraUon [611. This st,mulatory effect may be 
attributed to local cellular damage m the PFH or lateral hy- 
pothalamic regions, rather than to the sevenng of  passing or 
terminating fibers. Findings described below reveal no such 
h,gh basehne eating in animals with mid-lateral coronal KCs 
m the caudal hypothalamus 

Penforn,cal hypothalamic ies,ons had httle impact on 
FENF-mduced  anorexia (Table 1). This supports the find- 
,ngs of others that no hypothalamic lesion effect,vely blocks 
th,s drug's  effect [6,23] In the case of  midlateral hypotha- 
iamlc lesions, Blundell and Leshem [6] have demonstrated 
an enhanced anorectic response after FENF.  A s,mtlar tend- 
ency m this d,rect,on has been obtained with far-lateral hy- 
pothalam,c les,ons [23], and m the present study, an analysis 
(not shown) of F E N F  m~nus sahne (difference) scores re- 
vealed ,ncreased F E N F  response. This difference results 
primarily from the fact that the PFH les,on animals con- 
sumed larger quant,t,es of mash in the saline cond,tlon 

EXPERIMENT 3 

Numerous studies have shown that the feeding suppres- 
sive effect of AMPH requires the release of  endogenous cat- 
echolamines, since depletion of brain catecholammes with 
alpha-methyi-p-tyrosme or 6-hydroxydopamine decreases 
AMPH's  anorect,c potency [13, 23, 26, 35, 37, 52] If the 
PFH region ,s the primary s,te mediating AMPH-induced 
anorexia, as suggested by Experiment 2, then coronal KCs 
that sever ascending catecholamme fibers.lust caudal to the 
PFH area should also d,srupt AMPH's  ability to suppress 
feeding. In the next experiment,  d,screte KCs were placed m 
the caudal hypothalamus just  beh,nd the PFH reg,on, and the 
effect of these m,dlaterai KCs on AMPH anorexia was com- 
pared with the effect of more medially-placed KCs. 

METHOD 

Sub jec t s  

A total of 51 rats received e,ther KC surgery (n=37) or 
sham surgery (n= 14). Ammals were lnd,vldually housed m 
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FIG 5 The upper right figure is a coronal drawing of the rat brain at the level of the caudal hypothalamus tapprox~mately 3180 kt w=th respect 
to the Komg and Khppel [32] atlas) The left s~de of th~s coronal drawing depicts the region severed by the PFH KC, and the right side 
illustrates the mldhne KC The lower drawing depicts a sagtttal view of the rat bra~n, approximately 950/z lateral to mldhne Three actual 
on-target PFH KCs are traced on the drawmg and can be seen to sever tissue In the caudal hypothalamus m the m~dlateral plane of the formx 
The histogram presents feeding responses (mean_+SEM) of sham and 4 KC groups tested w~th 1P rejection of sahne and AMPH (0 5 mg/kg) 
All groups, except the PFH group, exhibited a significant suppression of food retake after AMPH relative to sahne baseline (**p<0 001) 
Companson between percent suppression scores for sham and PFH KC groups revealed a significantly attenuated anorect~c response to 
AMPH mjectton in the PFH KC ammals ($p<0 001) Abbreviations AC--antertor commissure, BC--brach~um conjunct~vum, CC--crus 
cerebn, F--formx. FR--fasc~culus retroflexus, LM--medtal lemnlscus, MFB--medtal forebrmn bundle, MTT--mammdlothalam~c tract, 
PC--posterior commissure, PFH KC--penfornlcal KC, r--red nucleus, vlll--thtrd ventricle, VII--seventh cramal nerve 

hanging w~re-mesh cages and were maintained on the 
sweetened milk-mash diet Water was avadable ad hb 

fixed to the skull using stainless steel hooks and acryhc ce- 
ment 

Surgery 

Using the wtre encephalotome developed by Sclafam 
[53], antmals were anesthetized (Nembutal 60 mg/kg) and 
received e~ther bdateral penformcal KCs (PFH KCs), m~d- 
hne KCs, or a sham surgical procedure. For the m~dhne KC, 
the kmfe grade t~p was d~rected to a po|nt +5 2 mm anterior 
to lambda hne (the hne tnterconnect~ng the lambdoldal su- 
tures located approximately 1 7 mm caudal to lambda)/l 4 
mm LAT/-  9 2 mm DV, wzth the nosebar set horizontal w~th 
~nteraural hne The w~re kmfe which protruded a length of  
2 5 mm m the medial d~rectzon and 1.5 mm ~n the ventral 
d~rect~on, was extended out through the t~p of the grade and 
then, over a distance of  4.0 ram, was raised and lowered 
three t~mes The PFH KC used a shghtly smaller kmfe 
measunng 2.0 mm medial and 1.3 mm ventral from the kmfe 
gutde t~p. For th~s KC, the nosebar was set horizontal to 
mteraural hne, and the guide was lowered ~nto the bra~n 
using coordinates - 3  0 mm AP w~th respect to bregma/2 5 
mm L A T / - 9 . 6  mm DV. The kmfe was then extended and 
raised (×3) 3.4 mm Sham ammals were similarly treated, 
except that the guide was lowered ~nto the brain to approx- 
imately 3.0 mm dorsal to the s~te of the cuts, and the wire 
kmfe was not extended. 

For tests w~th centrally-injected AMPH, some PFH KC 
and midhne KC rats also received a 23-gauge stainless steel 
cannula implant with a screw-on top In this case, the incisor 
bar was set 3.1 mm above interaural line, and the cannula tip 
was azmed at the penformcal region using coordinates: - 1.5 
mm AP/I.5 mm L A T / - 8 . 7  mm DV. The cannula was then 

Behavioral Testing 

Since these rats were also used in another experiment 
[42], AMPH and F E N F  tests began 4-6 weeks after KC 
surgery. Noncannulated rats received 2-4 weeks of testing 
with AMPH and F E N F  using the 4-hr food depnvatmn 
schedule described above. Fifteen rain before the ammals 
were gwen fresh mash, they received mtraperitoneal |njec- 
tions of  either 0 5 mg/kg AMPH, 2.0 mg/kg FENF,  or saline 
(1 ml/kg) Food retake was measured 60 mm postlnjectmn. 
Ammals that had received PFH cannula implants were tested 
for their responsweness to central, as well as penpheral, 
admmlstratmn of AMPH. On testing days, PFH cannulated 
rats were food deprived for 4 hr. F~fteen mm before food 
dehvery, they received e~ther a central |nject |on of saline (0.5 
#i) or 150 nM AMPH (55 3 # g m  0.5 #1 sterile saline) or a 
peripheral mjectmn of salme (1.0 ml/kg) or AMPH (0.5 
mg/kg) Food retake was measured 60 mm postmject |on 
After all drug tests, animals were sacrificed, perfused, and 
brains were removed for h~stolog~cal study 

R E S U L T S  A N D  D I S C U S S I O N  

As depicted tn F~gs 3c and 5, antmais that sustained PFH 
KCs exhlbtted bdateral cuts positioned m the caudal hypo- 
thalamus, posterior to the level of the VMN These cuts 
generally extended just lateral to the forntx, into the medml 
aspect of  the medtal forebram bundle (1160/~, with respect to 
Kontg and Khppel [32]) and medial to the fornlx, towards the 
mammtllothalamzc tract (580 /z). Ventrally, these cuts ex- 
tended below the level of the formx, to between 0.0 and 0 3 
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FIG 6 Mean (±SEM) feeding responses (grams) to saline and 
AMPH admmtstered tntracramally (IC) to the PFH regmn after 4 hr 
of food depnvatton See F~gs 3 and 5 for descnpuon of KCs After 
PFH mjectmn of AMPH, both the sham and anterior/dorsal KC rats, 
but not the PFH KC animals, decreased their food retake compared 
to after sahne rejection (*p<0 05) In terms of percent suppresston 
scores, the PFH KC rats exhtbtted a s~gmficantly attenuated 
anorecttc response to AMPH compared to sham rats (¢.p<0 001), 
whereas the anterior/dorsal KC rats responded normally 

mm from the base of the bra~n, and dorsally, they extended 
to the dorsal border of  the hypothalamus Some animals 
(n=7) sustained this m~dlateral KC on only one side of  the 
brain (unilateral PFH KCs), w~th the contralateral side ex- 
hibiting tissue damage only medial to the formx. The bilat- 
eral midline KC (Figs. 3b and 5) was very s~mdar to the 
m~dlateral PFH KC m ~ts anterior-posterior and dorsal- 
ventral pos~t~on. Relative to ~ts medml-laterai extent, ~t sev- 
ered t~ssue from m~dhne to approximately 740 # lateral, m 
contrast to the more lateral PFH KC which extended from 
580 p. to 1160/z lateral. Additional animals sustmned bilateral 
KCs that were either anterior (n=3) or dorsal (n=3) to the 
PFH region The anterior KC ammals sustained particularly 
large KCs which severed through the VMN and DMN ap- 
proximately l 5 mm rostral to the PFH KC and extended 
almost as far dorsal as the anterior aspect of  the habenula 
The dorsal KC rats sustained KCs that d~d not fall as ventral 
as the level of  the VMN. These cuts severed t~ssue at the 
very caudal aspect  of  the zona mcerta and m the fields of 
Forel,  and extended dorsally into the ventromedial nucleus 
of  the thalamus. 

Ftgure 5 shows that bdateral PFH KCs ~n the posterior 
level of the hypothalamus d~srupted feeding suppression in- 
duced by peripheral AMPH mject~on. That ts, analysis of 
variance of percent suppression scores of  the sham (n= 14), 
PFH KC (n= 12), and midline KC (n= 12) rats indicated that 
the hypothalam~c KC groups d~ffered s~gntficantly, 

F(4,46)=17.01, p<0.001.  Simple comparisons showed that 
the PFH KC group exhibited a significantly attenuated 
anorectic response to AMPH as compared to sham animals, 
F(I,46)=51.84, p<0.001,  ~n contrast to the other KC groups 
which responded normally to AMPH. 

Figure 6 presents results obtained with rejections of  
AMPH directly into the PFH region. In this experiment,  
ammals sustaining sham (n=10), PFH KC (n=9), 
anterior/dorsal KC (n=6), or midhne KC (n=2) surgery were 
tested and cannula tip location was verified histologically in 
these animals. Analyses of the sham, PFH KC, and 
anterior/dorsal KC groups, demonstrated significantly dif- 
ferent responses to AMPH m terms of  percent suppression 
scores, F(2,22)=7.86, p<0.01.  Individual comparisons re- 
vealed a sigmficantly attenuated response m the PFH KC 
rats, F(1,22)=9.50, p<0.01,  in contrast to an apparently 
normal response for the sham and anterior/dorsal KC rats, 
F(1,22)=0 93. Although the midhne KC rats were not ~n- 
cluded ~n the statistical analyses due to their small sample 
s~ze, both ammals m this KC group clearly retained their 
anorect~c response to AMPH, exhibiting a 30% and 35% sup- 
pressrun of feeding (data not shown) No central data from 
undaterai PFH KC rats ~s available since none of these 
animals were cannulated. Table 1 shows that, ~n contrast to 
AMPH, F E N F ' s  anorect~c potency remmned intact after 
PFH KCs and ~n fact was s~gmficantly enhanced, 
F(1,14)=6.04, p<0.05.  

The present results demonstrate that KCs severing fibers 
coursing through the m~dlateral penformcal region of the 
caudal hypothalamus are effective in d~sruptmg the feeding 
suppressive actmn of AMPH injected peripherally, as well as 
d~rectly ~nto the PFH region. In contrast, KCs that severed 
tissue anterior, dorsal, or medial to the midlateral PFH area 
were without effect. In one other KC study with peripherally 
injected AMPH, a cut positioned more rostral and medml to 
our PFH KC appeared to have some attenuating effect on 
AMPH's  anorectic action, which just  missed statistical sig- 
mficance ([54] and Sclafam, personal communication). In 
comparing and ~nterpreting these two studies and any future 
KC studies, one needs to take into account not only the 
precise location and extent of  the KC, but also the drug dose, 
d~et used, and level of deprivation Our finding that PFH 
KCs left intact and actually enhanced F E N F  anorexia, while 
abolishing AMPH anorexia, reveals a pharmacological spec- 
ificity which directs our attention towards ascending cate- 
cholamine projectmns in the PFH,  m contrast to serotoner- 
g~c mechanisms beheved to mediate F E N F ' s  action [3]. The 
s~gnificantly enhanced responsiveness to F E N F  in these 
PFH KC rats may reflect a possible antagomsm between 
serotonerg0c and dopammergic systems m th~s mid- 
lateral hypothalam~c brain area, where both monoamme sys- 
tems are known to project [23]. 

G E N E R A L  DISCUSSION 

Results of the present experiment support the hypothes~s 
that the periformcal region of  the hypothalamus medtates 
AMPH-mduced anorexm Electrolytic lesions to the PFH 
region, at the level of  the ventromedial nucleus, decreased 
feeding suppression induced by AMPH administered periph- 
erally (0.5 mg/kg) This effect appeared to be specific to th~s 
midlateral hypothalam~c region, since lesions that focused 
damage within the medial hypothalamus, specifically the 
PVN, did not attenuate AMPH's  effect. Likewise, lesions 
just  anterior or dorsal to the PFH region did not affect the 
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drug response. Coronal KCs that severed fibers traversing 
the PFH area, at the level of the caudal hypothalamus, were 
also able to attenuate AMPH's  effect, whether th~s drug was 
admimstered peripherally or directly to the PFH region. A 
variety of other cuts had no effect: namely, lateral cuts 
anterior to the level of the ventromed~al nucleus, or cuts in 
the zona mcerta region These results suggest that AMPH's 
anorex~gemc actton is mediated m part by the penformcal 
region, and that fibers crucial for drug response course 
through the m~dlateral caudal hypothalamus as they pass be- 
tween the m~dbra~n and the PFH region In contrast, the 
PFH les~ons and PFH KCs that d~srupted AMPH anorexia 
d~d not attenuate feeding suppression from FENF admlms- 
tratlon In fact, the PFH KC s~gmficantly enhanced FENF- 
induced anorexia. 

It should be noted that the present experiment has utd~zed 
testing conditions qu~te d~fferent from those of most previous 
studies ~n this area of research For example, all studies that 
have examined the effects of LH les~ons on AMPH-~nduced 
anorexia have used 16-24 hr food deprivation schedules (tn 
contrast to 4 hr m the present study) Thts severe schedule, 
which has been questioned ~n terms of ~ts physiological rele- 
vance to normal food ~ntake regulation [4]. has been em- 
ployed m con.lunct~on w~th ~nject~ons of AMPH at somewhat 
h~gher doses of 1-2 mg/kg [6, 12, 23, 39, 50] In the present 
experiment, a lower 0 5 mg/kg dose of AMPH was chosen to 
mtmm~ze AMPH's stimulatory action on locomot~on, which 
at h~gher dose levels clearly plays an increasingly predomi- 
nant role m th~s drug's feeding suppressive effect [41] S~ml- 
lady, use of a mdder 4-hr food depnvatton paradigm would 
be expected to attenuate AMPH's  st~mulatory effect, which 
~s known to be greatly potentiated by extended food depri- 
vation periods [9] 

The poss~bd~ty exists that, ~n addition to the PFH, extra- 
hypothalam~c areas may be ~nvolved ~n AMPH-~nduced 
anorexia Hypothalamic manipulations used m the present 
study may have damaged fibers which pass between the 
hlndbra~n and forebram. Dopam~nergtc systems m two fore- 
bram structures, specifically, the stnatum and nucleus ac- 
cumbens, are beheved to mediate two of AMPH's behavioral 
effects, namely, stereotypy and locomotor activity [2, 10. 17, 
19, 25, 31, 33, 57] Some investigators suggest that AMPH 
anorexia may be an md~rect consequence of AMPH's loco- 
motor effect, rather than result from direct action on cate- 
cholam~nergic feeding mechamsms [5, 15. 16, 41, 56, 591 
S~nce the les~ons and KCs ~n the present study may have also 
destroyed mterconnect~ons between m~dbram and forebra~n 
that are crucial to some of AMPH's  acttons, additional ex- 
periments are requtred to determine the relationship between 
these m~dlateral hypothalam~c lesions and KCs and possible 
effects upon forebraln catecholamme levels and whether 
forebram amine changes are associated w~th the loss of 
AMPH's  feeding effects 

A variety of evidence counters the proposal, however, 
that these extra-hypothalam~c, forebram structures are pri- 
mary mediators of drug-~nduced feeding suppression With 
regard to the stnatum, AMPH inject|ons d~rectly to the 
stnatum have no suppressive effect on feeding [34] and can 
actually ehc~t feeding [59] Second, ventral noradrenerg~c 
bundle ies~ons, which leave intact primary dopammerg~c pro- 
.lect~ons to the forebra~n [21], rehably attenuate AMPH- 
induced anorexia [I, 11, 37, 51], without affecting AMPH's  
stimulation of locomotor act~wty [47,51] As demonstrated ~n 
a related study, ventrally-placed pontme KCs, which lie 
caudal to all dopamme cell groups, also attenuate AMPH- 

induced anorexia [44]  With respect to destruction of 
dopammerg~c mnervatlon to the stnatum with local admlms- 
trat~on of the neurotoxm 6-hydroxydopamme, results are 
conflicting An earlier study md~cated that th~s treatment had 
no effect on anorexm reduced by peripheral AMPH adminis- 
tration [51], whale a more recent report indicates dopamlne 
depletion ~n the caudate can attenuate AMPH response [30] 
Also consistent with th~s d~ssoclatlon of AMPH's locomotor 
and feeding effects ~s the evidence that bilateral destruction 
of the nucleus accumbens itself effectively attenuates 
AMPH's  motor-st~mulatory action, but does not alter the 
feeding suppression [33], and laleral hypothalam~c les~ons, 
as well as aipha-methyl-p-tyrosme treatment, are reported to 
decrease AMPH-mduced anorexta, without changtng thts 
drug's arousal effects [8,181 

Although some evidence may argue for extra- 
hypothalam~c medtatlon and locomotor involvement ~n am- 
phetamme's anorect~c action [41]. additional evidence 
suggests that hypothalam~c feeding mechanisms regulating 
feeding behavior play an important role F~rst, direct mjec- 
irons of AMPH to the PFH produces the strongest degree of 
feeding suppression of any bra~n s~te tested [34.38], having 
no apparent ~mpact on locomotor behavior (Le~bow~tz. un- 
pubhshed data) In fact. injections of catecholammerglc 
blockers to this brain s~tc d~srupt anorexia induced by pe- 
ripheral ~njectlon of AMPH [35] Finally. ~t ~s reported that 
the b~ndlng characteristics of ~H-AMPH ~n the hypothalamus 
~s h~ghly correlated w~th the feeding suppressive properties 
of various phenylethylam~ne anorectlcs, and apparently un- 
related to the potenctes of these anorecttcs m sttmulatmg 
locomotor behavior [451 

The results from the present study also support a hypo- 
thalam~c site of action for AMPH, specifically the PFH 
F~rst, les~ons ~n the PFH area and KCs just caudal to th~s 
region abohshed anorexia induced by peripheral inject~on of 
AMPH at a relatively low dose This effect was anatomically 
specific to the PFH region, since lestons just rostral to the 
PFH or ~n the medial hypothalamus did not affect drug re- 
sponse Also, Experiment 3 demonstrated that PFH KCs not 
only abolished anorexia resulting from peripheral admtms- 
tratlon of AMPH, but s~mllarly affected the anorect~c po- 
tency of AMPH Injected d~rectly into the PFH These effects 
of PFH lesions and KCs were drug specific, since they d~d 
nol decrease the anorect~c potency of FENF These find- 
ings, therefore, along with other evidence described above, 
strongly support the existence of a hypothalamtc mechantsm 
for feeding suppression, that is, a catecholammerg~c system 
w~th~n the PFH region, which plays a major and direct role m 
mediating the anorect~c action of AMPH, particularly at low 
dose levels 

The present study has also attempted to outhne the 
course, within the d~encephalon, taken by fibers mediating 
catecholamme and AMPH feeding suppression The KC re- 
sults indicate that these fibers follow a relatively straight 
course through the mldlateral caudal hypothalamus, that ~s, 
along the perimeter of the formx within the most medial 
aspect of the medial forebra~n bundle Although the present 
study does not d~fferent~ate whether these fibers are ascend- 
mg or descending, prehmmary data obtained w~th direct 
PFH mject~on of dopamme md~cate that caudal PFH KCs, 
which abolish AMPH anorexia, leave intact the feeding sup- 
press~ve effect of dopamlne, a post-synapt~c receptor phe- 
nomenon [37] Thus, a viable hypothes~s ~s that the crucial 
fibers severed by the cuts are a~t endtng catecholam~nerglc 
fibers that course rostrally from the lower bramstem into the 
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midla tera l  h y p o t h a l a n u c  region and  t e rmtna t e  tn the  pen fo r -  
mcal  region at  the  level  o f  the  ven t r om ed i a l  nucleus .  This  
P F H  a rea  ~s d e n s e  wi th  c a t e c h o l a m i n e  f ibers  [ I, 28, 29, 37] 
and  ~s the  a rea  mos t  sens i t ive  to local  in jec t ion  o f  A M P H  
which  p r e s u m a b l y  ac ts  vm the  re lease  o f  e n d o g e n o u s  cate-  
cholam~nes to inhibt t  feeding [34,35]. O t h e r  r ecen t  ev idence  
[44], suppo r t ed  by  ear l ier  s tudies  at  the  m i db r m n  level  [1, 11, 
22, 23, 27, 37], sugges t  tha t  the  c a t e c h o l a n u n e  f ibers  a scend-  
mg to the  P F H  region  or ig inate  f rom the  ven t ra l  medul la ry  
no rad rene rg i c / ad rene rg i c  and  ven t ra l  mesencepha l i c  
dopammerg~c cell g roups  and  a s s u m e  a re la t ively  ven t ra l  and  
midla tera l  posit~on th rough  the  en t t re  b r a m s t e m .  
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